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Abstract: A combination process of completely non-thermal processing methods involving high
hydrostatic pressure (HHP) and vacuum-freeze drying (VFD) for producing a new snack from fruit
and vegetable blends was developed, and the effect of the process on flavor quality was investigated.
The HHP–VFD treatment did not significantly reduce volatile compound contents compared to single
HHP or VFD. Gas chromatography–olfactometry showed that HHP–VFD raised the contents of
floral-like volatile compounds (e.g., β-ionone) compared to the untreated sample. Sensory evaluation
analysis confirmed that the overall liking was unchanged after the HHP–VFD treatment. The
HHP–VFD combined treatment is effective in maintaining the flavor and extending shelf life, and is
convenient for the portability and transportation of ready-to-drink juice.

Keywords: high hydrostatic pressure; vacuum freeze drying; aroma compounds; blended juice; gas
chromatography–olfactometry

1. Introduction

Flavor quality is a composite of oronasal sensory responses to aromas and taste, and
is the main attribute controlling consumers’ choices of fruit and vegetable juices [1]. Ready-
to-drink (RTD) fruit and vegetable juices are increasingly preferred by consumers since
they have similar fresh flavors without inconvenient operations (e.g., washing, peeling, or
cutting) compared with fresh fruits and vegetables. However, the extremely short shelf life
and low circulation due to unsterilized processing limit the RTD juices to be sold only in
stores, restaurants, and bars. Therefore, the effective sterilization of RTD fruit and vegetable
juices is required, but traditional thermal pasteurization can cause a pronounced decrease
in flavor quality in juices [2,3].

High hydrostatic pressure (HHP) is becoming a first-choice sterilization method to
fulfill the requirements of nonthermal processing, since its limited effects on covalent bonds
improve the retention of flavor quality in comparison with thermal processes [4,5]. As
reported, HHP-treated mango juice [6], cloudy apple juice [7], and cucumber juice [8] retain
much better flavor quality and are closer to fresh juices than pasteurized juices. However,
HHP-processed juices may have a limited shelf life due to residual enzyme activity that
can undesirably alter flavor during storage. For example, a previous study on the shelf life
of HHP-treated and pasteurized orange juice showed that after 8 weeks of storage at 4 ◦C,
the sensory quality and major volatiles content of HHP-treated orange juice were lower
than those of pasteurized orange juice [9]. Thus, it is urgent to explore new processing
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methods to improve the shelf life of HHP-treated fruit and vegetable juices. HHP is often
combined with other technologies such as gas, ultrasound, and ultrafiltration to improve
safety and quality [10–12].

Vacuum-freeze drying (VFD) is extensively employed as one non-thermal drying
tool because VFD almost reserves the same color, flavor, and nutrition as fresh fruits
and vegetables [13,14]. VFD is confirmed to significantly prolong the shelf life of fruits
and vegetables, such as strawberries [15] and jujubes [16]. In recent years, new types
of snacks (bars, tablets, cubes) made from fruits and vegetables by VFD have become
popular worldwide because of their long shelf life, portability, convenience, good taste, and
nutrition [17]. Therefore, combining HHP with VFD is a new method to make freeze-dried
fruit and vegetable products with high flavor quality and long shelf life. Research on the
nutritional effects of HHP–VFD is widely reported [18,19], but to the best of our knowledge,
there has been no study on the effect of HHP combined with VFD on food flavor quality.

Herein, three common fruit and vegetable raw materials in China, including pumpkin,
mango, and jujube, were selected. The study aimed to (1) identify and quantify volatiles
through headspace solid-phase microextraction (HS-SPME) with gas chromatography–
mass spectrometry (GC–MS); (2) discriminate the major aroma-active compounds with
detection frequency and odor activity value analyses; (3) characterize the changes in
volatiles; (4) validate the sensory differences by quantitative descriptive analysis, in the
fruit/vegetable blended juices treated by HHP or HHP–VFD.

2. Materials and Methods
2.1. Raw Materials and Chemicals

Jujubes (Ziziphus jujuba Mill. cv. Hetian), pumpkins (Cucurbita moschata Duch. cv.
Beibei), and mangoes (Mangifera indica L. cv. Qingmang) without physical injuries or disease
infection were purchased from a local retail market in January 2021 in Beijing, China.

N-Alkanes (C7-C30) for qualitative tests were bought from Sigma (St. Louis, MO,
USA). The internal standard, 2-octanol, for quantitative tests was bought from Aladdin
Biochemical (Shanghai, China). Other analytical reagents (e.g., NaCl) were made by Beijing
Chemical Reagent Company (Beijing, China).

2.2. Juices Preparation

Juices were prepared as per Xu et al. [20] with some modifications. After preliminary
soaking in water for 10 min and removing the cores, the jujubes were pulped in a bench-
scale juicer (Joyong Co., Ltd., Qingdao, China) with a solid/water ratio of 1:3 and then
filtered by a nylon cloth filter. The pumpkins and mangoes were both pulped with the
solid/liquid ratio of 1:3 after removing cores and peels, and filtered through 60 meshes.
These three types of juices were blended with the liquid ratio of jujube juice/pumpkin
juice/mango juice of 1:2:2, according to a sensory and orthogonal test performed by
Haoxiangni Health Food Co., Ltd. (Xinzheng, China). The blended juices were placed
in 100 mL and 0.065 cm-thick polyethylene terephthalate bottles (Yixiubogu e-commerce
platform, Beijing, China). The total sugar content of the blended juices was determined
to be 286.19 ± 5.00 mg/g using anthrone–sulfuric acid colorimetry [21], and the pH was
4.95 ± 0.05.

2.3. HHP of the Blended Juices

To carry out HHP, fresh blended juices in 100 mL bottles were pressurized using a
CQC30L-600 HHP pressurization unit (Suyuanzhongtian Scientific Co., Ltd., Beijing, China)
as per Zhang et al. [22]. Pressurization was operated with distilled water as the transmitting
fluid and at a rate of ~200 MPa/min. The bottles were treated at 200 (HHP1), 400 (HHP2),
and 600 MPa (HHP3) for 10 min at 25 ◦C, followed immediately by decompression to
minimize adiabatic heating. The fresh blended juices were taken as the control. Samples
of HHP1, HHP2, some fresh and HHP3 juices (Figure 1A) were frozen in liquid nitrogen
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instantly and kept at −80 ◦C until used within two weeks. Other fresh and HHP3 juices
were prepared for VFD.
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(A) HHP3 sample (blended juice treated with HHP at 600 MPa). (B) HHP3–VFD sample (blended
cube of HHP3 juice treated after VFD). (C) Rehydrated HHP3–VFD juice.

2.4. VFD of the Blended Cubes

After preliminary freezing at −20 ◦C for 24 h, each cell for 5 g of fresh or HHP3-
treated blended juices was injected into silastic molds (Haoxiangni Health Food Co., Ltd.,
Xinzheng, China). VFD was run at −40 ◦C (cold trap) and 100 Pa (absolute pressure) for
48 h on an LGJ-25C freeze dryer (Foring Technology Development Co., Ltd., Beijing, China).
The products were named VFD and HHP–VFD blended cubes (Figure 1B), respectively.
The moisture of the blended VFD cubes was 8.50 ± 0.50% (wet basis), which is a safe level
for long-term storage at room temperature [23]. After VFD, the samples were immediately
placed into low-density polyethylene bags, heat-sealed, and stored in an allochroic silica
gel dryer at room temperature.

2.5. Determination of Color Parameters

Colors of the samples were measured at ambient temperature using a color differ-
ence meter (ColorQuest XE, Hunter Associated Laboratory Inc., Reston, VA, USA) in the
transmission (for juices) or reflectance (for cubes) mode immediately after HHP or VFD.
The meter was calibrated using a white color standard before measurements. Colors were
recorded in units of L*, a*, and b* uniform color space, where L* means lightness, a* ranges
from negative values for green to positive values for red, and b* ranges from negative
values for blue to positive values for yellow. Numerical ∆E (total color difference), C*
(chroma), and h0 (hue angle) were calculated as follows:

∆E =
2
√
(L∗ − L∗

0)
2 + (a∗ − a∗0)

2 + (b∗ − b∗
0)

2 (1)

C∗ = 2
√
(a∗)2 + (b∗)2 (2)

h0 = arc tan(b∗/a∗) (3)

where L*0, a*0, and b*0 were the control values for fresh blended juice (for juices) or VFD
cubes without HHP (for cubes).

2.6. Microstructure Analysis

The microstructure of the VFD- or HHP–VFD-treated blended cubes was observed
by a field emission scanning electron microscope (SU-8020, Hitachi, Tokyo, Japan), under
100× and 500× magnification.

2.7. Analysis of Volatile Compounds
2.7.1. Isolation

The volatile compounds were extracted using SPME according to Pang et al. [24] with
minor modification. Rehydrated juices were from the HHP–VFD-treated blended cubes dis-
solved with aseptic water by water loss rate after VFD. At each time, the blended juice or re-
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hydrated juice (5 g) was transferred into a 20 mL headspace bottle (ANPEL Laboratory Tech-
nologies Inc., Shanghai, China) containing 1.5 g of NaCl and 10 µL of 8.22 µg/mL 2-octanol
as the internal standard. The bottle was sealed by PTFE-silicone septum and balanced under
agitation at 45 ◦C for 10 min. Next, a 50/30 µm divinylbenzene/carboxenTM/polydimethyl
siloxane SPME fiber (Supelco, Bellefonte, PA, USA) was exposed to the headspace of the
juices for 40 min at 45 ◦C without agitation. Finally, the fiber was removed and placed into
the GC injector at 250 ◦C for 5 min.

2.7.2. GC–MS

An Agilent 7890 GC system coupled with an Agilent 5975C MS meter (Agilent Tech-
nologies, Santa Clara, CA, USA) was operated as per a reported method [25] with minor
modification. The volatile compounds were isolated with a DB-Wax fused silica capillary
column (30 m × 0.25 mm i.d. × 0.25 µm; Agilent). Helium (≥99.999%) as the carrier gas
was flowed at a rate of 1.0 mL/min. The oven was kept at 35 ◦C for 5 min, and ramped
first at the rate of 4 ◦C/min to 120 ◦C, and then to 225 ◦C at the rate of 5 ◦C/min for 5 min.
MS was carried out at an electron impact mode of 70 eV and scanned within 35–550 m/z.

2.7.3. Identification and Quantification

The volatile compounds in blended juices and rehydrated juices were identified by
comparing the mass spectra with the NIST10 database, and by comparing the calculated
linear retention index (LRI) with the open data of the NIST WebBook. LRI was computed
using the retention time of n-alkanes (Sigma-Aldrich, St. Louis, MO, USA) detected under
the same GC–MS temperature program. A difference between the calculated LRI and those
from published data or the LRI and Odour Database (http://www.odour.org.uk/ (accessed
on 14 September 2021)) less than 20 is acceptable. The concrete equation is:

LRI = 100N + 100n(tRa−tRn)
tR(N+n)−tRn

(4)

where N is the number of carbon atoms of n-alkanes on the left side of the compound, a is
the difference in the number of carbon atoms of n-alkanes on both sides, tRa is the retention
time of the compound, tRn and tR(N+n) are the retention time of n-alkanes on the left and
right sides of the compound, respectively.

The volatile compounds in blended juices and rehydrated juices were quantified.
Peak areas were normalized with 2-octanol, the internal standard, added to each sample.
Concentration of each detected compound was computed from the peak area ratio of its
own to 2-octanol.

2.8. Gas Chromatography–Olfactometry (GC–O)

The aroma-active compounds were characterized using an olfactory detector port
(ODP 3; Gerstel GmbH & Co. KG, Mülheim an der Ruhr, Germany) linked to the GC–MS
system. After the volatile compounds were isolated by the capillary column, the same
volume of the effluent was removed to both the sniffing port and the MS meter. In the
GC–O sniffing port, the transfer line was kept at 230 ◦C and moist air was continually
added at 60 mL/min to maintain the sniffing sensitivity. The same temperature program
for GC–MS was adopted. Detection frequency (DF) was analyzed by four trained panelists
with good and stable sensation, and each panelist repeated twice. The retention time and
odor descriptions were recorded, and the odorant with DF ≥ 6 was regarded a potent
aroma-active compound in a total of eight tests [26].

2.9. Odor Activity Value (OAV)

The OAV was calculated as follows:

OAV = Ci
OTi

(5)

http://www.odour.org.uk/
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where Ci is the odor concentration (detected in Section 2.7) and OTi is the threshold in
water (obtained from data in the literature). A compound with OAV ≥ 1 was accepted as a
potential contributor to the corresponding aroma profile [27].

2.10. Sensory Evaluation

According to relevant requirements of Quantitative Descriptive Analysis® (QDA) [28,29],
the sensory evaluation team consisted of 12 healthy nonsmoking judges were recruited
from China Agricultural University (five males and seven females, aged 23–29) with rich
experience in this field. During the evaluations at room temperature, 20 mL of blended
juice or rehydrated juice of each sample described in Section 2.7.1 was poured into a
50 mL white paper cup (Yixiubogu e-commerce platform, Beijing, China) and randomly
coded with a 3-digit number. The judges described as many sensory attributes of each
sample as possible. After discussion, six sensory attributes were chosen (sweet, sour, floral,
rosin, grassy, fruity). The evaluation score was a 10-point scale from 0 (not perceivable) to
9 (strongly perceivable). The average score of each attribute computed among the 12 judges
was illustrated in a spider diagram.

2.11. Statistical Analysis

Data are expressed as mean ± standard deviation of three repetitions. Differences
between samples at the significance level p < 0.05 were detected via one-way and two-way
analysis of variance (ANOVA) and on SPSS 25.0 (SPSS Inc., Chicago, IL, USA). Differences in
volatile profiles among the samples were compared by principal component analysis (PCA)
and cluster analysis with MetaboAnalyst online tools (http://www.metaboanalyst.ca/
(accessed on 10 October 2021)). Plotting was finished on Graphpad prism 8.0 (Graphpad
Software, San Diego, CA, USA) and Origin 2019 (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Effects of HHP and VFD on Color of Blended Juices

Table 1 showed the changes in L*, a*, b*, C*, h0, and ∆E of HHP-treated or HHP–
VFD-treated blended juices. No significant differences in color parameters of the blended
juice samples were observed at all pressures of HHP (p > 0.05), which was consistent
with previous research in juices where HHP was shown to better preserve the color of
raw materials [30]. On the contrary, the values of all color parameters significantly in-
creased (p < 0.05) after rehydrating from VFD-treated cubes compared to fresh blended
juice, indicating a brighter and more saturated color after VFD and rehydration. VFD has
been reported to retain the color characteristics of raw materials relative to other drying
methods [31–33]. These results are consistent with the reported increases in L*, a*, or b*
after rehydration from VFD of potato slices [34]. This may be due to the fact that after VFD,
the water in the raw materials is replaced by air, which changes the original structure, thus
leading to changed light transmission after rehydration and causing changes in color and
brightness. In addition, the color parameters of VFD cubes were measured and again the
HHP did not cause a large change in the color of solid.

Table 1. Color parameters in blended juice and cubes treated by HHP and VFD.

L* a* b* C* h0 ∆E

Juices

0 MPa (Fresh) 36.58 ± 0.25 c 6.05 ± 0.03 bc 17.45 ± 0.29 bc 18.47 ± 0.27 bc 70.88 ± 0.35 bc -
200 MPa (HHP1) 36.81 ± 0.03 c 6.20 ± 0.26 b 17.26 ± 0.13 c 18.34 ± 0.21 c 70.24 ± 0.63 c 0.46 ± 0.12 c
400 MPa (HHP2) 36.86 ± 0.14 c 6.15 ± 0.02 bc 17.69 ± 0.43 b 18.73 ± 0.40 bc 70.81 ± 0.48 bc 0.45 ± 0.43 c
600 MPa (HHP3) 36.70 ± 0.06 c 5.96 ± 0.09 c 17.81 ± 0.01 b 18.78 ± 0.03 b 71.50 ± 0.26 b 0.48 ± 0.26 c

VFD-treated
rehydrated juices 40.98 ± 0.02 b 6.68 ± 0.11 a 21.52 ± 0.05 a 22.54 ± 0.04 a 72.77 ± 0.29 a 5.62 ± 0.03 b

HHP3–VFD-treated
rehydrated juices 41.25 ± 0.04 a 6.85 ± 0.07 a 21.78 ± 0.10 a 22.83 ± 0.11 a 72.53 ± 0.12 a 6.01 ± 0.09 a

http://www.metaboanalyst.ca/
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Table 1. Cont.

L* a* b* C* h0 ∆E

Cubes
0 MPa (VFD) 62.36 ± 0.17 17.52 ± 0.08 52.82 ± 0.14 55.65 ± 0.16 71.65 ± 0.04 -

600 MPa
(HHP3–VFD) 63.77 ± 0.68 17.94 ± 0.37 53.00 ± 0.33 55.95 ± 0.43 71.30 ± 0.25 1.49 ± 0.62

Different minuscule letters in the same column mean significant difference at p < 0.05. “-“ means the sample used as a reference in the
calculation of the ∆E value. HHP1, blended juice treated with HHP at 200 MPa; HHP2, blended juice treated with HHP at 400 MPa; HHP3,
blended juice treated with HHP at 600 MPa; VFD, blended cube of fresh juice treated after VFD; HHP3–VFD, blended cube of HHP3 juice
treated after VFD (the same below).

3.2. Effect of HHP on Microstructure

Microstructure has an important effect on the quality of dried food. The microstructure
of VFD-treated cubes changed after HHP treatment (Figure 2). Irregular and sharp pores
can be observed in the VFD-treated cube (Figure 2A,C). These pores provided space for
water evaporation through heat and mass transfer during VFD. After HHP, the average
porosity of the microstructure increased in the HHP–VFD-treated cube (Figure 2B,D).
The increase in pore size caused by HHP may be due to the degradation of cell wall
structure and the enhancement on cell permeability, which contributed to the increased
mobility and mass transfer rate of water. This result is consistent with some studies on
high-pressure-assisted osmotic dehydrated ginger and aloe vera [35,36].
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Figure 2. Microstructure of blended cubes. (A) VFD sample under 100× magnification (blended
cube of fresh juice treated after VFD); (B) HHP3–VFD sample under 100× magnification (HHP3–
VFD, blended cube of HHP3 juice treated after VFD); (C) VFD sample under 500× magnification
(blended cube of fresh juice treated after VFD); (D) HHP3–VFD sample under 500× magnification
(HHP3–VFD, blended cube of HHP3 juice treated after VFD).

3.3. Effect of HHP and VFD on the Volatile Components of Blended Juices

A total of 64 volatile compounds were detected in blended juices and rehydrated juices,
including 10 ketones, 19 aldehydes, 8 terpenes, 8 alcohols, 9 acids, and 10 esters (Table 2).
Most of the volatiles found here are the same as in other reports on jujube, pumpkin, mango
fruits, or their products [37–41], except for two compounds: 1-(1,3-dimethyl-3-cyclohexen-1-
yl) ethanone (A4 in Table 2) and 5-ethyl-1-cyclopentene-1-carboxaldehyde (B12 in Table 2).
Hence, appropriate blending can improve the sensory qualities and increase kinds of
volatile compounds [42,43].
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Table 2. Volatile compounds in blended juices treated by HHP and VFD recognized by HS-SPME-GC–MS.

No. Compounds CAS LRI 1

Concentration (µg/kg) 2

Identification 3 Origin 4HHP-Treated HHP–VFD-Treated

0 MPa (Fresh) 200 MPa
(HHP1)

400 MPa
(HHP2)

600 MPa
(HHP3) 0 MPa (VFD) 600 MPa

(HHP3–VFD)

Ketones

A1 Acetone 67-64-1 755 4.09 ± 0.73 a 2.40 ± 0.05 b 1.97 ± 0.11 c 1.89 ± 0.23 c 1.23 ± 0.12 d n.d. MS, LRI Mango
A2 2-Butanone 78-93-3 888 n.d. 2.06 ± 0.30 a n.d. n.d. n.d. n.d. MS, LRI Pumpkin
A3 Ethyl vinyl ketone 1629-58-9 1010 n.d. n.d. n.d. 2.26 ± 0.63 a n.d. n.d. MS, LRI Jujube, mango

A4
1-(1,3-Dimethyl-3-
cyclohexen-1-yl)

ethanone
51733-68-7 1137 4.33 ± 0.15 a 3.44 ± 0.32 b 2.54 ± 0.13 c 1.79 ± 0.32 d n.d. n.d. MS Other

A5 Acetoin 513-86-0 1274 5.57 ± 0.96 b 1.91 ± 0.67 c 1.86 ± 0.23 c 2.23 ± 0.34 c n.d. 18.60 ± 2.03 a MS, LRI Pumpkin

A6 6-Methyl-5-hepten-2-one 110-93-0 1325 1.01 ± 0.08 d 1.13 ± 0.21 c 2.45 ± 0.10 b 1.23 ± 0.11 c 4.15 ± 0.14 a 2.52 ± 0.03 b MS, LRI Jujube, pumpkin,
mango

A7 4’-Methyl acetophenone 122-00-9 1751 n.d. n.d. n.d. 1.28 ± 0.08 a n.d. n.d. MS, LRI Pumpkin
A8 β-Damascenone 23726-93-4 1771 n.d. n.d. 1.50 ± 0.33 c 1.62 ± 0.11 b n.d. 3.14 ± 0.42 a MS, LRI Pumpkin
A9 Geranylacetone 3796-70-1 1822 n.d. n.d. n.d. n.d. 4.26 ± 0.44 b 6.18 ± 1.66 a MS, LRI Pumpkin, mango

A10 β-Ionone 79-77-6 1896 n.d. n.d. n.d. n.d. 9.33 ± 0.73 b 10.65 ± 1.91 a MS, LRI Jujube, pumpkin
Subtotal 15.00 ± 1.92 c 10.94 ± 1.55 d 10.32 ± 0.90 d 12.30 ± 1.82 d 18.97 ± 1.43 b 41.09 ± 6.05 a

Aldehydes

B1 Acetaldehyde 75-07-0 682 7.11 ± 1.04 a 2.17 ± 0.80 b 2.35 ± 0.40 b 2.19 ± 0.67 b 1.77 ± 0.26 b n.d. MS, LRI Mango
B2 2-Methylbutyraldehyde 96-17-3 866 n.d. n.d. n.d. n.d. 2.42 ± 1.83 a n.d. MS, LRI Pumpkin
B3 Isovaleraldehyde 590-86-3 878 4.10 ± 0.39 ab 1.69 ± 0.38 b 2.22 ± 0.35 b 1.76 ± 0.26 b 4.71 ± 0.71 a 5.18 ± 4.51 a MS, LRI Mango
B4 Valeraldehyde 110-62-3 928 15.59 ± 3.80 ab 9.35 ± 1.06 c 19.41 ± 1.95 a 15.85 ± 4.46 ab 11.84 ± 1.17 bc 4.29 ± 1.06 d MS, LRI Pumpkin

B5 Hexanal 66-25-1 1070 22.26 ± 2.43 c 17.74 ± 1.38 c 77.88 ± 4.70 b 102.59 ± 7.16 a 23.12 ± 1.69 c 8.81 ± 0.90 d MS, LRI Jujube, pumpkin,
mango

B6 3-Methyl-2-butenal 107-86-8 1199 n.d. n.d. n.d. n.d. 4.78 ± 0.63 a 3.56 ± 0.30 b MS, LRI Pumpkin
B7 Heptaldehyde 111-71-7 1174 n.d. n.d. n.d. 2.96 ± 0.23 a n.d. 1.76 ± 0.14 b MS, LRI Pumpkin

B8 (E)-2-Hexenal 6728-26-3 1207 393.53 ± 96.22
a

146.01 ± 27.53
b

145.29 ± 24.56
b

148.52 ± 26.43
b 86.48 ± 4.38 c 56.47 ± 35.73 d MS, LRI Jujube, pumpkin,

mango
B9 Furfural 98-01-1 1439 8.24 ± 1.19 a 2.75 ± 0.78 b 3.27 ± 0.61 b 2.77 ± 0.59 b 2.72 ± 0.59 b 3.12 ± 0.15 b MS, LRI Jujube, pumpkin
B10 (E)-2-Heptenal 18829-55-5 1309 5.24 ± 0.61 c 1.36 ± 0.06 d 10.24 ± 0.54 ab 8.61 ± 0.93 b 11.32 ± 0.07 a 6.00 ± 3.48 c MS, LRI Jujube, mango

B11 1-Nonanal 124-19-6 1377 n.d. n.d. 1.89 ± 0.28 b 3.30 ± 0.48 a 1.96 ± 0.30 b n.d. MS, LRI Jujube, pumpkin,
mango

B12 5-Ethyl-1-cyclopentene-1-
carboxaldehyde 36431-60-4 1393 n.d. n.d. 3.29 ± 0.13 b 3.52 ± 0.27 a n.d. n.d. MS Other

B13 (E)-2-Octenal 2548-87-0 1408 n.d. n.d. 8.18 ± 0.38 b 7.49 ± 0.65 c 8.95 ± 0.19 a 7.08 ± 0.92 c MS, LRI Jujube
B14 (E, E)-2,4-Heptadienal 4313-03-5 1446 n.d. n.d. n.d. n.d. 4.07 ± 0.60 a 4.01 ± 0.62 a MS, LRI Jujube, pumpkin
B15 Benzaldehyde 100-52-7 1499 58.31 ± 5.12 a 29.67 ± 2.51 c 39.17 ± 6.10 b 32.94 ± 3.97 bc 12.24 ± 0.08 d 11.80 ± 2.68 d MS, LRI Jujube, pumpkin
B16 (E)-2-Nonenal 18829-56-6 1511 17.67 ± 16.53 a 2.70 ± 1.08 b 3.73 ± 1.15 b 3.80 ± 0.39 b 7.37 ± 1.06 ab n.d. MS, LRI Jujube, mango
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Table 2. Cont.

No. Compounds CAS LRI 1

Concentration (µg/kg) 2

Identification 3 Origin 4HHP-Treated HHP–VFD-Treated

0 MPa (Fresh) 200 MPa
(HHP1)

400 MPa
(HHP2)

600 MPa
(HHP3) 0 MPa (VFD) 600 MPa

(HHP3–VFD)

Aldehydes

B17 (E,Z)-2,6-Nonadienal 557-48-2 1561 21.53 ± 3.78 a n.d. n.d. 1.84 ± 0.16 d 8.43 ± 0.12 b 5.58 ± 3.43 c MS, LRI Mango
B18 β-Cyclocitral 432-25-7 1589 n.d. n.d. n.d. n.d. 7.80 ± 0.23 a 7.17 ± 0.57 b MS, LRI Pumpkin
B19 5-Hydroxymethylfurfural 67-47-0 2499 n.d. n.d. n.d. n.d. 1.69 ± 0.30 a n.d. MS, LRI Mango

Subtotal 553.58 ±
131.11 a

213.44 ± 35.58
c

316.92 ± 41.15
b

338.14 ± 46.65
b

201.67 ± 14.21
c

124.83 ± 54.46
d

Terpenes

C1 3-Carene 13466-78-9 1126 10.23 ± 2.44 c 9.26 ± 2.31 c 10.10 ± 1.06 c 8.64 ± 1.87 c 101.94 ± 1.09 b 162.76 ± 19.51
a MS, LRI Mango

C2 α-Phellandrene 99-83-2 1133 n.d. n.d. n.d. n.d. 2.18 ± 0.12 b 3.79 ± 0.07 a MS, LRI Jujube, mango
C3 Myrcene 123-35-3 1150 n.d. n.d. n.d. n.d. 2.48 ± 0.16 b 4.01 ± 1.28 a MS, LRI Jujube, mango
C4 β-Thujene 28634-89-1 1146 n.d. n.d. n.d. n.d. 2.40 ± 0.19 b 3.97 ± 0.40 a MS, LRI Mango
C5 4-Carene 29050-33-7 1166 15.24 ± 4.86 ab 11.15 ± 1.94 bc 6.95 ± 1.83 cd 2.43 ± 0.26 d 19.18 ± 4.51 a 3.35 ± 0.55 d MS, LRI Mango
C6 DL-Limonene 138-86-3 1175 n.d. n.d. n.d. n.d. 6.55 ± 1.23 b 14.95 ± 2.93 a MS, LRI Jujube, mango
C7 Terpinolene 586-62-9 1266 15.28 ± 3.78 b 11.11 ± 0.65 c n.d. n.d. n.d. 92.78 ± 5.20 a MS, LRI Jujube, mango
C8 α, p-Dimethylstyrene 1195-32-0 1416 n.d. n.d. n.d. n.d. 6.95 ± 0.28 a 8.51 ± 5.15 a MS, LRI Mango

Subtotal 40.75 ± 11.08 c 31.52 ± 4.90 c 17.05 ± 2.89 d 11.07 ± 2.13 d 141.68 ± 7.58 b 294.12 ± 35.08
a

Alcohols

D1 1-Penten-3-ol 616-25-1 1158 n.d. n.d. n.d. n.d. 2.33 ± 0.10 a n.d. MS, LRI Jujube, pumpkin
D2 2-Methyl-1-butanol 137-32-6 1202 n.d. n.d. n.d. n.d. n.d. 10.81 ± 0.98 a MS, LRI Jujube, mango

D3 1-Pentanol 71-41-0 1244 6.18 ± 0.19 ab 2.50 ± 0.91 c 5.64 ± 0.64 b 8.10 ± 2.50 a n.d. n.d. MS, LRI Jujube, pumpkin,
mango

D4 (E)-3-Hexen-1-ol 928-97-2 1370 13.54 ± 0.87 a 5.92 ± 1.49 c 6.43 ± 0.84 c 9.76 ± 2.12 b 2.02 ± 0.08 d n.d. MS, LRI Jujube, mango

D5 1-Octen-3-ol 3391-86-4 1435 5.15 ± 1.81 d 7.43 ± 0.32 c 8.33 ± 2.38 c 10.89 ± 1.95 b 17.07 ± 0.75 a 10.43 ± 0.92 b MS, LRI Jujube, pumpkin,
mango

D6 p-Cymen-8-ol 1197-01-9 1798 n.d. n.d. n.d. n.d. 9.79 ± 0.97 a 10.08 ± 1.98 a MS, LRI Mango
D7 Benzyl alcohol 100-51-6 1820 n.d. n.d. n.d. n.d. 1.26 ± 0.22 b 2.37 ± 1.01 a MS, LRI Jujube
D8 Carveol 99-48-9 1857 n.d. n.d. n.d. n.d. 43.31 ± 1.05 a 26.11 ± 6.56 b MS, LRI Mango

Subtotal 24.87 ± 2.87 d 15.85 ± 2.72 e 20.40 ± 3.86 e 28.75 ± 6.57 c 75.78 ± 3.17 a 59.80 ± 11.45 b

Acids

E1 Acetic acid 64-19-7 1435 191.64 ± 32.42
a 59.12 ± 25.37 b 64.19 ± 4.98 b 63.49 ± 16.09 b 4.84 ± 0.90 c 8.38 ± 2.40 c MS, LRI Jujube, pumpkin

E2 Propionic acid 79-09-4 1522 5.02 ± 0.63 a 2.15 ± 0.16 b 2.05 ± 0.38 b 1.69 ± 0.28 b n.d. n.d. MS, LRI Jujube
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Table 2. Cont.

No. Compounds CAS LRI 1

Concentration (µg/kg) 2

Identification 3 Origin 4HHP-Treated HHP–VFD-Treated

0 MPa (Fresh) 200 MPa
(HHP1)

400 MPa
(HHP2)

600 MPa
(HHP3) 0 MPa (VFD) 600 MPa

(HHP3–VFD)

Acids

E3 Butanoic acid 107-92-6 1608 9.44 ± 2.00 a 2.49 ± 0.79 bc 2.90 ± 0.70 b 2.46 ± 0.64 bc 1.03 ± 0.15 c 3.24 ± 0.77 b MS, LRI Pumpkin, mango
E4 2-Methyl butanoic acid 116-53-0 1647 17.30 ± 3.74 a 5.63 ± 1.85 b 6.88 ± 1.41 b 5.58 ± 1.19 b n.d. n.d. MS, LRI Pumpkin, mango
E5 Valeric acid 109-52-4 1707 12.05 ± 1.47 a 3.67 ± 0.94 b 4.96 ± 1.18 b 4.23 ± 0.77 b n.d. n.d. MS, LRI Pumpkin

E6 Hexanoic acid 142-62-1 1797 115.90 ± 17.58 a 40.13 ± 10.51 b 60.32 ± 15.41 b 47.12 ± 8.68 b 8.57 ± 1.36 c 12.75 ± 2.81 c MS, LRI Jujube, pumpkin,
mango

E7 Heptanoic acid 111-14-8 1884 37.33 ± 3.83 a 13.58 ± 3.51 b 17.89 ± 4.80 b 14.81 ± 2.06 b 6.21 ± 1.44 c 6.39 ± 2.41 c MS, LRI Jujube

E8 Octanoic acid 124-07-2 2009 19.34 ± 0.92 a 7.81 ± 1.78 bc 9.69 ± 2.60 b 8.44 ± 1.25 bc 7.05 ± 2.19 bc 5.81 ± 2.72 c MS, LRI Jujube, pumpkin,
mango

E9 Benzoic acid 65-85-0 2391 16.57 ± 3.67 a 4.30 ± 1.01 b 4.96 ± 2.04 b 5.33 ± 0.88 b n.d. n.d. MS, LRI Jujube, pumpkin

Subtotal 424.59 ± 66.26 a 138.88 ± 45.92 b 173.84 ± 33.50
b 153.15 ± 31.84 b 27.70 ± 6.04 c 36.57 ± 11.11 c

Esters

F1 Methyl acetate 79-20-9 764 4.85 ± 1.18 a 1.82 ± 0.47 b 1.81 ± 0.22 b 2.01 ± 0.21 b 1.23 ± 0.01 b n.d. MS, LRI Jujube, pumpkin
F2 Ethyl acetate 141-78-6 852 40.19 ± 14.98 a 10.63 ± 8.20 b 5.75 ± 1.10 b 5.99 ± 3.12 b 5.20 ± 1.67 b 10.4 ± 5.68 b MS, LRI Jujube
F3 Methyl butyrate 623-42-7 986 72.25 ± 4.34 a 19.45 ± 9.50 b 12.61 ± 2.79 b 11.73 ± 4.01 b 1.62 ± 0.10 c 2.82 ± 1.51 c MS, LRI Jujube, mango
F4 Ethyl butyrate 105-54-4 1028 97.67 ± 49.16 a 14.30 ± 13.10 b 5.49 ± 2.03 b 3.94 ± 1.86 b n.d. n.d. MS, LRI Jujube, mango
F5 Methyl valerate 624-24-8 1076 9.54 ± 1.37 a 4.08 ± 0.71 c 5.77 ± 0.86 b 5.25 ± 0.81 bc n.d. n.d. MS, LRI Jujube
F6 Isoamyl acetate 123-92-2 1113 4.72 ± 0.75 a n.d. n.d. n.d. n.d. n.d. MS, LRI Mango
F7 Methyl hexanoate 106-70-7 1178 30.90 ± 3.93 a 15.6 ± 1.94 c 23.71 ± 3.11 b 18.08 ± 2.41 c 3.88 ± 0.30 d n.d. MS, LRI Jujube, mango
F8 Methyl heptanoate 106-73-0 1278 3.79 ± 0.19 a 2.25 ± 0.15 c 3.43 ± 0.41 a n.d. 2.72 ± 0.46 b 2.44 ± 0.17 bc MS, LRI Jujube
F9 Methyl benzoate 93-58-3 1595 9.77 ± 1.70 a 5.39 ± 0.40 c 7.71 ± 1.64 b 5.98 ± 0.57 bc 6.27 ± 0.04 bc 5.25 ± 0.95 c MS, LRI Jujube

F10 3-Phenylpropionic acid
methyl ester 103-25-3 1854 n.d. 1.64 ± 0.13 b 2.39 ± 0.49 a 1.85 ± 0.25 b n.d. n.d. MS, LRI Jujube

Subtotal 273.68 ± 77.60 a 75.16 ± 34.60 b 68.67 ± 12.65 b 54.83 ± 13.24 c 20.92 ± 2.58 d 20.91 ± 8.31 d

Total 1332.47 ± 290.84 a 485.79 ± 125.27 c 607.2 ± 94.95 b 598.24 ± 102.25 b 486.72 ± 35.01 c 577.32 ± 126.46 b
1 LRI: linear retention index on DB-WAX column. 2 n.d. means not detected since the concentration of the given compound was below the detection limit. 3 Identification, volatiles were identified as follows: LRI,
comparing LRI calculated herein with that in open access data of the NIST WebBook; MS, mass spectrum comparisons with NIST10 database. 4 Origin, sources of volatile compounds in the literature. Different
minuscule letters in the same row mean significant difference at p < 0.05.
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Hydrocarbon aldehydes (e.g., hexanal, (E)-2-hexenal, benzaldehyde), terpenes (e.g.,
3-carene), acids (e.g., hexanoic acid, heptanoic acid, octanoic acid), esters (e.g., ethyl
acetate, methyl butyrate), and some other ketones, alcohols, and benzene derivatives
were predominant in the volatile compounds of blended juices and rehydrated juices. As
reported, HHP can alter the compositions and quantities of volatile compounds in many
fruit and vegetable juices and wines [44–46]. The reason may be that HHP alters the weak
chemical bonds of enzymes, thus modifying the secondary to quaternary structures of key
enzymes in the production of aroma compounds [1]. In general, the VFD process results in
a decrease in volatile compounds. Such decreases in freeze-dried apple reportedly occurred
mainly during ice sublimation, where volatile compounds with higher vapor pressure than
water molecules were excluded and evaporated when the sample matrix exceeded its glass
transition temperature [47]. In comparison, the decrease in freeze-dried durian pulp may
occur during sample preparation before drying and grinding into powder [48]. However,
compared with other drying methods (e.g., hot air drying, solar drying and heat-pump
drying), VFD shows a better retention in volatile compounds [49]. Herein, VFD caused a
reduction in volatile compounds in rehydrated juices by 56.7% to 63.5%, compared to fresh
blended juice.

3.3.1. Ketones

Ketones are important components of fruit and vegetable flavor profiles, although
most of them possess a high odor threshold compared to aldehydes or esters [50]. In
total, 10 ketones were detected in all six samples. The contents of acetone and acetoin
in HHP-treated blended juices decreased (p < 0.05) with the pressure of HHP. Pressure
levels of HHP may enhance or retard enzymatic and chemical reactions and thereby
indirectly influence the increase or decrease in volatile compounds [5]. As reported, the
concentrations decreased in some ketones, while increased in some others under different
pressures in green asparagus juice [45]. Compared to fresh blended juice, HHP slightly
decreased (p < 0.05) the contents of total ketones, whereas HHP–VFD led to a twofold
rise (p < 0.05). In addition, the proportion of total ketones was low in HHP-treated
blended juices and was less than 2% of total volatiles, but was higher in HHP–VFD-treated
rehydrated juices (Figure 3). This result is in agreement with a study on yogurt melts that
the amounts of ketones increased after freeze drying [51]. 2-Butanone and β-damascenone
were only found in HHP-treated samples, and geranylacetone and β-ionone were only
detected in VFD-treated samples. This result implies that these components are exclusive to
processed juice and resulted from reactions occurring during processing. 1-(1,3-Dimethyl-3-
cyclohexen-1-yl) ethanone was found in the essential oils of some genus Nepeta plants [52],
and as we know, was identified in blended juice for the first time, though it was not the
major aroma contributor.

Foods 2021, 10, x FOR PEER REVIEW 13 of 24 
 

 

Hydrocarbon aldehydes (e.g., hexanal, (E)-2-hexenal, benzaldehyde), terpenes (e.g., 
3-carene), acids (e.g., hexanoic acid, heptanoic acid, octanoic acid), esters (e.g., ethyl ace-
tate, methyl butyrate), and some other ketones, alcohols, and benzene derivatives were 
predominant in the volatile compounds of blended juices and rehydrated juices. As re-
ported, HHP can alter the compositions and quantities of volatile compounds in many 
fruit and vegetable juices and wines [44–46]. The reason may be that HHP alters the weak 
chemical bonds of enzymes, thus modifying the secondary to quaternary structures of key 
enzymes in the production of aroma compounds [1]. In general, the VFD process results 
in a decrease in volatile compounds. Such decreases in freeze-dried apple reportedly oc-
curred mainly during ice sublimation, where volatile compounds with higher vapor pres-
sure than water molecules were excluded and evaporated when the sample matrix ex-
ceeded its glass transition temperature [47]. In comparison, the decrease in freeze-dried 
durian pulp may occur during sample preparation before drying and grinding into pow-
der [48]. However, compared with other drying methods (e.g., hot air drying, solar drying 
and heat-pump drying), VFD shows a better retention in volatile compounds [49]. Herein, 
VFD caused a reduction in volatile compounds in rehydrated juices by 56.7% to 63.5%, 
compared to fresh blended juice. 

3.3.1. Ketones 
Ketones are important components of fruit and vegetable flavor profiles, although 

most of them possess a high odor threshold compared to aldehydes or esters [50]. In total, 
10 ketones were detected in all six samples. The contents of acetone and acetoin in HHP-
treated blended juices decreased (p < 0.05) with the pressure of HHP. Pressure levels of 
HHP may enhance or retard enzymatic and chemical reactions and thereby indirectly in-
fluence the increase or decrease in volatile compounds [5]. As reported, the concentrations 
decreased in some ketones, while increased in some others under different pressures in 
green asparagus juice [45]. Compared to fresh blended juice, HHP slightly decreased (p < 0.05) 
the contents of total ketones, whereas HHP–VFD led to a twofold rise (p < 0.05). In addi-
tion, the proportion of total ketones was low in HHP-treated blended juices and was less than 
2% of total volatiles, but was higher in HHP–VFD-treated rehydrated juices (Figure 3). This 
result is in agreement with a study on yogurt melts that the amounts of ketones increased 
after freeze drying [51]. 2-Butanone and β-damascenone were only found in HHP-treated 
samples, and geranylacetone and β-ionone were only detected in VFD-treated samples. 
This result implies that these components are exclusive to processed juice and resulted 
from reactions occurring during processing. 1-(1,3-Dimethyl-3-cyclohexen-1-yl) ethanone 
was found in the essential oils of some genus Nepeta plants [52], and as we know, was 
identified in blended juice for the first time, though it was not the major aroma contribu-
tor. 

 
Figure 3. Relative composition (%) of classes of volatile components of blended juice treated by HHP
and VFD.



Foods 2021, 10, 3151 11 of 20

3.3.2. Aldehydes

Nineteen aldehydes were detected, which were the most representative volatile com-
pounds in blended juices. Most of these aldehydes belong to C6–C9 aldehydes, which
originate from the oxidative breakdown and cleavage of fatty acids by lipoxygenase (LOX)
and hydroperoxide lyase (HPL) [53]. The hexanal content of HHP-treated blended juices
increased (p < 0.05) from 22.66 µg/kg in fresh blended juice to 77.88 µg/kg at 400 MPa
and 102.59 µg/kg at 600 MPa. This result is similar to a previous study on the effect of
HHP on kiwifruit pulp beverages [54]. HPL was in direct charge for the generation of
hexanal [55], and was not completely inactivated at pressures below 600 MPa [56]. On the
contrary, the contents of other aldehydes such as benzaldehyde, (E)-2-nonenal, and (E,Z)-
2,6-nonadienal in HHP-treated blended juice significantly declined (p < 0.05) in comparison
with fresh blended juice. These aldehydes resulted from the peroxidation of polyunsatu-
rated fatty acids under catalysis by LOX, which were completely inactivated in tomatoes at
550 MPa [56]. Similarly, these aldehydes decreased in Keitt mango juice [6] and mulberry
juice [57] after HHP. HHP–VFD increased (p < 0.05) the contents of (E, E)-2,4-heptadienal
and β-cyclocitral, which may be due to the decomposition of unsaturated fatty acids during
drying. Linolenic acid degradation leads to the formation of 2,4-heptadienal isomers, which
is the same as in mango peels [53,58]. β-Cyclocitral originates from the degradation of
carotenoids, and may be used as a differentiator compound between VFD-treated and
non-VFD-treated samples.

3.3.3. Terpenes

Terpenes account for the typical aroma profiles of many fruits, particularly tropical
fruits such as mangoes [59]. One of the most ubiquitous terpenes is limonene, but it
is not a powerful odorant. HHP decreased (p < 0.05) the content of total terpenes in
blended juices, which is similar to the results in different varieties of orange juices [44,60].
Interestingly, while HHP–VFD increased (p < 0.05) the content of total terpenes, some
new terpenes appeared (e.g., α-phellandrene, myrcene, DL-limonene, β-thujene, α, p-
dimethylstyrene), which is different from previous studies on freeze-dried cabbages and
carrot slices [61,62]. This difference may be caused by variations in substrate, pressure,
and pretreatment conditions. VFD did not necessarily result in the inactivation of some
cold-resistant enzymes, which may be inactivated by high pressure during HHP at room
temperature. Another possible reason was the breaking of the cells in which the terpenes
were stored during VFD, as some sesquiterpenes reportedly increased in freeze-dried
laurel leaves [63]. Additionally, de Torres et al. [64] observed an increase in the amount of
norisoprenoids in freeze-dried grape skins, a fact that is attributed to the rise of hydrolysis
of glycosides, which will cause the release of aglycones, resulting from the decrease in
water and increase in acidity during VFD.

3.3.4. Alcohols

In total, eight alcohols were identified, which all possessed only one hydroxyl group.
The proportion of total alcohols rose after processing (Figure 3), which mainly derived from
many oxidative hydration–dehydration reactions of hydrocarbon terpenes and other pre-
cursors under juice acidic conditions [65]. Similarly, total alcohols increased in HHP-treated
orange juices and freeze-dried grape skins [44,64]. The 1-octen-3-ol content significantly
increased (p < 0.05) after HHP treatments. Moreover, the level of 1-octen-3-ol in HHP-
treated kiwifruit pulp beverage and black truffle significantly increased or appeared after
the treatment [54,66]. This result may be interpreted as the activation of some glycosidases
by HHP, which released the glycoside-bound alcohol in blended juices [1]. Five kinds of
alcohols were detected only in HHP–VFD-treated rehydrated juices, of which carveol was
a terpene alcohol that contributed a woody turpeny note to mango puree [67]. Carveol was
formed from the auto-oxidation of limonene, which is consistent with limonene detected
only in HHP–VFD-treated samples. p-Cymen-8-ol is another abundant aromatic com-
pound reported in the pulp of ripe mango fruits [68], and is considered to be derived from
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γ-terpinene, which was biosynthesized under the influence of oxygen. The appearance of
p-cymen-8-ol is in agreement with a previous study on fresh and freeze-dried carrots [62].

3.3.5. Acids

Nine acids were detected in blended juices, which occupied the second-largest propor-
tion of all volatile compounds. The content of all acids in the samples decreased (p < 0.05)
after HHP treatment. However, this decrease was not linear with a high-pressure increase.
The most acid retention was observed for blended juices pressure treated at 400 MPa,
which is consistent with the study of Zabetakis et al. [69] on the effects of HHP on butanoic
acid, 2-methyl-butanoic acid, and hexanoic acid in strawberries. Since these short- and
medium-chain fatty acids, or volatile fatty acids, are generally described as unpleasant
odors as stale or pungent, HHP can significantly improve the perception of odor and fla-
vor [70]. Only five acids existed in HHP–VFD-treated rehydrated juices, and their contents
were significantly lower (p < 0.05) than in the juices. As reported, acids disappeared and
decreased after freeze drying in jujubes, which was much more pronounced than other
dehydration methods such as air drying and microwave drying, which evidenced the
improvement in flavor by freeze drying [71].

3.3.6. Esters

Esters are pivotal to the aroma of most fruits and comprise the important proportion
of volatiles in jujubes and mangoes [37,41,72]. Nine esters were detected and quantified
in HHP-treated blended juices and four in HHP–VFD-treated rehydrated juices, of which
methyl and ethyl esters were dominant. HHP decreased (p < 0.05) the concentrations
of esters in samples, which is consistent with the changes in most matrices, such as
mango juice, red plum puree, and kiwifruit pulp beverage [6,54,73]. Methyl butyrate
and ethyl butyrate contents decreased in response to pressure intensity. The precursors
of esters in these matrices may be lipids and amino acids, and the key enzyme in the
biosynthesis was the alcohol acyltransferase, the activity of which seemingly dropped
under pressure [1,74,75]. Moreover, HHP–VFD further decreased (p < 0.05) the contents of
esters, except for ethyl acetate, though VFD can extremely retain the ester content due to
the lower temperature compared with other drying methods [76].

In addition, a two-way ANOVA was applied to four fresh, HHP3, VFD, and HHP3–
VFD samples to analyze the effect of combined HHP and VFD treatments on the contents of
volatile compounds (Table S1). The results of the analysis showed that, except for 10 volatile
compounds, namely geranylacetone (p = 0.155), isovaleraldehyde (p = 0.165), valeraldehyde
(p = 0.053), (E, E)-2,4-heptadienal (p = 0.821), (E)-2-nonenal (p = 0.515), 4-carene (p = 0.394),
α, p-dimethylstyrene (p = 0.479), 1-pentanol (p = 0.223), (E)-3-Hexen-1-ol (p = 0.221), p-
cymen-8-ol (p = 0.758), the interaction and main effect between HHP and VFD in terms of
their effects on the contents of volatile compounds were significant (p < 0.05). These results
further confirmed the interaction of HHP and VFD, rather than a one-way independent
casual effect.

3.4. Effect of Different Analytical Methods on the Detection of Aroma-Active Compounds

Table S2 lists 27 odor-active compounds with DF ≥ 6 recognized by GC–O. These
27 compounds were categorized by odor characteristics into four groups according to the
method of Castro et al. [77]. The first group consists of fragrant and sweet odorants (A5,
A7, A10, B15, D3, E3, E4, E7, and F3 in Table 2 and Table S2) described as floral, nutty, and
cheese. The second group mainly involves fruity odorants (A6, B3, B4, B5, B8, B11, B16,
B17, B18, D4, and E8 in Table 2 and Table S2) expressed as citrus, orange peel, and green.
The third group consists of woody and resinous odorants (B13, C1, and D5 in Table 2 and
Table S2), with descriptors of waxy, pine, and oily. Compounds with pungent, sour, and
sweaty (A3, E2, E5, and E6 in Table 2 and Table S2) constitute the last group described as
off-flavor. 6-Methyl-5-hepten-2-one, isovaleraldehyde, hexanal, 1-nonanal, (E)-2-octenal,
(E,Z)-2,6-nonadienal, (E)-3-hexen-1-ol, 1-octen-3-ol, propionic acid, butanoic acid, 2-methyl
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butanoic acid, hexanoic acid, and octanoic acid, were detected by assessors eight times at
least in one sample, meaning that these 13 compounds were potentially critical contributors
to the overall aroma of blended juices and rehydrated juices. Of them, 6-methyl-5-hepten-
2-one, hexanal, 1-nonanal, (E,Z)-2,6-nonadienal, butanoic acid, and 2-methyl butanoic acid
were reported as aroma-active compounds contributing to the aroma profile of mangoes of
different varieties [58,78]. Hexanal and (E)-2-octanal were recognized as the most powerful
odor-active compounds in jujube fruits from three cultivars, on the basis of both GC–O and
OAV [79]. In another jujube cultivar named muzao, the aroma-impact compounds that
affected the aroma profile were hexanoic acid and octanoic acid [80]. Furthermore, hexanal,
(E)-3-hexen-1-ol, and 1-octen-3-ol were described as the most characteristic compounds
of the variety of pumpkin [81]. However, DF analysis may not always directly relate to
the aroma-active compounds, since it can only reveal the frequency, but lacks intensity.
Therefore, the verification of aroma-active compounds shall also depend on OAV.

OAV is a reasonable tool for aroma potency assessment based on the equilibrium be-
tween air and the food matrix. Table S2 presents the 18 volatile compounds with OAV ≥ 1
and their reliable odor thresholds reported before, indicating they make powerful contri-
butions to the overall aroma. Aldehydes occupy the majority of these compounds since
many aldehydes possess a low odor threshold [50]. The C5 aldehydes, as isovaleralde-
hyde and valeraldehyde detected here, tend to contribute a chemical/malty/green odor
in pumpkin and mango [40,78]. When chain length exceeds C6, such as hexanal and
1-nonanal, aldehydes detected here have dual properties with descriptors of fruity/floral
or fatty notes, depending on the concentration, the substrate, and the person who senses
them. Aldehydes containing an aromatic ring, such as benzaldehyde in this study, are
major components of jujube, pumpkin and other foods that mainly emit sweet and nutty
aromas, such as that of newly crushed almonds [37,40]. Unsaturated aldehydes with both
(E) and (Z) isomer conformations (e.g., (E)-2-hexenal, (E)-2-nonenal, (E)-2-octenal, and
(E,Z)-2,6-nonadienal herein) have higher odor thresholds and are usually compounds
that affect characteristics. The shorter-chain analogs provide green aromas. It is worth
mentioning that the odor thresholds of both saturated aliphatic and unsaturated aldehydes
seemingly decrease gradually with the prolonging of chain length. Floral-like β-ionone
in VFD-treated or HHP–VFD-treated rehydrated juices had the highest OAV (1333.23
and 1520.79, respectively), followed by cucumber-like (E,Z)-2,6-nonadienal in fresh juice
(1076.69). Generally, HHP does not considerably alter the OAV of most volatiles [82], but
(E,Z)-2,6-nonadienal, which had the largest OAV in fresh juice, was undetected in HHP1
and HHP2 juices. (E,Z)-2,6-Nonadienal is formed from linoleic acid, which is the substrate
of LOX, and the activity of LOX may change under different pressures and in different
matrices [83].

After comparison of the aroma-active compounds detected by DF and OAV (Figure 4),
the joint analysis of each sample identified 4, 5, 4, 7, 9, and 8 aroma-active compounds
from the fresh, HHP1, HHP2, HHP3, VFD, and HHP3–VFD samples, respectively. Hexanal,
(E)-2-hexenal, and 1-octen-3-ol were found in all six samples, indicating they were potent
and major aroma contributors and unaffected by processing. β-Ionone and β-cyclocitral
were only detected in VFD-treated and HHP–VFD-treated samples and were screened as
aroma-active compounds, and therefore, they can be used as indicators to identify whether
a sample was treated with VFD or not. β-Ionone was derived from the degradation of β-
carotenene under the enzymatic formation of carotenoid cleavage dioxygenase [84,85], and
a higher level of β-carotenene degradation rate took place at a lower water activity [86]. As
reported, β-ionone was positively associated with the sour flavor of freeze-dried tomatoes,
while not associated with green or grassy flavor in fresh tomatoes [87,88]. Similarly,
Xing et al. [89] compared the chemical compositions of fresh and dried purple perilla leaves
and did not identify β-cyclocitral in fresh leaves, which appeared after drying due to the
oxidation reaction, hydrolysis of glycosylated products, or the destruction of cell walls.
Some high-OAV volatile compounds, such as ethyl butyrate and methyl benzoate, were
not found by DF analysis. Among the components discriminated by the judges in GC–O
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test, 6-methyl-5-hepten-2-one, (E)-3-hexen-1-ol, propionic acid, butanoic acid, 2-methyl
butanoic acid, hexanoic acid, and octanoic acid had OAVs < 1, suggesting they made
limited contributions to the overall aroma. The differences between the two assessments
were mainly due to the different principles applied [24]. OAV was calculated based on
the odor threshold in water rather than the food matrix. In the actual food matrix, the
presence of abundant chemical compositions significantly impacts the perception of aroma.
Specifically, the aroma release will be intensified or restricted more or less by the interaction
between food components and volatile compounds [90,91]. Thus, the combination of DF
analysis and OAV is necessary to accurately identify the aroma-active compounds.
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3.5. Flavor Profile

Heat map, hierarchical clustering, and PCA of the concentrations of the 13 major
aroma-active compounds were performed to characterize the aroma profiles of blended
juices with different treatments (Figure 5). Heat map and hierarchical clustering anal-
ysis (Figure 5A) demonstrate the profiles of 13 major aroma-active compounds present
in blended juices with different processing methods. The color intensity (blue or red) is
consistent with the concentrations of aroma-active compounds in Table 2. It indicates that
HHP1 is closer to fresh blended juice in terms of the association in cluster analysis. Addi-
tionally, the VFD- and non-VFD-treated blended juices were divided into two categories.
Qualitative and quantitative data of the six samples were subjected to PCA to compare
differences between the fresh and treated blended juices. The principal component score
plot and biplot in Figure 5B,C show that the two PCs can explain 99% of the variability.
Fresh blended juice (red circle in Figure 5B) was clearly distinguished from all the others,
suggesting the typical aroma was altered during processing. HHP1 juice (green circle in
Figure 5B) was much closer to VFD- and HHP–VFD-treated rehydrated juices (yellow and
blue circles in Figure 5B, respectively) compared with HHP2 and HHP3 juices. Euclidean
distance in score plots (Figure 5B) agreed well with the hierarchical clustering results
(Figure 5A). β-Ionone and β-cyclocitral (B18 and A10 in Figure 5C) were only directed
to VFD- and HHP–VFD-treated rehydrated juices instead of blended juices, indicating
they can be used as indicators to distinguish samples treated with VFD or not. However,
the concrete aroma description of either PC, which may alter the specific sensory aroma
attributes, calls for further research and discussion.
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3.6. Comparative Sensory Analysis of Blended Juices with Different Processing Methods

Quantitative descriptive analysis (QDA) including six aroma notes and overall liking
was used to distinguish the sensory quality with different processing methods (Figure 6).
Six aroma notes (sweet, sour, rosin, grassy, floral, and fruity) were put forward in pre-
evaluation to quantify sensory differences. No significant differences were found in the
scores of sour or fruity among the six samples (p < 0.05). Noticeably, HHP-treated blended
juices showed a stronger grassy aroma, the intensity of which was strengthened as pressure
increased. Reportedly, HHP-treated kiwifruit pulp can cause more intense grassy and fresh
notes, which may be contributed by hexanal [54]. HHP–VFD-treated rehydrated juices
showed higher scores in rosin and floral, which conformed to the concentrations of 3-carene
and β-ionone during VFD, respectively. β-Ionone was also described as a floral note and
judged to be stronger in freeze-dried tomatoes [92]. As for the sweet aroma note and
overall liking, HHP–VFD-treated rehydrated juices relative to the HHP-treated samples
were graded with a very close score to the fresh juices. These findings are in accord with
the results of hierarchical clustering and PCA. A study in candied green plum also showed
that the combination of HHP and osmotic drying retained the flavor of fresh samples [93].
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Thus, the 13 major aroma-active compounds can be predicted to characterize the flavor of
blended juices.
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4. Conclusions

Compared to HHP or VFD alone, the combination of HHP–VFD resulted in a better
retention of flavor quality in blended juices. HHP treatment at 200, 400, and 600 MPa did not
lead to significant changes in the color of blended juices but decreases in the total volatiles
and changes in sensory quality. The HHP–VFD treatment changed the color, microstructure
and caused a decrease in total volatiles. Moreover, HHP–VFD resulted in the highest
terpene and ketone contents of blended juices among the different treatments, especially
the aroma-active compounds β-ionone and β-cyclocitral, so they can be recognized as
discriminant indicators of HHP–VFD treatment. Rehydrated juice from HHP–VFD-treated
rehydrated juices can better retain the flavor quality of fresh juice, indicating a possible
application for the non-thermal processing combination of HHP and VFD in the fruit and
vegetable juice industry. Although we maximized flavor retention based on the extended
shelf life, further research in this field is required to apply this non-thermal processing
combination into food and other matrices.
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10.3390/foods10123151/s1, Table S1: The result of testing HHP*VFD between-subject effects in
fresh, HHP3, VFD, and HHP3–VFD samples, Table S2: Identification of aroma-active compounds in
blended juices treated by HHP and VFD by DF and OAV analyses.
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