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Abstract: Standalone and sequential ultrasound (US) and ozone (OZ) processes were applied to
cashew apple juice. An unsupervised method, by principal component analysis (PCA), was used
to understand the effect of the non-thermal treatments on the cashew apple composition. The
US processing (373 W/cm2; 10 min; 40 ◦C) promoted the highest peroxidase inactivation and
increased the flavonoid content and antioxidant activity (DPPH ABTS and FRAP methods). The
ozone processing (0.24 mg O3/mL) increased total phenolic compounds (TPC). Sequential processing
was carried out by applying both of the processes, using the best processing conditions for US and
OZ. Sequential processing resulted in the higher retention of yellow flavonoids than in the control
and single processing. However, the effect of sequential US and OZ processing can be deleterious to
vitamin C and TPC after 30 days of cold storage while maintaining the flavonoids of the cashew apple
juice. Furthermore, the synergy between US and OZ reduced native microbiota counts, suggesting a
microbiologically safe juice. Further studies on the mechanism of bioactive compound degradation
might be helpful for product quality modulation.

Keywords: sonication; ozone; Anacardium occidentale L.; principal component analysis; hurdle technology

1. Introduction

Non-thermal technologies meet consumer demand regarding fresh and safe products
with high nutritional quality and appropriate shelf-life. They primarily aim to achieve
microbiological stability with minimum loss of food nutrition and quality characteristics [1].
The processing approach proposed by Leistner is a rational combination of different preser-
vation factors or techniques called “hurdles” to achieve multi-target, mild, but reliable
preservation effects [2]. Recently, combinations of thermal and non-thermal technologies
have been tested as “hurdle” technologies in order to extend the shelf-life and retain the
quality of juices [3].

US processing is one of the non-thermal technologies that can be applied to improve
the shelf-life without changing the quality attributes of fruit juices. However, due to the
low lethality of US, several microorganisms can survive the process. Thus, US processing is
often combined with pressure, heat, or both to ensure a higher lethality. Thermosonication
is the process where US and moderate heat are applied simultaneously. Thermosonication
can promote enzyme and microbial inactivation with a reduced processing time [3]. How-
ever, during thermosonication, some bioactive compounds, such as carotenoids, phenolics,
and ascorbic acid, may be affected [4].

The combination of non-thermal technologies is an alternative which can be used
to retain the bioactive compounds of fruit juices. Combining US with other innovative
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techniques can reduce equipment size, provide a faster response to process control and
start-up, increase production, and eliminate processing steps [4]. Some studies have
reported the combined processing of US with other non-thermal technologies, such as
plasma, pulsed electric fields, high pressure, and OZ [5–9].

OZ processing is a technology used to achieve food safety. OZ uses in the food
industry include water and wastewater treatment and sanitization for meat and dairy
products, vegetables, and fruits, since ozone gas is generally regarded as safe (GRAS) and
suitable for food processing [10]. OZ presents a high oxidizing power that results in an
efficient microbial inactivation through cell disruption due to oxidation. OZ molecules
and free radicals, generated by OZ decomposition, react with several organic compounds.
Thus, they can exert positive or negative changes in the bioactive compound compositions
of fruit juices [11].

When combined with US, OZ processing significantly reduced the contamination of
açai juice [12]. Traore et al. [6] also reported promising results when combining OZ with
US as an alternative for maintaining the color and vitamin C content of green cabbage.
Therefore, the combination of mechanical (US) and chemical effects (OZ) on food process-
ing might preserve the fruit juices’ thermolabile compounds. The effect of non-thermal
processing imparts different changes on the food matrices and is strongly dependent
on them.

The cashew apple (Anacardium occidentale L.) is the cashew peduncle; also named
pseudofruit. The actual fruit is the nut, which corresponds to about 10 % of the cashew’s
weight. Cashew apple corresponds to about 90% of the whole fruit weight and is composed
of carbohydrates, dietary fiber, vitamins (mainly vitamin C), minerals, and antioxidant
phenols [13,14]. In addition, the cashew apple peduncle has an attractive taste, and the
flavor is used to develop several food products, such as beverages and candies [15,16]. In
Brazil, the ripe cashew fruit is harvested from August to January.

This study evaluated the effects of single and combined processing of US and OZ on
the main bioactive compounds of cashew apple juice and their chemical and microbiological
stability throughout cold storage.

2. Materials and Methods
2.1. Juice Preparation

Non-pasteurized cashew apple frozen pulp, without preservatives, was purchased
directly from the manufacturer (Fortaleza, Ceara, Brazil). The pulp was diluted (1:3 w/v)
with potable water and immediately processed following the experimental design.

2.2. Thermal and Non-Thermal Processing
2.2.1. Thermal Pasteurization

For comparative purposes, cashew apple juice was thermally pasteurized (PAST).
For PAST, cashew apple juice (250 mL) was transferred to a sterile flask and pasteurized
at 90 ◦C for 1 min in a water bath (Marconi, model MA126, 1600 Watts, Piracicaba, SP,
Brazil) [17]. A thermometer monitored the juice temperature during the PAST process.
Samples were cooled immediately after PAST and stored at 4 ◦C until further analysis.

2.2.2. Ultrasound Processing

The sonication for cashew apple juice was carried out using a 500 W/19 kHz US
processor (Unique® DES500, São Paulo, Brazil) with a 1.3 cm diameter titanium probe.
Cashew apple juice (100 mL) was placed in a 250 mL jacketed glass reactor with temperature
controlled by an external circulating water bath. Cashew apple processing was carried out
with the US probe submerged 1.5 cm below the juice surface, input power of 100 % (500 W)
corresponding to a power density of 373 W/cm2. Processing time ranged from 2 to 10 min,
and temperature from 20 to 40 ◦C (Table 1).
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Table 1. Experimental parameters applied to thermal and non-thermal processing of cashew
apple juice.

Processing Samples Processing Parameters

PAST PAST 90 ◦C ± 2 ◦C/1 min

US

US1 75 W/cm2; 2 min; 20 ◦C
US2 75 W/cm2; 2 min; 40 ◦C
US3 75 W/cm2; 10 min; 20 ◦C
US4 75 W/cm2; 10 min; 40 ◦C
US5 373 W/cm2; 2 min; 20 ◦C
US6 373 W/cm2; 2 min; 40 ◦C
US7 373 W/cm2; 10 min; 20 ◦C
US8 373 W/cm2;10 min; 40 ◦C

OZ
OZ1 0.08 mg O3/mL of juice
OZ2 0.16 mgO3/mL of juice
OZ3 0.24 mg O3/mL of juice

Sequential processing

US+OZ US (373 W/cm2;10 min; 40 ◦C)
followed by OZ (0.24 mg O3/mL)

OZ+US OZ (0.24 mg O3/mL)
followed by US (373 W/cm2;10 min; 40 ◦C)

2.2.3. Ozonation

The cashew apple juice (100 mL) was subjected to OZ processing in a glass column
reactor with 4.5 cm diameter and 30 cm height. The reactor was built with a gas distributor
plate made of sintered porous glass (pore size of 40–50 µm) at the reactor bottom with the
same reactor diameter, allowing for a uniform distribution of the tiny OZ bubbles [15]. The
reactor was coupled to a portable OZ generator (model O&L15, Ozone Life, São José dos
Campos, São Paulo, Brazil) and fed by an oxygen tank with a flow rate of 125 mL/min,
corresponding to an OZ flow rate of 0.37 mg O3/mL/min. The ozonation was kept
for 2, 4, and 6 min, generating 0.08 mg O3/mL, 0.16 mg O3/mL, and 0.24 mg O3/mL
of juice, respectively. These OZ loads were based on the minimum charge necessary
(0.075 mg O3/mL) for 5 log CFU/mL inactivation of Escherichia coli in orange juice [18].
Cashew apple processing was performed in duplicate, and the analyses were carried out
in triplicate.

2.2.4. Sequential Processing

Two sequential processes (US.OZ and OZ.US) were carried out to evaluate their effects
on cashew apple juice quality. Firstly, a volume of 100 mL of juice was placed in a glass
jacketed reactor (250 mL) and sonicated for 10 min at a power density of 373 W/cm2 at
40 ◦C. An external circulating water bath controlled the temperature. Then, the sample
volume was transferred to the gas bubble reactor for OZ processing at 0.24 mg O3/mL for
6 min. The inverse sequence with OZ exposure, before US processing, was also carried out.
The combined non-thermal treatments were carried out at the best operating conditions
regarding the retention of bioactive compounds and microbial counts of each non-thermal
treatment. Table 1 summarizes the operating conditions for cashew apple processing.

2.3. Quantification of Bioactive Compounds

Vitamin C concentration was determined spectrophotometrically according to the
method of Selimović et al. [19]. The concentration of TPC was determined according to
the Folin–Ciocalteu method [20] with adaptations described by Linhares et al. [21]. Finally,
flavonoids were quantified as described by Francis [22]. All analyses were carried out in
triplicate. Retention of vitamin C, TPC, and flavonoids were calculated, considering the
untreated sample (control) as 100%.
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The total antioxidant activity of the cashew apple juices was measured by ABTS (2,2-
azino-bis-3-ethylbenzothiazoline-6-sulfonic acid), DPPH (2,2-diphenyl-1-picrylhydrazyl),
and FRAP (ferric reducing antioxidant power) methods, following the methodology pre-
sented by Linhares et al. [21].

2.4. Polyphenol Oxidase and Peroxidase Activity

The polyphenol oxidase (PPO) and peroxidase (POD) enzyme activities were deter-
mined according to Fonteles et al. [23].

2.5. Microbial Storage Stability

The juice (100 mL) was prepared and processed as described earlier and stored in
clear glass bottles at 4 ◦C until the microbial stability remained. The samples were taken
immediately after processing and after 15 and 30 days of storage, which is the maximum
expected shelf-life of pasteurized fruit juices. Each sample was placed in a separate
bottle to avoid cross-contamination. Microbial counts of total mesophilic aerobic bacteria
microorganisms (TMAM), and yeasts and molds (Y&M) were used as a quality indicator
during shelf-life according to the methods described by the American Public Health
Association [24] as they are common spoiling contaminants in fruit juices [21]. Salmonella
and coliforms were absent from the raw and processed samples, in agreement with the
Brazilian regulation for fruit juices stored under refrigeration [25]. After serial dilution,
colony-forming units (CFU) were used as the microorganism count method. The spread
plate count technique was used in triplicate for each dilution. The number of individual
colonies on an agar plate was determined after appropriate incubation at 37 ◦C for 48 h and
25 ◦C for 5 days for TMAM and Y&M count. The colony-forming units per mL (CFU/mL)
counts were converted into log values. The differences between the treated and untreated
samples for each experiment were calculated as log reduction factors.

Analyses, including vitamin C, TPC, flavonoids, and total antioxidant activities (DPPH,
ABTS, and FRAP), were determined at the start of the experiment and throughout the cold
storage period.

2.6. Multivariate Statistical Analysis

Three numerical matrices were constructed using the following properties from the
cashew apple juices before and after different processing: concentrations of vitamin C, TPC,
and flavonoids, POD enzymatic activity, and antioxidant activity attained by the DPPH,
ABTS, and FRAP methods. The first numerical matrix presented the properties from all of
the samples before (control) and after different processing related to PAST, OZ, and US was
developed in triplicate (Table 1). Another numerical matrix was constructed using only the
selected processing according to the relevance of the results based on the juice properties
(OZ3 and US8) obtained by combining the two following processes: OZ3 followed by
US8 and US3 followed by OZ3. Finally, the last numerical matrix was constructed using
the stability data from the samples before (control) and after PAST, and the combined
non-thermal processing (OZ followed by US, US followed by OZ) was developed in nine
replicates. Therefore, the matrices were presented dimensionality of 273 data points for
initial evaluation (39 samples × 7 juice properties), 126 data points for combined processing
evaluation (18 samples × 7 juice properties), and 252 data points for the juice stability
(36 samples × 7 juice properties).

Therefore, to explore the cashew apple properties (vitamin C, TPC, flavonoids, POD,
DPPH, ABTS, and FRAP), and to understand the relationship among the juices’ properties
and experimental variables, an unsupervised method by PCA (principal component analy-
sis) was applied on the numerical matrices. For multivariate statistical analyses, the data
were autoscaled (mean-centered with subsequent variance scaling). The singular value
decomposition (SVD) algorithm was applied to decompose each complex matrix in scores
and loadings matrices. The software PLS Toolbox™ (version 8.6.2, Eigenvector Research
Incorporated, Manson, WA, USA) within the MATLAB™ computational environment was
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used to develop the multivariate statistical evaluations. The relevant information of the
sample’s variability was obtained for all models using two principal component axes (PC1
and PC2), under a confidence level of 95% [26].

3. Results and Discussion

The contents of vitamin C, TPC, and flavonoids, the POD enzyme activity, and the
antioxidant activity (DPPH, ABTS, and FRAP methods) were determined for the cashew ap-
ple juice samples after thermal and non-thermal processing (Table 1) and the non-processed
sample (control). The vitamin C and TPC contents were used as bioactive indicators to
assess the impact of non-thermal processing because these compounds represent the most
abundant bioactive substances found in cashew apple juice.

Since the numerical matrices presented high dimensionality and complexity, multivari-
ate statistical analyses by PCA explored the juices’ changes due to the different processes.
Figure 1 shows the effect of single non-thermal processing (OZ and US—Table 1) on cashew
apple juice compared to the thermal PAST (90 ± 2 ◦C). The PCA biplot in Figure 1 depicts
the quality parameters for the unprocessed juice (control, green), pasteurized (red), US
processed (dark blue), OZ processed samples (light blue).
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Figure 1. PCA biplot (scores and loadings) from cashew apple juices before (control, green) and after
thermal PAST (red), non-thermal processing by OZ (light blue), and US (dark blue). See details in
Table 1. The letter a in the PC axes refers to scores axes, and b refers to loadings axes with variables
represented by vectors from the origin.

The juices processed by US at 75 W/cm2 (US1, US2, and US3), grouped at negative
values of PC2, induced high values of TPC. The juices processed at 373 W/cm2 (US6, US7,
and US8) were grouped at positive values of PC2. The US8 condition favored high values of
flavonoids, DPPH, FRAP, and ABTS and the highest inactivation of POD. US power density
directly affected the TPC concentration in cashew apple juice, increasing 33% of yellow
flavonoids in the US8 (373 W/cm2;10 min; 40 ◦C) condition. US intensity is the energy
emitted per second per area of the emitting surface, which relates to the amplitude of the
transducer and the sound wave. Higher amplitudes are associated with more significant
collision between the bubbles originating from the cavitation and the sample, resulting in
cell wall destruction with higher extractability of the bioactive compounds [27].

At the lowest power intensities, the process temperature influenced the TPC content
of the cashew apple juice, increasing by 57% after processing at US3 condition (75 W/cm2;
10 min and 20 ◦C) and decreasing by 54% at US4 condition (75 W/cm2; 10 min and 40 ◦C).
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US processed juices at higher power intensities (US5-8) presented higher antioxidant
capacity measured by ABTS, FRAP, and DPPH, which can be correlated to higher TPC
and yellow flavonoids (Figure 1). This result could also be correlated to the differences
in the vapor pressure due to temperature rise. Higher vapor pressure decreases the
effectiveness of the cavitation process and leads to lower extraction efficiency. However,
higher temperatures also increase cavitation bubbles, increasing the contact area and
diffusion between the solid and the solvent [27]. Guerrouj et al. [28] reported that sonication
of orange juice for 10, 20, and 30 min at 43–45 ◦C enhanced the bioactive compounds (total
phenolics, flavonoids, carotenoids, anthocyanins, and ascorbic acid) and microbiological
quality of orange juice compared with unprocessed samples.

Despite the phenolics’ susceptibility to OZ [29], processing favored increased cashew
apple juice TPC instead of vitamin C, reaching an increment of 40% at OZ3 conditions
(0.24 mg O3/mL). The higher TPC after ozonation may be related to an extraction effect
caused by OZ that overlaps a possible degradation of the phenolic compounds. Similarly,
Noguera et al. [30] reported higher amounts of total phenolics in orange juice, and they at-
tributed this result to the detachment of conjugated cell wall phenolics after OZ processing.

US processing increased the vitamin C content of the cashew apple juice, reaching an
8% increment at US8. This increase occurred due to the mechanical effects of US processing
that impart particle size reduction and damage of cells, improving the mass transfer and
the extraction rate [27,31].

Conversely, vitamin C degradation ranged from 3 to 11% for all of the OZ treatments
evaluated for cashew apple juice processing. This reduction could be due to the strong
oxidation potential of OZ [32]. On the other hand, vitamin C was highly retained in
the OZ-treated cantaloupe juices (68%) compared with the pasteurized ones (39%) using
7.7 gO3/L [33].

Polyphenol oxidase (PPO) activity was not detected in the cashew apple juice. There-
fore, the PPO absence might be attributed to the cashew apple variety. Non-thermal
processing (US and OZ) achieved a satisfactory POD inactivation compared to the thermal
pasteurized juice. However, US processing at 40 ◦C (373 W/cm2; 10 min; 40 ◦C) promoted
a higher POD inactivation (p < 0.05) than US processing at 20 ◦C, in contrast with the previ-
ous results. This behavior may have occurred due to the synergistic effect of temperature
and cavitation.

In conclusion, standalone US or OZ exposure is comparable in its impact on cashew
apple juice bioactive compounds. US processing, at 373 W/cm2 for 10 min at 40 ◦C (US8),
favored high values of flavonoids and antioxidant activity in the cashew apple juice, along
with the highest inactivation of POD compared to OZ processing. In addition, thermal
PAST resulted in a vitamin C and TPC composition similar to the unprocessed juice, with a
higher inactivation of POD (95%) (p < 0.05).

Therefore, after understanding the effects of the standalone thermal and non-thermal
processes on cashew apple juice quality, the impact of sequential non-thermal processing
was evaluated. Moreover, the order of the application of the non-thermal hurdle pro-
cessing was evaluated, considering that this could be an essential factor for the microbial
inactivation and preservation of bioactive compounds of cashew apple juice.

Based on the previous results, the non-thermal combined treatments were as follows:
OZ3 (0.24 mg/mL of juice) followed by US8 (100 W/cm2 for 10 min at 40 ◦C) and US8
followed by OZ3. The effect of the sequential processing was compared to all non-thermal
processing, PAST (Table 1), and unprocessed juice (control).

Figure 2 presents the discrimination of the samples based on the PC1 axis, with
OZ and US sequential non-thermal processing at negative scores. The PAST and single
OZ (OZ3) and US (US8) processing clustered with the control samples at positive scores.
Combined non-thermal processing affected ABTS, DPPH, and flavonoids values, mainly
when OZ followed US. On the other hand, PAST, OZ3, and US8 conditions presented
relevant effects on POD, FRAP, TPC, and vitamin C values, mainly after US8. The juices
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after US8 processing showed similar characteristics to the unprocessed juices, while the
juices after OZ3 processing presented similar characteristics with the pasteurized ones.

Processes 2021, 9, x FOR PEER REVIEW 7 of 15 
 

 

Based on the previous results, the non-thermal combined treatments were as follows: 
OZ3 (0.24 mg/mL of juice) followed by US8 (100 W/cm2 for 10 min at 40 °C) and US8 fol-
lowed by OZ3. The effect of the sequential processing was compared to all non-thermal 
processing, PAST (Table 1), and unprocessed juice (control). 

Figure 2 presents the discrimination of the samples based on the PC1 axis, with OZ 
and US sequential non-thermal processing at negative scores. The PAST and single OZ 
(OZ3) and US (US8) processing clustered with the control samples at positive scores. Com-
bined non-thermal processing affected ABTS, DPPH, and flavonoids values, mainly when 
OZ followed US. On the other hand, PAST, OZ3, and US8 conditions presented relevant 
effects on POD, FRAP, TPC, and vitamin C values, mainly after US8. The juices after US8 
processing showed similar characteristics to the unprocessed juices, while the juices after 
OZ3 processing presented similar characteristics with the pasteurized ones. 

 
Figure 2. PCA biplot (scores and loadings) from cashew apple juices before (control in green color) 
and after thermal processing by PAST (red), and the sequential non-thermal processing by OZ (OZ3) 
followed by US (US8) and vice versa. See details in Table 1. The letter a in the PC axes refers to score 
axes, and b refers to loadings axes with variables represented by vectors from the origin. 

Sequential processing (US.OZ or OZ.US) presented higher (p < 0.05) retention of yel-
low flavonoids than the control and standalone processing, indicating that the combined 
treatment can be recommended to maintain the flavonoid content of cashew apple juice. 
The results are in agreement with the study by Zia et al. [34], where the US (24 kHz, 20 °C 
for 20 min) combined with microwave (MW) (2450 MHz, 120 s) was more effective in 
preserving TPC and flavonoids in sugarcane juice. The combined treatment was superior 
to standalone US and MW treatments. The higher content of TPC and flavonoids was at-
tributed to POD inactivation since this enzyme utilizes these compounds as a substrate, 
causing their degradation. 

Sequential processing, and its order, presented relevant effects on cashew apple juice 
vitamin C retention. A reduction of 40 and 50% was observed for OZ.US and US.OZ, re-
spectively. On the other hand, the pasteurized juices increased in vitamin C by 3%. Thus, 
after OZ processing, vitamin C degradation might be more influenced by contact with air 
than by the temperature [4]. 

3.1. Storage Stability 

Figure 2. PCA biplot (scores and loadings) from cashew apple juices before (control in green color)
and after thermal processing by PAST (red), and the sequential non-thermal processing by OZ (OZ3)
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axes, and b refers to loadings axes with variables represented by vectors from the origin.

Sequential processing (US.OZ or OZ.US) presented higher (p < 0.05) retention of
yellow flavonoids than the control and standalone processing, indicating that the combined
treatment can be recommended to maintain the flavonoid content of cashew apple juice.
The results are in agreement with the study by Zia et al. [34], where the US (24 kHz, 20 ◦C
for 20 min) combined with microwave (MW) (2450 MHz, 120 s) was more effective in
preserving TPC and flavonoids in sugarcane juice. The combined treatment was superior
to standalone US and MW treatments. The higher content of TPC and flavonoids was
attributed to POD inactivation since this enzyme utilizes these compounds as a substrate,
causing their degradation.

Sequential processing, and its order, presented relevant effects on cashew apple juice
vitamin C retention. A reduction of 40 and 50% was observed for OZ.US and US.OZ,
respectively. On the other hand, the pasteurized juices increased in vitamin C by 3%. Thus,
after OZ processing, vitamin C degradation might be more influenced by contact with air
than by the temperature [4].

3.1. Storage Stability

Since sequential non-thermal processing (OZ3 followed by US8 and vice versa) pre-
sented a significant and relevant influence on the cashew apple juice properties, a study
of shelf-life stability was performed during cold storage (4 ◦C). The results were also
compared to PAST and unprocessed (control) samples. Figure 3 illustrates the PCA results
after cold storage (0, 15, and 30 days).

The type of processing was the main factor for sample discrimination, with the
sequential non-thermal processes at negative scores and PAST clustered with the control
sample at positive scores. Both sequential non-thermal processes favored high values
of flavonoids. The control samples, and the other processes clustered at positive scores,
favored high POD, DPPH, ABTS, FRAP, vitamin C, and TPC values. Similarly, Traore
et al. [6] also reported increased TPC and flavonoid contents of cabbage after US (40 kHz,
8 and 20 min) and US.OZ at 0.7 mg/L for 8 min processing when compared to the control.
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The influence of each treatment (control, PAST, OZ.US, and US.OZ) and their stability
periods were evaluated separately to better detail the storage stability responses, highlight-
ing the variability of the samples. Figure 4 presents the PCA results from the stability of
the control juices (a), PAST (b), OZ.US (c), and US.OZ (d) processed samples.

All of the samples presented the same score tendency based on the evolution of the
stability period, from positive (0 days, in blue) to negative scores of PC1 (30 days, in
red), independent of the process. The respective loadings described differences according
to the sample’s properties (POD, DPPH, ABTS, FRAP, vitamin C, TPC, and flavonoids).
The storage for 30 days influenced high values of ABTS for the unprocessed samples
(Figure 4a), the samples processed by PAST (Figure 4b), and the samples processed by
OZ followed by US (Figure 4c). High amounts of flavonoids were observed in samples
processed by OZ followed by US. All of the variables (POD, DPPH, ABTS, FRAP, vitamin
C, TPC, and flavonoids) were high for the US.OZ processed samples at day 0 (Figure 4d).
High concentrations of flavonoids, TPC, and vitamin C were observed mainly at 0 days in
the unprocessed, pasteurized, and US.OZ processed juices. PAST did not negatively affect
the concentration of the bioactive compounds of the cashew apple juice. However, the
ascorbic acid content was reduced by 20% during the storage period. Figure 5 presents the
PCA results from the stability periods evaluated separately at 0 (a), 15 (b), and 30 days (c).

The effect of the sequential non-thermal processing order (OZ followed by US and
vice versa) were similar, as indicated by their clustering at negative scores of PC1 for all
stability periods (0, 15, and 30 days). Sequential processing imparted low values of all
studied variables (concentrations of vitamin C, TPC and flavonoids, POD, DPPH, ABTS,
and FRAP) mainly after 15 days of storage. On the other hand, concentrations of flavonoids
were still high after 30 days. Additionally, the control and PAST samples clustered at
positive scores, indicating high vitamin C and TPC levels and antioxidant activity (DPPH,
ABTS, and FRAP).
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PODs are markers in food manufacturing, since their activity results in undesirable
changes, such as the development of dark brown pigments [35]. Partial inactivation
of POD activity for all of the evaluated processes (thermal and sequential non-thermal)
was observed. The stability of POD activity during cold storage attests that processing
denatured the enzyme irreversibly. US cavitation can damage cell structure, allowing the
release of intracellular compounds, such as PODs, exposing them to the subsequent OZ
processing. Free radicals produced during sonication and ozonation can be scavenged by
the amino acid residues of the enzymes, affecting the enzyme structure.

PODs are present in plants as a combination of various isoenzymes with different
stabilities. Therefore, sequential processing can positively affect the sensitizing POD in
hurdle processing [36]. Furthermore, reducing oxidoreductases’ (POD, PPO, and APX—
ascorbate peroxidase) activity also contributes towards preserving TPC and vitamin C [31].

This study revealed that the combination of US and OZ processing in a sequential
order could be deleterious to vitamin C and TPC after 30 days of cold storage. On the other
hand, it is an excellent alternative to maintain the flavonoids in cashew apple juice. OZ.US
processing resulted in the higher retention of TPC (85%), vitamin C (70%), and flavonoids
(+15%) at the end of the 30 days of cold storage. The retention of ascorbic acid in fruit juices
is a quality indicator, and the juice shelf-life ends when its amount decreases to 50% [37].
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3.2. Microbial Stability during Cold Storage

The cashew apple juice presented an initial microbial load of 4.3 ± 0.1 log CFU/mL
for TMAM (total mesophilic aerobic bacteria microorganisms) and 3.4 ± 0.1 log CFU/mL
for Y&M (yeasts and molds). Immediately after US processing (US8), the microbial loads
were 4.7 ± 0.4 log CFU/mL for TMAM and 1.6 ± 0.1 log CFU/mL for Y&M counts. After
OZ processing (OZ3), the microbial counts were 3.3 ± 0.1 log CFU/mL for TMAM and
1.2 ± 0.0 log CFU/mL for Y&M. Application of US, separately, cannot inactivate bacteria
from cashew apple juice. As such, the US processing proposed herein is classified as a
sub-lethal (<45 ◦C) thermosonication [38], and, to increase its efficacy, the hurdles should
be combined.

The native microbial counts in the untreated cashew apple juice (control) increased
during storage, reaching a maximum count of 6.1 and 5.1 log CFU/ mL of TMAM and
Y&M after 30 days of cold storage, respectively (Figure 6). The highest TMAM counts
were observed, possibly because they contained epiphytic microorganisms. The maximum
acceptable microbial limits regarding TMAC and Y&M count in fruit juices are 4-log and
3-log CFU/mL, respectively [8]. Thermal PAST (90 ◦C for 1 min) ensured low microbial
counts throughout the storage period (30 days), keeping the TMAM and Y&M counts
below 1-log CFU/mL. The sequential non-thermal treatments, US.OZ and OZ.US, reduced
the initial counts and kept the samples stable during the whole storage period.
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According to Anaya-Esparza [39], the bacterial cells and spores become more sensitive
after thermosonication due to energy absorption by the membranes and cell structures
through the combined effects of heat and US waves. The modification, erosion, and
perforation of cell membranes increase the susceptibility of bacterial cells to the lethal
effects. The authors emphasize that US inactivation susceptibility depends on the food
matrix, processing parameters, and the type of microorganism. Traore et al. [40] reported
that US processing of cabbage significantly inactivated E. coli and Salmonella cells. The
authors correlated the loss of bacterial membrane integrity to the loss of the metabolic
potentiality because of the lack of selective permeability and the inability to maintain the
electrochemical gradients essential to microbial viability.

Table 2 shows the logarithmic reduction factor (LRF) after single and sequential
non-thermal processing of the cashew apple juice. The injured cells of epiphytic biota of
the cashew apple juice could not repair themselves during storage for both US.OZ and
OZ.US. Processing reduced the TMAC and Y&M count, suggesting a microbiologically
safe cashew apple juice. The trend observed in this study is similar to the results reported
by García-Mateos et al. on the OZ-HHP processing of pitaya juice [41].

Table 2. Logarithmic reduction factor (LRF) after single and combined non-thermal processing of
cashew apple juice.

Sample
Log CFU/mL Log Reduction Factor

TMAM Y&M TMAM Y&M

Control 4.9 3.4 – –
US8 4.8 1.6 0.1 1.8
OZ3 3.3 1.2 1.6 2.2

OZ+US 3.0 1.1 1.9 2.3
US+OZ 3.1 1.1 1.8 2.3

Liao et al. [1] evaluated the combined application of US and non-thermal plasma.
They observed the importance of the processing order in hurdle technology. The authors
found that cold plasma pretreatment generated abundant reactive species in the medium
that were subsequently driven inside the S. aureus cells by the ultrasonic microjet. In
contrast, the US pretreatment resulted in low concentrations of reactive species in the
medium to react with bacterial cells. A similar mechanism can be proposed for the US.OZ
processing, following the so-called “additive effect”. The free radicals formed during US
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processing led to the spontaneous formation of bactericidal hydrogen peroxide, formed
by the breakdown of water during cavitation bubble collapse [42]. The decomposition of
hydrogen peroxide produces free radicals that are neutralized by the natural antioxidants of
the cashew apple juice, such as vitamin C, leading to some loss of bioactive compounds [43].
After US processing, high sensitivity on the microbial cell wall occurs, causing damage to
the cell structure. Furthermore, OZ processing destroys the sensitized microorganisms by
progressive oxidation of cellular components [3,44].

4. Conclusions

Chemometrics is a valuable tool to evaluate the changes imparted, by processing, to
the food matrix. The chemometric approach evaluated the cashew apple changes after
standalone and sequential US or OZ processing regarding bioactive compound content
and storage stability. The results of the present study show that it is possible to increase the
bioactive content in cashew apple juice by US and OZ processing. Therefore, sequential
processing is a suitable candidate for the conservation of cashew apple juice. The synergy
between US and OZ makes it possible to obtain a microbiologically stable fruit juice with a
high flavonoid content, despite some degradation of bioactive compounds, such as vitamin
C. Furthermore, optimization of the processing conditions of the sequential processing
could allow for modulating the concentration of the bioactive compounds in fruit juices.
In further studies, the chemical characterization of the bioactive compounds’ degradation
might be helpful to modulate the product quality, avoiding its loss.
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ethylbenzothiazoline-6-sulfonic acid): ABTS; (2,2‘-diphenyl-1-picrylhydrazyl): DPPH; Ferric reducing
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