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The present study has evaluated the effects of power ultrasound pre-treatment on air-drying and bioac-
tive compounds of cashew apple bagasse. The sonication induced the disruption of cashew bagasse par-
enchyma, which resulted in lower resistance to water diffusion, less hysteresis, and increased
rehydration rate. The processing did not affect the lignocellulose fibers or the sclerenchyma cells. For son-
icated samples, water activity reached values below 0.4, after 2 h of drying, which is appropriate to pre-
vent bacterial and fungi growth. The sorption isotherms of cashew apple bagasse presented sigmoid-
shape for all samples and followed the type II according to BET classification. Sonicated cashew apple
bagasse showed higher antioxidant activity, higher total phenolic compounds (TPC) and higher vitamin
C content when compared to the non-sonicated sample. The increase in TPC and vitamin C contributed
to the product antioxidant activity. A slight reduction on Vitamin C bioaccessibility was observed, but
the TPC bioaccessibility has increased. Sonication reduced the quality loss of conventional drying treat-
ments improving the quality of the dried product.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

One of the main purposes of modern food technology is to max-
imize the retention of nutrients during processing and storage.
Drying is a technology that promotes significant modifications in
physical and chemical properties of food affecting the bioactive
compounds and antioxidant activity. Pre-treatments can improve
the drying process leading to high-quality products.

Ultrasound can improve mass and heat transfer phenomena [1].
In solids immersed in a fluid, ultrasound can accelerate the internal
transport enhancing the mass transfer through the solid surface
and the surrounding fluid [2]. The ultrasound effect on fruit tissue
depends on the tissue structure and composition. Sonication might
be beneficial to improve air-drying efficiency, with a consequent
reduction in process costs [3].
Cashew apple is an important crop in Brazil, India, Indo-china
and in some African countries, representing 1.1% of the world pro-
duction of exotic fruits [4]. The cashew apple bagasse is the indus-
trial waste of cashew apple peduncle processing. The residue has a
dark yellow color, a fibrous aspect, and a typical astringent taste
due to the presence of tannins. Despite edible and rich in nutrients,
cashew apple bagasse is highly perishable and treated as waste by
the food industry. Cashew apple bagasse can be applied as a raw
material in several industrial processes such as second generation
ethanol production and as a substrate for solid state fermentation
to produce enzymes and xylitol, among other applications [5–7].
Fruit bagasse can be also used as food ingredients due to their
bioactive compounds and high dietary fiber [8–10]. Some authors
proposed the use of fruit bagasse as a partial substitute for wheat
flour in bakery foods [11,12]. Cashew apple bagasse is rich in fibers,
vitamins, and antioxidants, and thus this by-product is regarded as
a possible food ingredient.

As drying is a way to preserve this by-product for further
applications, this study has evaluated the effect of ultrasound
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processing on convective drying of ultrasound treated cashew
apple bagasse puree. The study also evaluated the processing effect
on cashew apple bagasse antioxidant compounds (phenolic com-
pounds and Vitamin C).
2. Materials and methods

2.1. Sample preparation

The raw material was red cashew apples (Anacardium occiden-
tale L.) harvested at commercial maturity stage in Ceará State, Bra-
zil. After the fruit sanitization and nut removal, the cashew apple
(peduncle) were reserved. The peduncles were not light protected
to simulate the conditions that the fruit may be exposed during the
postharvest period. The juice was extracted using an expeller press.
The bagasse was packaged in polyethylene bags, vacuum sealed
and stored at �18 �C until use. Before the experiments, the cashew
apple bagasse was thawed at 4 �C.
2.2. Sonication

The experiments with ultrasound application were carried out
in 600 mL Becker flasks with a final sample volume of 200 mL
(bagasse + water). Samples were processed in a 500W ultrasound
equipment (Unique� DES500, São Paulo, Brazil) with a 1.3 cm
diameter probe tip without mechanical agitation or temperature
control. The ultrasound frequency was 20 kHz, and the initial tem-
perature was 20 �C.

The probe was submerged to a depth of 15 mm in the sample.
The treatment was carried out in triplicate. The intensity of ultra-
sound power dissipated from the probe tip was calculated by Eq.
(1) [13].

I ¼ P
pr2

ð1Þ

where r is the radius of the titanium tip (cm), and P is the input
power level (W). The input power was controlled through the
amplitude setting, and the power level was adjusted to 20%, 60%
and 100% of total input power (500 W). The calculated intensities
were 75, 226 and 373W/cm2, respectively.
Table 1
Experimental design and responses of the influence of ultrasonic processing on water acti

Assay Power intensity (W/cm2) Time (min)

1 75 2
2 75 10
3 373 2
4 373 10
5 75 2
6 75 10
7 373 2
8 373 10
9 226 6
10 226 6
11 75 6
12 373 6
13 226 2
14 226 10
15 (C) 226 6
16 (C) 226 6
17 (C) 226 6
2.3. Experimental design and data analysis

The effects of ultrasound processing were studied through a 23

face-centered central composite experimental design (CCD) with
three central points to evaluate the process repeatability. US power
intensity, bagasse:water ratio (g/g) and the processing time chan-
ged from 75 to 373W/cm2, 1:2 to 1:4 and 2 to 10 min, respectively
(Table 1). A control assay was carried out at 51 �C, which was the
highest temperature recorded after the cashew apple bagasse son-
ication. Non-sonicated bagasse immersed in water with the same
bagasse:water ratio was taken as the control samples.

2.4. Air-drying

After ultrasound processing, the samples were air-dried in a
forced circulating air-drying oven (Marconi, model MA-035, Bra-
zil). The drying temperature was 60 �C. The air moisture was 18%
(determined by psychometry). The air velocity was 1 m/s, mea-
sured with an anemometer. The sonicated cashew apple bagasse
was dried in a single-layer (2 mm) at the above conditions. The
bagasse moisture (water content) during the air-drying period
was measured weighting the samples every hour until constant
weight.

The effective water diffusivity in cashew apple bagasse during
air-drying was calculated using Fick’s law. The equation used for
the drying falling-rate period was based on the simplification of
Fick’s second law taking into account a long processing period
[14]. The effective water diffusivity was adjusted using Eq. (2)
and the Levenberg–Marquardt parameter estimation procedure.

dH
dt

¼ �2p
d2

:D:ðX � XeqÞ ð2Þ

where D is the effective water diffusivity (m2/s); X is the moisture
content (g of water/g of dry matter); Xeq the equilibrium moisture
content (g of water/g of dry matter), t is time (s), and d the bed
height (or thickness) of the sample (m).

2.5. Water activity

Water activity was determined at 25 �C with a water activity
meter (AquaLab, Decagon CX-2, Pullman, Washington, USA).
vity and water diffusivity of cashew apple bagasse.

Bagasse:water ratio Water diffusivity (10�10 m2/s)

1:2 1.06 ± 0.00
1:2 1.07 ± 0.01
1:2 1.18 ± 0.00
1:2 1.04 ± 0.04
1:4 2.14 ± 0.01
1:4 2.16 ± 0.02
1:4 1.50 ± 0.01
1:4 1.13 ± 0.03
1:2 1.04 ± 0.03
1:4 1.59 ± 0.00
1:2 1.18 ± 0.00
1:3 1.11 ± 0.02
1:3 1.20 ± 0.04
1:3 1.18 ± 0.01
1:3 1.66 ± 0.01
1:3 1.11 ± 0.02
1:3 1.24 ± 0.00
Control

1:2 1.06 ± 0.00
1:3 1.18 ± 0.01
1:4 1.66 ± 0.01
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2.6. Determination of sorption isotherms

Vapor sorption isotherms of dried cashew apple bagasse were
generated using a Vapor Sorption Analyzer-VSA (Aqualab, Decagon
Devices, Pullman, USA) at 25 �C. The experimental data was fitted
to the mathematical models of Brunauer, Emmet and Teller
(BET); Guggenheim–Anderson–De Boer (GAB) and Double Log
Polynomial (DLP) given by the following equations:

GAB

Xeq ¼ XmCkaw

ð1� kawÞð1� kawÞ þ Ckaw
ð3Þ

BET

Xeq ¼ XmCaw
ðð1� awÞð1� ðC:lnð1� awÞÞÞÞ ð4Þ

DLP

Xeq ¼ b3:chi3 þ b2:chi2 þ b1:chiþ b0 ð5Þ
where:

Xeq = equilibrium moisture content on dry basis (kg water/kg
dry solid);
Xm = moisture content in molecular monolayer on dry basis (kg
water/kg dry solid);
Aw = water activity (dimensionless);
C, k, a, b, b0, b1, b2 e b3 = empirical coefficients;
Chi ¼ lnðlnðawÞÞ:
The parameters used to evaluate the fitted models were the
coefficient of determination (R2) and the estimated error calculated
by the Software VSA Downloader 1.0.967.

2.7. Microscopic analysis

2.7.1. Light microscopy
After sonication, small bagasse fragments were fixed for 4 h in

an aqueous solution composed of glutaraldehyde (2.5%) and
formaldehyde (4.0%) freshly prepared in cacodylate buffer
(0.05 M, pH 7.2). Ethanol was used to dehydrate the material. After
that, the sample was embedded in Historesin (Leica Historesin,
Germany). The tissue blocks were cut using a Leica microtome
(RM2255-Leica, Germany). Thin sections (approximately 3 lm)
were stained with 1% toluidine blue pH 4.0. Photomicrographs of
the cell structure were taken using an Eclipse 80i (Nikon, Japan)
light microscope with digital image capture system.

2.7.2. Scanning electron microscopy
The samples fixed in glutaraldehyde and formaldehyde buffer,

as previously described, were rinsed in cacodylate buffer and
post-fixed for one hour at room temperature (20 �C) with 1.0%
osmium tetroxide in 0.05 M cacodylate buffer (pH 7.2) and dehy-
drated with acetone. Acetone was partially removed with an absor-
bent paper, and the samples were fixed on stubs with conductive
carbon tape. Afterward, the samples were air dried at room tem-
perature (20 �C), sputtered coated with 10 nm gold (Quorum
Q150TES) and observed with a scanning electron microscope
(Inspect F50-FEI/Quanta 450 FEG-FEI).

2.8. Rehydration ability

Dried cashew apple bagasse samples were rehydrated by
immersion in distilled water (solid-to-liquid ratio 1:50) at 20 �C
for 2 h, as described by Gamboa-Santos [15]. Water in excess was
removed before the samples weighting. The rehydration ratio
was calculated according to the following equation:

Rehydration ratio ¼ mr

md
ð6Þ

where mr is the mass of the rehydrated sample (g) and md is the
mass of the dehydrated sample (g).

2.9. Color

The color of the cashew apple bagasse during drying was deter-
mined using a Minolta CR300 colorimeter (Tokyo, Japan). The col-
orimeter was calibrated using the illuminant D65, and the
measurements were taken through an 8 mm port/viewing area.
The following color parameters were determined: lightness (L⁄),
C (chroma) and hue angle (h�). Color measurements were taken
in quintuplicate.

2.10. Enzymatic assay

The enzyme extraction for peroxidase (POD, EC 1.11.1.7) and
polyphenol oxidase (PPO, EC 1.14.18.1) were done mixing 10 g of
the sample with 10 mL of potassium phosphate buffer (0.05 M
pH 7.0) containing 1% (w/v) of polyvinylpyrrolidone (PVP). The
mixture was centrifuged in a Sigma� 6K15 centrifuge (10,733g
for 30 min at 4 �C). The supernatant was the enzyme source.

POD activity was monitored at 470 nm in a spectrophotometer
(Spectrum� SP2000UV). The enzyme activity was measured as fol-
lows: 2.75 mL of a phosphate (sodium)-citrate (citric acid) buffer
(0.1 M, pH 5.0) containing 1% (v/v) of guaiacol and 0.25 mL of
hydrogen peroxide 3% (v/v) were added to 1.5 mL of enzyme
extract. The assay mixture was incubated at 30 �C for 5 min. The
reaction was interrupted by the addition of 1 mL of sodium bisul-
fite 30% (w/v). One unit of enzyme activity (1 UEA) was defined as
the amount of enzyme that causes a change of 0.001 in the absor-
bance per minute [16–18].

The same enzyme extract was used to determine the PPO activ-
ity. The reaction mixture contained 0.3 mL of enzyme extract and
1.85 mL of a potassium phosphate buffer solution (0.1 M pH 6.0)
containing catechol (0.1 M) and KCl (0.1 M). The reaction mixture
was incubated at 30 �C for 30 min. The addition of 0.8 mL of per-
chloric acid 2 N stopped the reaction. One unit of enzyme activity
(1 UEA) was defined as the amount of enzyme that causes a change
of 0.001 in the absorbance (395 nm) per minute [16,18].

For ascorbate peroxidase (APX, EC 1.11.1.1) two grams of soni-
cated cashew apple bagasse were homogenized in 15 mL of 0.1 M
potassium phosphate buffer (pH 7.0) containing EDTA 0.1 mM for
1 min, followed by centrifugation at 10,733g for 40 min at 4 �C.
The supernatant fraction was used for the enzyme activity assay.
APX activity was assayed according to the method of Nakano and
Asada [19]. Enzyme activity was measured using the molar extinc-
tion coefficient for ascorbate (2.8 mM cm�1) and the results
expressed in lmol H2O2 mg�1 P min�1, taking into account that
1 lmol of ascorbate is required for a reduction of 1 lmol H2O2.

2.11. Quantification of bioactive compounds

The main bioactive compounds presented in cashew apple
bagasse are ascorbic acid (Vitamin C) and phenolics. Extracts for
ascorbic acid analysis were obtained after the sample centrifuga-
tion at 10,733g for 10 min in a Sigma 6K-15 centrifuge (Sigma Cen-
trifuges, Germany) to remove the insoluble matter.

The extracts for total phenolic compounds (TPC) and antioxi-
dant activity were prepared according to the procedure developed
by Larrauri et al. [20]. Samples were weighed (2 g) in centrifuge
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tubes and extracted sequentially with methanol and acetone aque-
ous solution. An aliquot of 10 mL of methanol/water (50:50, v/v)
was added to the sample at room temperature (20 �C). The mixture
was kept statically for 1 h at room temperature, and the extraction
was allowed for 1 h. The samples were centrifuged at 10733g
(15 min/4 �C), and the supernatant was recovered. Then, 10 mL of
acetone/water (70:30, v/v) was added to the solid residue at room
temperature, extracted for 60 min and centrifuged. Methanol and
acetone extracts were combined into a 25 mL volumetric flask,
and the volume was completed with distilled water.

Ascorbic acid content was analyzed by high-performance liquid
chromatography in an Agilent 1260 Infinity system equipped with
four high-pressure pumps model Agilent G1311B,UV–VIS detector
ProStar model 345, and a column oven (Agilent G1316A). Separa-
tions were done using a Biorad HPX 87 H (300 � 7.8 mm) column
at 50 �C. The mobile phase was H2SO4 0.01 N at 0.6 mL/min. All
samples were analyzed in triplicate. The software Agilent OpenLAB
was used to acquire and handle the data.

Total phenolic compounds were determined using the Folin–
Ciocalteau methodology [21]. The reaction mixture contained
250 lL of the phenolic extract, 500 lL of Folin–Ciocalteu reagent
(Sigma–Aldrich, Germany), 500 lL of sodium carbonate and
500 lL of distilled water. The mixture was left in the dark for
30 min at 25 �C. The absorbance of the sample was measured at
700 nm. Gallic acid (HPLC grade, Sigma–Aldrich) was used as stan-
dard. Results were expressed as mg/100 of dry matter.
2.12. Total antioxidant activity determinations

For ABTS�+ assay, the stock solutions were: 7 mM ABTS�+ (solu-
tion A) (Sigma�) and 140 mM potassium persulfate solution (solu-
tion B) (Sigma�). The working solution was prepared by mixing
5000 lL of the solution A and 88 lL of solution B and allowing
them to react for 16 h at room temperature (�20 �C) in the dark.
The solution was diluted by mixing the ABTS�+ solution with
methanol to obtain an absorbance of 0.700 ± 0.02 at 734 nm. The
extracts (30 lL) were allowed to react with 3000 lL of the ABTS�+

solution for 6 min in a dark condition [22]. The level of radical
scavenging was calculated according to the following equation:

Scavenging rateð%Þ ¼ 1� Ai

AS

� �
� 100 ð7Þ

where AS is the absorbance of pure ABTS�+, Ai is the absorbance of
ABTS�+ in the presence of the sample.
2.13. In vitro digestion

The evaluation of the phenolic compounds and vitamin C
bioavailability was done according to the method described by
Chen et al. [23]. The analysis consisted of two sequential phases:
gastric and enteric digestion. In the gastric phase, the pH of sam-
ples (10 g) was adjusted to 2.0 with HCl 6 M, after that 10 mL of
a pepsin solution 300 U/mL was added. The mixture was incubated
at 37 �C and 100 rpm during 2 h. In the enteric phase, the pH of
samples was increased to 6.0 using an alkaline solution (NaOH
1 M). Bile and pancreatin were added to reach a concentration of
10 g/L and of 1 g/L, respectively. The samples were then incubated
at 37 �C for 2 h under agitation (enteric phase 1). After that, the pH
was increased to 6.7–7.5 using the same alkaline solution (NaOH
1 M) and more bile (10 g/L) and pancreatin (1 g/L) were added to
the sample. The samples were incubated at 37 �C for more 2 h
under agitation (enteric phase 2). The complete assay (gastric
phase + enteric phase 1 + enteric phase 2) lasted 6 h. Immediately
after the enteric phase, 2 mL of each sample was extracted and
analyzed for TPC and vitamin C concentrations as described above.
All reagents were purchased from Sigma–Aldrich�.
2.14. Statistical analysis

Except for color determination, which was taken in quintupli-
cate, all other assays were carried out in triplicate. Results were
expressed as mean ± SD. F-test and ANOVA analysis were used as
significant criteria for the fitted models. Tukey’s test was used to
determine the significant differences among means (p < 0.05).
Pearson’s correlation coefficients were calculated at 5% of probabil-
ity using the Student’s test for all variables. Statistical analysis of
the experimental data was carried out using the software Statistica
7.0 (StatSoft). All results were expressed in dry basis.
3. Results and discussion

3.1. Sonication and drying

The cashew apple bagasse was sonicated according to the
experimental planning presented in Table 1. The high potency
ultrasound fragmented the bagasse resulting in a puree, which
was transferred to Petri dishes and dried in film layer.

The drying curves followed the expected pattern observed in
other fruits and vegetables, and the Fick’s law, (Eq. (2)) was used
to calculate the effective diffusivity. The application of ultrasound
in different levels affected the effective water diffusivity of cashew
apple bagasse puree during the air-drying process (Table 1). The
maximum values observed were: 2.16 � 10�10 m2/s in assay 6
(75W/cm2; 10 min and 1:4 bagasse:water ratio) and
2.14 � 10�10 m2/s in assay 5 (75W/cm2; 2 min and 1:4 bagasse:
water ratio). The increase of the mass transfer due to ultrasound
processing is attributed to the reduction of the boundary layer
thickness produced by pressure variations, oscillating velocities
and microstreaming [24]. Fuente-Blanco et al. [25] also reported
that cavitation produced by ultrasound is beneficial for the
removal of moisture strongly attached.

Fig. 1A depicts the estimated effects of the independent vari-
ables on water diffusivity. The Pareto chart reveals that a linear
increase of bagasse:water ratio and power intensity decreases
the water diffusivity. However, the interaction effect between the
bagasse:water ratio and power intensity were significant (p < 0.1)
and positive. Thus, a simultaneous increase of US power intensity
and bagasse:water ratio favored the increase in water diffusivity.

Water diffusivity data was fitted to the quadratic model given in
Eq. (8). F-test and ANOVA analysis were used as significance crite-
ria for the fitted models. The model was statistically significant at
90% of confidence interval since the calculated F value (4.05) was
higher than the listed F value (F9.7 = 2.72). Good correlation coeffi-
cients were obtained (R2 = 0.84).

D ¼ 5:90� 19:65xþ 19:22x2 � 0:003y� 0:000001y2 � 0:02z

� 0:0015z2 þ 0:01xyþ 0:04xz� 0:0001yz ð8Þ
The response surface plot, built with Eq. (8), showing the effect

of the power intensity and the bagasse:water ratio on water diffu-
sivity is presented in Fig. 1B. The highest water diffusivity was
observed at higher bagasse:water ratio (Table 1). The increase in
water diffusivity implies in shorter processing times. As air-
drying is an expensive processing, the decrease in the drying time
means less energy consumption and thus a cheaper process. To
increase the effective diffusivity only by heating, an increase in
the air drying temperature from 40 to 65 �C is necessary. However,
high drying temperatures are associated with the degradation of



Fig. 1. Pareto chart for water diffusivity of cashew apple bagasse in air-drying process after sonication. Linear (L) and quadratic (Q) responses; 1L by 2L interaction between
processing time and power intensity; 1L by 3L interaction between bagasse:water ratio and processing time; 2L by 3L interaction between power intensity and processing
time (1A); Response surface plot showing the effects of bagasse:water ratio and ultrasound power intensity on water diffusivity plotted for a constant processing time of
6 min (1B).

Fig. 2. Water activity during drying of sonicated cashew apple bagasse.
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heat sensitive compounds. On the other hand, the ultrasonic effects
were dependent on the applied power and the higher the ultra-
sonic power, the higher is the effective diffusivity values [24].

Water activity (Aw) is one of the most important parameters in
dried products and, it is related to the microbial spoilage. Fig. 2
shows the water activity decrease during drying. Assays 5, 6, 8
and 11 presented the fastest Aw decrease. In assay 5 (1:4 bagasse:
water ratio, 75 W/cm2/2 min) the decline in water activity was
more intense in the first hours of drying. For sonicated samples,
in the first 2 h of drying, water activity reached values below 0.4,
which confers microbial stability since the microbial spoliation is
avoided at low Aw values. For the subsequent drying optimization,
the experimental assays 5 and 6 (1:4 bagasse: water ratio; 226W/
cm2, 6 min) were chosen due to their high water diffusivity values.
Fig. 3 presents the moisture content as a function of water activity
(sorption isotherms).



Fig. 3. Sorption isotherms at 30 �C: dried cashew apple bagasse sonicated at 226 W/cm2 using bagasse:water ratio of 1:4 during 2 min (3A) and 10 min (3B). Fig. 3C shows the
sorption isotherm for control sample.

Table 2
Desorption isotherm parameters of cashew apple bagasse sonicated and their coefficients of determination (R2).

Parameters R2 E

GAB
Assay 5 Xm C1 k

9.23 1.06 � 104 0.86 0.998 0.335
Assay 6 Xm C1 k

10.16 82.92 0.82 0.998 0.32
Control Xm C1 k

8.73 35.10 0.86 0.997 0.57

BET
Assay 5 Xm C

12.38 14.97 0.976 0.223
Assay 6 Xm C

12.01 34.25 0.965 0.52
Control Xm C

10.93 17.60 0.972 0.49

DLP
Assay 5 b0 b1 b2 b3

13.54 �6.35 3.08 0.19 0.998 0.322
Assay 6 b0 b1 b2 b3

14.45 �7.05 1.45 �0.20 0.999 0.23
Control b0 b1 b2 b3

12.41 �6.94 1.32 �0.54 0.997 0.50

Assay 5 sonicated at 75 W/cm2 during 2 min at 1:4 of bagasse:water ratio; Assay 6 sonicated at 75 W/cm2 during 10 min at 1:4 of bagasse:water ratio; Control non-sonicated
immersed in water by 10 min at 1:4 of bagasse:water ratio. Xm = moisture content in molecular monolayer on dry basis (kg water/kg dry solid); C, k, b0, b1, b2
e b3 = empirical coefficients.
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The sorption isotherms of cashew apple bagasse presented
sigmoidal-shape for all samples and followed the type II of BET
classification (Fig. 3). The isotherm shape reflects the way the
water binds to the food matrix. The BET type II isotherm takes
into account the existence of multilayers at the internal surface
of the material [26,27]. The isotherms presented in Fig. 3 evi-
dence the hysteresis phenomena, which happens when the
adsorption isotherm present lower values than the desorption
isotherm. Sonicated samples (3A and 3B) resulted in the less
hysteresis effect due to the closer adsorption and desorption
Fig. 4. Scanning electron micrographs of cashew apple bagasse after 2 min of sonication
5D); and raw bagasse (5E and 5F). 1000�.
curves compared to control (Fig. 3C). Caurie [28] reported that
hysteresis is an index of food quality. The higher the hysteresis,
the lower is the dried food stability. Thus, sonication can
improve the stability of dried food due to the hysteresis phe-
nomena decrease.

Table 2 shows the isotherms parameters of sonicated
cashew apple bagasse and control sample (non-sonicated). The
sonicated samples showed higher monolayer values (Xm) com-
pared to control. The monolayer moisture (Xm) value reflects
the amount of water strongly adsorbed on specific locations
at 75 W/cm2: (5A and 5B); bagasse after 10 min of sonication at 75W/cm2 (5C and
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of the food, and it is considered the best value to assure its
stability [29].

The increase on Xm and the hysteresis reduction observed for
sonicated samples are in agreement to the reported for sonicated
banana starch [30]. Sonicated banana starch presented higher
monolayer values (Xm) and lower hygroscopicity compared to
the control (non-sonicated sample). Thus, sonication may increase
Xm and reduce the product hysteresis (Table 2).

The GAB constants C1 and K are indicative of the isotherm type
[31]. Observing the parameters C1 and K in Table 2, it is possible to
note that k < 1 and C > 2 were obtained in all assays. According to
Blahovec [32], the values obtained for these isotherms are type II
isotherms as can be observed in Fig. 3 (sigmoidal-shape).

According to the R2 values, all models were well adjusted to the
experimental data. However, to evaluate the best fitting, the lower
error (E) was considered. Therefore, the DLP equation was the best-
fitted model for all samples evaluated, followed by GAB and BET,
respectively. DLP is a model developed by Decagon Devices� and
it is considered superior to the others models for complex iso-
therms because it provides a better adjust in a broad range of
Aw [33].

3.2. Tissue structure

Fig. 4 shows the scanning electron microscopy (SEM) of soni-
cated and non-sonicated cashew apple bagasse. Sonication waves
Fig. 5. Photomicrographs of cashew apple bagasse after 2 min of sonication at 75 W/cm2:
(B), region with wide microscopic channels. Magnification: 20�. Control sample (C). Ma
caused severe structural damage to cells with visible rupture of
parenchyma cells compared to the non-sonicated bagasse (Fig. 4E)
as seen in the scanning electron micrographs (Fig. 4C; assay 5).
Although no cell rupture was found for assay 6 (Fig. 4A), it is pos-
sible to note the plasmolysed aspect of cells. Parenchyma cell walls
are composed almost entirely of cellulose fibrils and play a role in
the water movement and transport in plants [34].

Sonication did not affect the lignocellulosic fibers, or scle-
renchyma cells (Fig. 4B, D). The main feature of sclerenchyma cells
is the presence of thickened and often lignified secondary walls.
Due to the presence of these walls, sclerenchyma cells are essential
elements in the strength and plant support [35].

Fig. 5 evidence the micro-channels formation and the cell col-
lapse due sonication. This result is consistent with previously pub-
lished studies [25–27]. Ultrasonic pretreatment affects the fruit
tissue, making the water diffusion easier during air-drying. The
microscopic channels formed due to the US processing contributes
to the water diffusivity increase [36–38]. Rodrigues et al. [3] also
found disruption and breakdown of cells with elongation of par-
enchyma cells in sapota after ultrasound treatment (25 kHz; US
intensity of 48.70 W/cm2 for 10 min). In this work, higher ultra-
sound intensities were applied what can explain the intensity of
damages observed in cashew apple cells. As the authors suggested
[3], the effect of ultrasound on fruit tissue depends on the tissue
structure and composition, but also depends on the processing
parameters.
(A), region with collapsed cells; and bagasse after 10 min of sonication at 75 W/cm2

gnification: 10�.



Fig. 6. Rehydration ratio of convective dried cashew apple bagasse.
Fig. 8. APX activity of cashew apple bagasse sonicated at 75 W/cm2 during 2 min
(Assay 5) and 10 min (Assay 6) using a bagasse:water ratio of 1:4 along drying.
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The structural changes observed for sonicated samples signifi-
cantly affected the rehydration capacity of cashew apple bagasse
(Fig. 6). Rehydration rate increased 22% (assay 5) and 8% (assay
6) compared to control. This result may be attributed to the struc-
tural changes caused by ultrasound such as the formation of
microchannels, loss of cellular adhesion and rupture of the cell
walls [15]. High rehydration rates facilitate the use of the dried
product as food ingredients. Dried ingredients must be fast rehy-
drated and well mixed in the food matrix.

3.3. Effects on enzymes

The most important factors that determine the rate of the enzy-
matic browning of fruits and vegetables are the concentrations of
polyphenoloxidase (PPO) enzyme, phenolic content, pH, tempera-
ture, and oxygen availability [18]. Fig. 7A depicts the PPO activity
during drying. Drying reduced the PPO activity in sonicated cashew
apple bagasse resulting in about 20 and 12% enzyme activity loss
for assays 5 and 6, respectively (Fig. 7A). However, PPO activity
increased �20% in control sample after 2 h of drying. Piga et al.
[39] reported that PPO activity remains high for long periods when
the drying temperature was 55 �C. At temperatures above 75 �C
only a moderate activity was observed. Terefe et al. [40] reported
that the thermostability of PPO depends on the species as well as
on the plant cultivar.
Fig. 7. PPO activity of cashew apple bagasse sonicated at 75 W/cm2 during 2 min (Assay
activity of cashew apple bagasse sonicated at 75 W/cm2 during 2 min (Assay 5) and 10
Fig. 7B shows the POD activity of sonicated cashew apple
bagasse along drying. POD activity did not decrease, showing that
drying unaffected POD activity. However, ultrasound pre-
treatment irreversibly inactivated the enzyme decreasing its initial
activity by 75% compared to the control sample. The enzyme activ-
ity in the control increased about 9% after 6 h of drying (Fig. 7B).

Fig. 8 shows that drying decreased the APX activity in sonicated
bagasse. The enzyme loss was about 20% for assay 5 and 30% for
assay 6. A slight increase was observed in control at the beginning
of drying, followed by a less sharp drop compared to the treated
samples. The reduced activity of PPO, POD and APX in sonicated
and dried cashew apple bagasse is relevant of the final product
quality.
3.4. Effects on color

Despite the high activity of PPO, no browning was observed in
sonicated samples (Fig. 9). Non-enzymatic browning reactions
were typically found after extended drying periods due to the
low water activity [41]. A higher decrease in all color parameters
evaluated was observed for the control sample, which denotes a
more intense browning of the product surface. The results clearly
reveal that sonication could effectively minimize browning
because the chroma and hue values were much more stable in
sonicated samples.
5) and 10 min (Assay 6) using a bagasse:water ratio of 1:4 along drying (7A); POD
min (Assay 6) using a bagasse:water ratio of 1:4 (7B).



Fig. 9. Color parameters L⁄(A), h� (B) and chroma (C) along drying of cashew apple bagasse sonicated at 75 W/cm2 during 2 min (Assay 5) and 10 min (Assay 6) using a
bagasse:water ratio of 1:4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Effects of sonication on the functional compounds of dried cashew
apple bagasse

In several studies, ascorbic acid (Vitamin C) has been taken as
an index of nutrient quality of foods. Ultrasound is a technology
reported as to have a minimal effect on the quality of food that
Fig. 10. Vitamin C of cashew apple bagasse sonicated at 75 W/cm2 during 2 min (Assa
compounds of cashew apple bagasse sonicated at 75 W/cm2 during 2 min (Assay 5) and
contain heat labile vitamins [42]. Fig. 10A shows that vitamin C
content decreased progressively with the drying time, as expected,
due to the heat sensitive nature of ascorbic acid. The initial vitamin
C content was 200 mg 100 g�1 and 189 mg 100 g�1 for sonicated
samples in assays 5 and 6, respectively, and 135 mg 100 g�1 for
the control sample. Sonication increased the vitamin C content
y 5) and 10 min (Assay 6) using a bagasse:water ratio of 1:4 (9A); Total phenolic
10 min (Assay 6) using a bagasse:water ratio of 1:4 (9B).



Fig. 11. Changes in antioxidant activity of cashew apple bagasse sonicated at
226 W/cm2 during 6 min using a bagasse:water ratio of 1:4 during drying.

Table 3
Pearson’s correlation coefficients (R) between antioxidant capacity and antioxidant
compounds of dried sonicated bagasse.

Assay 5 Assay 6

R TPC Vitamin C R TPC Vitamin C

ABTS 0.87* �0.91* ABTS 0.93* �0.96*

Vitamin C �0.96* Vitamin C �0.98*

* Significant at p < 0.05.
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due to the cell disruption and the release of the intracellular con-
tent. Thus, the initial vitamin C content of sonicated samples were
higher than in the control sample.

The stability of vitamin C during drying is affected by several
variables such as the drying conditions and the sample moisture
content [43]. As shown in Fig. 10A, for sonicated samples there
was a slow initial rate of vitamin C loss at relatively highermoisture
contents (beginning of drying), followed by a period of faster
degradation rates as the moisture content decreased (end of dry-
ing). The maximum losses observed after 6 h of air-drying were
20% and 34% for sonicated samples (assays 5 and 6, respectively)
and 88% for control samples (Fig. 10A). A similar trendwas observed
for strawberries dehydration assisted by power ultrasound. Soni-
cated strawberry samples, even after the most severe ultrasound
processing conditions (70 �C and 60W), presented higher vitamin
C retention compared to thermally treated samples [15].
Fig. 12. Vitamin C concentration during in vitro gastrointestinal digestion of sonicated a
differences (p < 0.05) (11A); Total phenolic concentration during in vitro gastrointestina
letters indicate significant differences (p < 0.05) (11B).
Fig. 10B shows the concentration of TPC during the drying pro-
cess. Sonicated samples showed a significant increase (p < 0.05) in
TPC along drying, ranging from 1576 to 2244 mg GAE/100 g for
assay 5 and 1600–1984 mg GAE/100 g for assay 6. For control sam-
ples, it was observed a gradual decrease in TPC concentration (30%)
(Fig. 10B). The higher concentrations of vitamin C and phenolics in
sonicated samples are due to the cell disruption promoted by the
ultrasound treatment, which allows the release of the intracellular
compounds. The reduction in the enzyme activity of oxidoreduc-
tases such as POD, PPO and APX (ascorbate peroxidase) also con-
tributed to the preservation of TPC and vitamin C.

Cashew apple presents high antioxidant activity, high TPC and
vitamin C values [22]. As can be seen in Fig. 11, the antioxidant
activity tended to increase (p < 0.05) during drying. The increase
in phenolic compounds and the high final amount of vitamin C
contributed to the enhancement of the antioxidant activity in son-
icated samples. Piga et al. [39] studied the influence of drying
parameters on the phenolic compounds and antioxidant activity
of prunes and found higher antioxidant values after drying. The
authors have attributed the result to the formation of new com-
pounds with higher antioxidant activity, for example, in Maillard
reaction, which creates several products with markedly higher
antioxidant power.

In the present study, the total phenolic contents showed a pos-
itive correlation with antioxidant activity (R = 0.87; assay 5 and
R = 0.93; assay 6) as shown in Table 3. The positive correlation
indicates that phenolic compounds are the major contributors to
the antioxidant properties of this product. A significant and posi-
tive correlation was also reported for phenolic compounds and
antioxidant activity by other authors [22,44,45].
3.6. In vitro bioaccessibility of vitamin C and phenolic compounds

Bioaccessibility is defined as the amount of an ingested nutrient
that is available for absorption in the gut after digestion [46] .
Kamiloglu et al. [47] emphasized the importance to evaluate the
availability of antioxidants after digestion due to evidence of poor
bioavailability of certain antioxidants, which would, in turn, have a
limited effect on health. Fig. 12A depicts the effect of sonication on
bioaccessibility of vitamin C of dried cashew apple bagasse.

The vitamin C concentration of sonicated samples was reduced
by 21% (assay 5) and by 29% (assay 6) in the gastric digesta, com-
pared to non-digested sonicated cashew apple bagasse. After
intestinal digestion, greater losses of vitamin C were observed
(55% for assay 5 and 58% for assay 6). Similar behavior was
observed for control samples (52%). The ultrasound processed
nd dried (6 h) cashew apple bagasse. Different lower case letters indicate significant
l digestion of sonicated and dried (6 h) cashew apple bagasse. Different lower case
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sample showed a better vitamin C bioaccessibility compared to the
non-sonicated sample (control). Despite the observed losses, the
daily requirement of vitamin C (40 and 45 mg per day according
to the FAO/WHO) is achieved in �50 g of dried cashew apple
bagasse.

Similar recovery of vitamin C in gastric digesta (67.7%) and
intestinal digesta (47.3%) were found for blended fruit juice [48],
showing that the loss is expected after digestion. The vitamin C
oxidation in the gastrointestinal tract is due to its action as elec-
tron donor maintaining ions in the reduced state and regenerating
the active form of other dietary constituents.

Fig. 12B shows the effect of sonication in bioaccessibility of total
phenolic compounds of cashew apple bagasse.

The total phenolic concentration increased 8% (assay 5) and 6%
(assay 6) in the gastric digesta, compared to the non-digested
cashew apple bagasse (Fig. 12B). Likewise, TPC increased 2% (assay
5) and 1% (assay 6) in the intestinal digesta. No significant differ-
ences were found for gastric and intestinal digesta of control
samples.

During the gastric phase, the extraction of phenolics from
cashew apple bagasse was more efficient. The release of polyphe-
nols from cashew apple bagasse in simulated gastro-intestinal
digestion is mainly achieved during the gastric phase. These results
are in agreement with Palafox-Carlos [49], who reported that phe-
nolic acids in the aglycone form are absorbed in the upper part of
the gastrointestinal tract, explaining the rapid absorption of these
compounds ranging from 1 to 2 h after intake of fruits and
vegetables.

Few studies on the effects of ultrasound on bioaccessibility of
bioactive compounds have been done. Sonication caused loss of
cell integrity and decrease the degree of pectin esterification of
tomato pulp [50]. The changes on the gel-like properties resulted
in a reduction of the lycopene in vitro bioaccessibility. The authors
attributed this results to the presence of a stronger network that
make lycopene less available to the digestion. No other previous
publications were found on the effect of sonication on the bioac-
cessibility of bioactive compounds in foods.
4. Conclusions

This study showed that ultrasound processing had significant
impact on the drying rates of cashew apple bagasse due to the
increase of water diffusivity in most cases. This phenomenon
may occur due to the formation of microchannels as a result of
ultrasound application. Moreover, samples pretreated with ultra-
sound retained more vitamin C and total phenolic compounds
compared to conventional dried samples. This process can be
applied to produce dried fruits products in reduced time with high
nutritional value. Ultrasound processing also reduced the rehydra-
tion rates of the dried product. Better rehydration rates facilitate
the use of dried bagasse as food ingredient due to the better mixing
in the food matrix.

Our findings confirm that ultrasound processing increased the
bioaccessibility of vitamin C and phenolic compounds compared
to control samples (non-sonicated). The results obtained are
promising for industrial application. The sonicated dried cashew
apple bagasse showed better nutritional quality compared to the
non-sonicated sample. The dried product may be applied as food
ingredient in ice-creams, deserts and others formulations.
Acknowledgments

The authors would like to thank the financial support of Brazil-
ian Funding Institutes: CNPq through the National Institute of
Science and Technology of Tropical Fruit, FUNCAP and CAPES and
the Analytical Center of Universidade Federal do Ceará (CT-INFR
A/MCTI-SISNANO/Pró-Equipamentos CAPES).
References

[1] F.I.P. Oliveira, M.I. Gallão, S. Rodrigues, F.A.N. Fernandes, Dehydration of malay
apple (Syzygium malaccense L.) using ultrasound as pre-treatment, Food
Bioprocess Technol. 4 (2010) 610–615, http://dx.doi.org/10.1007/s11947-
010-0351-3.

[2] J.A. Cárcel, J. Benedito, A. Mulet, Food process innovation through new
technologies : use of ultrasound, J. Food Eng. 110 (2012) 200–207, http://dx.
doi.org/10.1016/j.jfoodeng.2011.05.038.

[3] S. Rodrigues, M.C. Gomes, M.I. Gallão, F.A.N. Fernandes, Effect of ultrasound-
assisted osmotic dehydration on cell structure of sapotas, J. Sci. Food Agric. 89
(2009) 665–670, http://dx.doi.org/10.1002/jsfa.3498.

[4] A. Rawson, A. Patras, B.K. Tiwari, F. Noci, T. Koutchma, N. Brunton, Effect of
thermal and non thermal processing technologies on the bioactive content of
exotic fruits and their products: Review of recent advances, Food Res. Int. 44
(2011) 1875–1887, http://dx.doi.org/10.1016/j.foodres.2011.02.053.

[5] M.V.P. Rocha, T.H.S. Rodrigues, T.L. de Albuquerque, L.R.B. Gonçalves, G.R. de
Macedo, Evaluation of dilute acid pretreatment on cashew apple bagasse for
ethanol and xylitol production, Chem. Eng. J. 243 (2014) 234–243, http://dx.
doi.org/10.1016/j.cej.2013.12.099.

[6] R.P. Santos, A.A.X. Santiago, C.A.A. Gadelha, J.B. Cajazeiras, B.S. Cavada, J.L.
Martins, et al., Production and characterization of the cashew (Anacardium
occidentale L.) peduncle bagasse ashes, J. Food Eng. 79 (2007) 1432–1437,
http://dx.doi.org/10.1016/j.jfoodeng.2006.04.040.

[7] M. Macedo, R.D.P. Robrigues, G.A.S. Pinto, E.S. de Brito, Influence of
pectinolyttic and cellulotyc enzyme complexes on cashew bagasse
maceration in order to obtain carotenoids, J. Food Sci. Technol. 52 (2014)
3689–3693, http://dx.doi.org/10.1007/s13197-014-1411-x.

[8] G.A. Jacometti, L.R.P.F. Mello, P.H.A. Nascimento, A.C. Sueiro, F. Yamashita, S.
Mali, The physicochemical properties of fibrous residues from the agro
industry, LWT – Food Sci. Technol. 62 (2015) 138–143, http://dx.doi.org/
10.1016/j.lwt.2015.01.044.

[9] F.T. Macagnan, L.R. dos Santos, B.S. Roberto, F.A. de Moura, M. Bizzani, L.P. da
Silva, Biological properties of apple pomace, orange bagasse and passion fruit
peel as alternative sources of dietary fibre, Bioact. Carbohydr. Dietary Fibre 6
(2015) 1–6, http://dx.doi.org/10.1016/j.bcdf.2015.04.001.

[10] J.E. Nieto, E.N. Calvache, M.E. Fissore, M. Latorre, M.F. .De. Soria, L.N. Escalada
Pla, Gerschenson, Obtention of dietary fibre enriched fractions from peach
bagasse using ethanol pre-treatment and microwave drying, LWT – Food Sci.
Technol. 62 (2015) 1169–1176, http://dx.doi.org/10.1016/j.lwt.2015.01.045.

[11] S. Bhol, D. Lanka, S.J.D. Bosco, Quality characteristics and antioxidant
properties of breads incorporated with pomegranate whole fruit bagasse, J.
Food Sci. Technol. (2015), http://dx.doi.org/10.1007/s13197-015-2085-8.

[12] T.R. Marques, A.D. Corrêa, J.B. dos R. Lino, C.M.P. de Abreu, A.A. Simão,
Chemical-constituents-and-technological-functional-properties-of-acerola-
(Malpighia-emarginata-DC, (n.d.).

[13] H. Li, L. Pordesimo, J. Weiss, High intensity ultrasound-assisted extraction of
oil from soybeans, Food Res. Int. 37 (2004) 731–738, http://dx.doi.org/
10.1016/j.foodres.2004.02.016.

[14] R.H. Perry, D.W. Green, Perry’s Chemical Engineer’s Handbook, McGraw Hill,
New York, 1999.

[15] J. Gamboa-Santos, A. Montilla, A.C. Soria, J.A. Cárcel, J.V. García-Pérez, M.
Villamiel, Impact of power ultrasound on chemical and physicochemical
quality indicators of strawberries dried by convection, Food Chem. 161 (2014)
40–46, http://dx.doi.org/10.1016/j.foodchem.2014.03.106.

[16] T.V. Fonteles, M.G.M. Costa, A.L.T. de Jesus, M.R.A. de Miranda, F.A.N.
Fernandes, S. Rodrigues, Power ultrasound processing of cantaloupe melon
juice: effects on quality parameters, Food Res. Int. 48 (2012) 41–48, http://dx.
doi.org/10.1016/j.foodres.2012.02.013.

[17] A. Lúcia, F. Pereira, F. Diva, L. Almeida, A. Laura, T. De Jesus, et al., Storage
stability and acceptance of probiotic beverage from cashew apple juice (2013)
3155–3165, http://dx.doi.org/10.1007/s11947-012-1032-1.

[18] M. Garcia, M. Costa, T.V. Fonteles, A. Laura, T. De Jesus, M. Raquel, et al., High-
Intensity Ultrasound Processing of Pineapple Juice, Food BioProcess Technol.
(2013) 997–1006, http://dx.doi.org/10.1007/s11947-011-0746-9.

[19] Y. Nakano, K. Asada, Hydrogen peroxide is scavenged by ascorbato specific
peroxidase in spinach chloroplasts, Plant Cell Physiol. 22 (1981) 867–880.

[20] A. Larrauri, P. Rupe, Effect of drying temperature on the stability of
polyphenols and antioxidant activity of red grape pomace peels (1997)
1390–1393.

[21] M. Obanda, P.O. Owuor, S.J. Taylor, Flavanol composition and caffeine content
of green leaf as quality potential indicators of Kenyan black teas, J. Sci. Food
Agric. 74 (1997) 209–215. doi:10.1002/(SICI)1097-0010(199706)74:2<209::
AID-JSFA789>3.0.CO;2-4..

[22] M. do S.M. Rufino, R.E. Alves, E.S. de Brito, J. Pérez-Jiménez, F. Saura-Calixto, J.
Mancini-Filho, Bioactive compounds and antioxidant capacities of 18 non-
traditional tropical fruits from Brazil, Food Chem. 121 (2010) 996–1002.

[23] G.-L. Chen, S.-G. Chen, Y.-Y. Zhao, C.-X. Luo, J. Li, Y.-Q. Gao, Total phenolic
contents of 33 fruits and their antioxidant capacities before and after in vitro
digestion, Ind. Crops Prod. 57 (2014) 150–157, http://dx.doi.org/10.1016/j.
indcrop.2014.03.018.

http://dx.doi.org/10.1007/s11947-010-0351-3
http://dx.doi.org/10.1007/s11947-010-0351-3
http://dx.doi.org/10.1016/j.jfoodeng.2011.05.038
http://dx.doi.org/10.1016/j.jfoodeng.2011.05.038
http://dx.doi.org/10.1002/jsfa.3498
http://dx.doi.org/10.1016/j.foodres.2011.02.053
http://dx.doi.org/10.1016/j.cej.2013.12.099
http://dx.doi.org/10.1016/j.cej.2013.12.099
http://dx.doi.org/10.1016/j.jfoodeng.2006.04.040
http://dx.doi.org/10.1007/s13197-014-1411-x
http://dx.doi.org/10.1016/j.lwt.2015.01.044
http://dx.doi.org/10.1016/j.lwt.2015.01.044
http://dx.doi.org/10.1016/j.bcdf.2015.04.001
http://dx.doi.org/10.1016/j.lwt.2015.01.045
http://dx.doi.org/10.1007/s13197-015-2085-8
http://dx.doi.org/10.1016/j.foodres.2004.02.016
http://dx.doi.org/10.1016/j.foodres.2004.02.016
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0070
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0070
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0070
http://dx.doi.org/10.1016/j.foodchem.2014.03.106
http://dx.doi.org/10.1016/j.foodres.2012.02.013
http://dx.doi.org/10.1016/j.foodres.2012.02.013
http://dx.doi.org/10.1007/s11947-012-1032-1
http://dx.doi.org/10.1007/s11947-011-0746-9
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0095
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0095
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0100
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0100
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0100
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0105
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0105
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0105
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0105
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0110
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0110
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0110
http://dx.doi.org/10.1016/j.indcrop.2014.03.018
http://dx.doi.org/10.1016/j.indcrop.2014.03.018


T.V. Fonteles et al. / Ultrasonics Sonochemistry 31 (2016) 237–249 249
[24] Improvement of water transport mechanisms Ozuna, Juan A C arcel, ıa-P erez,
(2011) 2511–2517. doi:10.1002/jsfa.4344.

[25] S. de la Fuente-Blanco, E. Riera-Franco de Sarabia, V.M. Acosta-Aparicio, A.
Blanco-Blanco, J.A. Gallego-Juárez, Food drying process by power ultrasound,
Ultrasonics 44 (2006) e523–e527, http://dx.doi.org/10.1016/j.
ultras.2006.05.181.

[26] J. Blahovec, S. Yanniotis, Modified classification of sorption isotherms, J. Food
Eng. 91 (2009) 72–77, http://dx.doi.org/10.1016/j.jfoodeng.2008.08.007.

[27] C.E.P.C. Ricardo D. ANDRADE P.1, 2⁄, Roberto LEMUS M.3, Models of Sorption
Isotherms for Food : Uses and Limitations, Vitae, Rev. La Fac. Química Farm. 18
(2011) 325–334.

[28] M. Caurie, Hysteresis phenomenon in foods, Int. J. Food Sci. Technol. 42 (2007)
45–49, http://dx.doi.org/10.1111/j.1365-2621.2006.01203.x.

[29] A.L. Gabas, J. Telis-Romero, G.I. Giraldo-Gómez, V.R.N. Telis, Propiedades
termodinámicas de sorción de agua de la pulpa de lulo en polvo con
encapsulantes, Ciência E Tecnol. Aliment. 29 (2009) 911–918, http://dx.doi.
org/10.1590/S0101-20612009000400032.

[30] D.R. Izidoro, M.-R. Sierakowski, C.W.I. Haminiuk, C.F. de Souza, A.D.P. Scheer,
Physical and chemical properties of ultrasonically, spray-dried green banana
(Musa cavendish) starch, J. Food Eng. 104 (2011) 639–648, http://dx.doi.org/
10.1016/j.jfoodeng.2011.02.002.

[31] S. Brunauer, P.H. Emmett, E. Teller, Adsorption of gases in multimolecular
layers, J. Am. Chem. Soc. 60 (1938) 309–319. citeulike-article-
id:4074706nrdoi: 10.1021/ja01269a023.

[32] J. Blahovec, Sorption isotherms in materials of biological origin mathematical
and physical approach, J. Food Eng. 65 (2004) 489–495, http://dx.doi.org/
10.1016/j.jfoodeng.2004.02.012.

[33] Decagon Devices. Measuring Moisture Content of Pharmaceutical Products
Using Water Activity. Application Note. (2009) http://manuals.decagon.com/
Application%20Notes/13936_MC%20of%20Pharm%20Products%20by%20Aw_
Print.pdf. Accessed 25 January 2015, (2015) 13936.

[34] K.P. Sudheer, V. Indira, Post harvest technology of horticultural crops.
Horticulture science series, New India Publishing, New Dheli, 2007. 291p.

[35] P.H. Raven, R.F. Evert, S.E. Eichhorn. Biologia Vegetal. 6ed. São Paulo:
Guanabara Koogan, (2001).

[36] F.A.N. Fernandes, M.I. Galla, Effect of osmotic dehydration and ultrasound pre-
treatment on cell structure : melon dehydration 41 (2008) 604–610, http://dx.
doi.org/10.1016/j.lwt.2007.05.007.

[37] Effect-of-immersion-time-in-osmosis-and-ultrasound-on-papaya-cell-
structure-during-dehydration_2009_Drying-Technology, (n.d.).

[38] F.A.N. Fernandes, M.I. Gallão, S. Rodrigues, Effect of osmosis and ultrasound on
pineapple cell tissue structure during dehydration, J. Food Eng. 90 (2009) 186–
190, http://dx.doi.org/10.1016/j.jfoodeng.2008.06.021.

[39] A. Piga, A. Del Caro, G. Corda, From plums to prunes: Influence of drying
parameters on polyphenols and antioxidant activity, J. Agric. Food Chem. 51
(2003) 3675–3681, http://dx.doi.org/10.1021/jf021207+.
[40] N.S. Terefe, Y.H. Yang, K. Knoerzer, R. Buckow, C. Versteeg, High pressure and
thermal inactivation kinetics of polyphenol oxidase and peroxidase in
strawberry puree, Innovative Food Sci. Emerg. Technol. 11 (2010) 52–60,
http://dx.doi.org/10.1016/j.ifset.2009.08.009.

[41] I. Pott, S. Neidhart, W. Mühlbauer, R. Carle, Quality improvement of non-
sulphited mango slices by drying at high temperatures, Innovative Food Sci.
Emerg. Technol. 6 (2005) 412–419, http://dx.doi.org/10.1016/j.
ifset.2005.05.004.

[42] A. Golmohamadi, G. Möller, J. Powers, C. Nindo, Effect of ultrasound frequency
on antioxidant activity, total phenolic and anthocyanin content of red
raspberry puree, Ultrason. Sonochem. 20 (2013) 1316–1323, http://dx.doi.
org/10.1016/j.ultsonch.2013.01.020.

[43] N. Djendoubi, N. Mrad, N. Boudhrioua, F. Kechaou, C. Courtois, Bonazzi,
Influence of air drying temperature on kinetics, physicochemical properties,
total phenolic content and ascorbic acid of pears, Food Bioprod. Process. 90
(2012) 433–441, http://dx.doi.org/10.1016/j.fbp.2011.11.009.

[44] S. Dudonne, Comparative Study of Antioxidant Properties and Total Phenolic
Content of 30 Plant Extracts of Industrial Interest Comparative Study of
Antioxidant Properties and Total Phenolic Content of 30 Plant Extracts of
Industrial Interest Using DPPH, ABTS, FRAP, Comp. Gen. Pharmacol. C (2009)
1768–1774, http://dx.doi.org/10.1021/jf803011r.

[45] J. Contreras-Calderón, L. Calderón-Jaimes, E. Guerra-Hernández, B. García-
Villanova, Antioxidant capacity, phenolic content and vitamin C in pulp, peel
and seed from 24 exotic fruits from Colombia, Food Res. Int. 44 (2011) 2047–
2053, http://dx.doi.org/10.1016/j.foodres.2010.11.003.

[46] E. Hedrén, V. Diaz, U. Svanberg, Estimation of carotenoid accessibility from
carrots determined by an in vitro digestion method, Eur. J. Clin. Nutr. 56 (2002)
425–430, http://dx.doi.org/10.1038/sj.ejcn.1601329.

[47] S. Kamiloglu, A.A. Pasli, B. Ozcelik, E. Capanoglu, Evaluating the in vitro
bioaccessibility of phenolics and antioxidant activity during consumption of
dried fruits with nuts, LWT – Food Sci. Technol. 56 (2014) 284–289, http://dx.
doi.org/10.1016/j.lwt.2013.11.040.

[48] M.J. Rodríguez-Roque, M.A. Rojas-Graü, P. Elez-Martínez, O. Martín-Belloso, In
vitro bioaccessibility of health-related compounds as affected by the
formulation of fruit juice- and milk-based beverages, Food Res. Int. 62
(2014) 771–778, http://dx.doi.org/10.1016/j.foodres.2014.04.037.

[49] H. Palafox-Carlos, J.F. Ayala-Zavala, G.A. González-Aguilar, The role of dietary
fiber in the bioaccessibility and bioavailability of fruit and vegetable
antioxidants, J. Food Sci. 76 (2011) R6–R15, http://dx.doi.org/10.1111/j.1750-
3841.2010.01957.x.

[50] M. Anese, G. Mirolo, P. Beraldo, G. Lippe, Effect of ultrasound treatments of
tomato pulp on microstructure and lycopene in vitro bioaccessibility, Food
Chem. 136 (2013) 458–463, http://dx.doi.org/10.1016/
j.foodchem.2012.08.013.

http://dx.doi.org/10.1016/j.ultras.2006.05.181
http://dx.doi.org/10.1016/j.ultras.2006.05.181
http://dx.doi.org/10.1016/j.jfoodeng.2008.08.007
http://dx.doi.org/10.1111/j.1365-2621.2006.01203.x
http://dx.doi.org/10.1590/S0101-20612009000400032
http://dx.doi.org/10.1590/S0101-20612009000400032
http://dx.doi.org/10.1016/j.jfoodeng.2011.02.002
http://dx.doi.org/10.1016/j.jfoodeng.2011.02.002
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0155
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0155
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0155
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0155
http://dx.doi.org/10.1016/j.jfoodeng.2004.02.012
http://dx.doi.org/10.1016/j.jfoodeng.2004.02.012
http://manuals.decagon.com/Application%20Notes/13936_MC%20of%20Pharm%20Products%20by%20Aw_Print.pdf
http://manuals.decagon.com/Application%20Notes/13936_MC%20of%20Pharm%20Products%20by%20Aw_Print.pdf
http://manuals.decagon.com/Application%20Notes/13936_MC%20of%20Pharm%20Products%20by%20Aw_Print.pdf
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0170
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0170
http://refhub.elsevier.com/S1350-4177(16)30004-9/h0170
http://dx.doi.org/10.1016/j.lwt.2007.05.007
http://dx.doi.org/10.1016/j.lwt.2007.05.007
http://dx.doi.org/10.1016/j.jfoodeng.2008.06.021
http://dx.doi.org/10.1021/jf021207+
http://dx.doi.org/10.1016/j.ifset.2009.08.009
http://dx.doi.org/10.1016/j.ifset.2005.05.004
http://dx.doi.org/10.1016/j.ifset.2005.05.004
http://dx.doi.org/10.1016/j.ultsonch.2013.01.020
http://dx.doi.org/10.1016/j.ultsonch.2013.01.020
http://dx.doi.org/10.1016/j.fbp.2011.11.009
http://dx.doi.org/10.1021/jf803011r
http://dx.doi.org/10.1016/j.foodres.2010.11.003
http://dx.doi.org/10.1038/sj.ejcn.1601329
http://dx.doi.org/10.1016/j.lwt.2013.11.040
http://dx.doi.org/10.1016/j.lwt.2013.11.040
http://dx.doi.org/10.1016/j.foodres.2014.04.037
http://dx.doi.org/10.1111/j.1750-3841.2010.01957.x
http://dx.doi.org/10.1111/j.1750-3841.2010.01957.x
http://dx.doi.org/10.1016/j.foodchem.2012.08.013
http://dx.doi.org/10.1016/j.foodchem.2012.08.013

	Ultrasound processing to enhance drying of cashew apple bagasse puree: Influence on antioxidant properties and in&blank;vitro bioaccessibility of bioactive compounds
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation
	2.2 Sonication
	2.3 Experimental design and data analysis
	2.4 Air-drying
	2.5 Water activity
	2.6 Determination of sorption isotherms
	2.7 Microscopic analysis
	2.7.1 Light microscopy
	2.7.2 Scanning electron microscopy

	2.8 Rehydration ability
	2.9 Color
	2.10 Enzymatic assay
	2.11 Quantification of bioactive compounds
	2.12 Total antioxidant activity determinations
	2.13 In vitro digestion
	2.14 Statistical analysis

	3 Results and discussion
	3.1 Sonication and drying
	3.2 Tissue structure
	3.3 Effects on enzymes
	3.4 Effects on color
	3.5 Effects of sonication on the functional compounds of dried cashew apple bagasse
	3.6 In vitro bioaccessibility of vitamin C and phenolic compounds

	4 Conclusions
	Acknowledgments
	References


