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Abstract This work aimed to evaluate the effects of

ultrasound pretreatment on the microstructure, antioxidant

activity, and carotenoid retention of biofortified Beaure-

gard sweet potato (BBSP). The pretreatment was carried

out in an ultrasonic bath at 30 �C for 10 min, and it was

evaluated in terms of water loss and solid gain. The drying

process was performed at two different temperatures (50

and 70 �C). Six different semi-theoretical mathematical

models were examined to characterize the drying curves,

and quality analyses were executed. The two-terms expo-

nential model provided the best simulation of the drying

curves. Drying time was reduced by performing ultrasound

pretreatment and by increasing drying temperature. The

ultrasound treatment caused greater agglomeration, break-

age, or strangulation of the BBSP structure, increasing

porosity, and thus increasing drying rates. Drying caused a

diminution of total carotenoids content and influenced

antioxidant activity. However, the samples pretreated with

ultrasound and dried produced lower total carotenoids loss.

Keywords Ultrasound � Dehydration � Microstructure �
Total carotenoids � Antioxidant activity � Biofortified
Beauregard

Introduction

The biofortified Beauregard sweet potato (BBSP) (Ipomoea

lam potatoes) is the most consumed and disseminated

biofortified vegetable in the world (Santos et al. 2018),

mainly in African countries, due to their nutritional char-

acteristics. The orange color of the pulp indicates a strong

presence of beta-carotene from provitamin A, which has

beneficial effects on human health, preventing eye disor-

ders and skin diseases, aiding in growth and development,

and strengthening the immune system. It also has antioxi-

dant properties, acting in the elimination of free radicals,

improving iron absorption, and providing anti-mutagenic

properties (Vizzotto et al. 2017).

In addition to its nutritional benefits, BBSP shows sat-

isfactory results in several areas related to production. It

presents higher root yield and cycle precocity rates when

compared to other varieties of the sweet potato. This means

a longer harvest period, easier cultivation, and wide

adaptation to the low-level technological systems of sub-

sistence farming (Islam et al. 2016).
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In this sense, BBSP stands out as a significant player in

malnutrition eradication in certain populations, including

children, women of childbearing age, and pregnant women

(Berni et al. 2015). A viable alternative for the use of the

BBSP in the human diet is its processing for flour pro-

duction by drying method.

Drying is one of the most common methods used to

extend shelf life and to maintain the quality of food

products stored below ambient temperature (Onal et al.

2019). However, drying also modifies the microstructure of

the food. Ultrasound pretreatment is considered an

emerging technological alternative which can increase

drying rate and improve food quality. Ultrasound applica-

tion results in the formation of micro-channels, increasing

the porosity of the samples, and improving drying rates

(Guo et al. 2019; Wang et al. 2019a, b).

Antioxidant compounds, normally found in functional

foods, are capable of inhibiting or delaying injuries caused

by free radicals (Yan et al. 2016). The reactions caused by

free radicals can be compensated by the action of antiox-

idants obtained through the diet, including carotenoids,

abundant in BBSP (Teow et al. 2007). However, regardless

of method, carotenoid content and antioxidant activity may

be affected by pretreatment, and little data on carotenoid

retention in BBSP is currently available.

This work aims to evaluate the effects of ultrasound

pretreatment on the microstructure, antioxidant activity,

and carotenoid retention of BBSP.

Materials and methods

Preparation of samples

Fresh BBSP samples were acquired at a local market in

João Pessoa (Brazil). These samples were harvested in

2018 by conventional culture. They were packed in boxes

and transported at room temperature to the Laboratory of

Food Engineering (Recife, Brazil). Those free of mechan-

ical injuries, pests, diseases, and deterioration were selec-

ted for experimentation. The fresh roots were washed in

running water to remove dirt, disinfected with a chlorine

solution (150 lL/L) for 15 min, and rinsed under running

water to remove excess chlorine adhered to the roots. After

the sanitization phase, the fresh roots were peeled manually

with the aid of a stainless steel knife. The edible portion

(intermediate section of the mesocarp) was cut in 0.5 cm

thick and weighed on a semi-analytical digital scale

(HAUS Corporation, model AR2140, Brazil).

Ultrasonic pretreatment

The design of the pretreatment step was based on the

methods of Azoubel et al. (2010). An ultrasound bath

(Unique, model USC-2580A, Brazil) with a frequency of

25 kHz at the intensity of 4870 W/m2 was used to pretreat

the potato samples at 30 ± 2 �C. Twelve slices of fresh

roots were placed in two 250 mL Erlenmeyer flasks (six

per flask) with distilled water. After 10 min, the samples

were removed from the conical flasks, dried with absorbent

paper to remove excess water, and finally weighed in a

semi-analytical balance. The pretreatment measured water

loss and solid gain.

Drying

In this study, two drying groups were set, including control

samples without ultrasound pretreatment (C) and variable

samples with ultrasound pretreatment (US). Drying was

performed using an air-circulating oven at two different

temperatures (50 and 70 �C) (Azoubel et al. 2010). For

each experiment, the twelve slices were spread across the

drying grid. Samples were weighed on a semi-analytical

scale in 15-min intervals until the condition of equilibrium

(constant weight) was reached.

In order to predict the drying kinetics of melon, it is

important to accurately model its drying behavior. There-

fore, in the present study, semi-theoretical mathematical

models were fitted to the experimental data (Table 1),

where a, b, c, k, and n, are the empirical constants in drying

models and t is the drying time in min. The moisture

contents at each time interval were calculated from both

weight loss data and the dry solid weights of the samples.

The moisture content data was converted to moisture ratio

(MR), which is a dimensionless expression and displayed

as a function of drying time. The dimensionless MR of

melon during the drying experiments was written in the

following form (Eq. 1):

MR ¼ X � Xe

X0 � Xe
ð1Þ

where �X is the average moisture content at time t, kg H2O/

kg dry matter; Xe is the equilibrium moisture content, kg

H2O/kg dry matter; Xo is the initial moisture content, kg

H2O/kg dry matter.

The modeling was characterized by the mean relative

deviation module P (Eq. 2) and the determination coeffi-

cient R2.

P ð%Þ ¼ 1

N

XN

i¼1

Ve � Vp

Ve

����

���� � 100 ð2Þ
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where N is the number of experimental data, Ve is the

experimental value and Vp is the calculated value. Values

of P (%) less than or equal to 10% are considered to satisfy

the experimental data (Lomauro et al. 1985).

After drying, the BBSP slices were shredded (model

A11B S 32, marca?). The obtained powder was standard-

ized with 20 mesh granulometry, stored in plastic con-

tainers hermetically coated with aluminum foil, labeled,

and placed in a freezer at - 18 ± 1 �C for further analysis.

Ultrastructural analysis by scanning electronic

microscopy (SEM)

Flours obtained at different drying temperatures were

characterized by scanning electron microscopy. The flour

samples were sprinkled onto pieces of double-sided tape

affixed to an aluminum stub, followed by metallization

(SANYU ELECTRON, SC-701A) for 3 min, with an

amperage of 10 mA, for the ionic deposition of a thin layer

of 5 nm of gold. Next, samples were examined under a

high vacuum in a scanning electronic microscope, JEOL

LV 5600, operating at 25 kV, and images were obtained in

magnifications ranging from 3009 to 12009.

Table 1 Parameters,

coefficients of determination

(R2) and mean square deviations

(MSD) of the models fitted to

the drying curves of BBSP at

two drying conditions (50 and

70 �C) for the control samples

without ultrasound pre-

treatment (C) and samples with

ultrasound pretreatment (US)

Model Parameters 50 �C 70 �C

C US C US

Page Equation RX = exp (- Ktn)

a 0.0083 0.0379 0.0753 0.0464

n 17.42 0.803 17.74 0.879

R2 0.2483 0.9992 0.4262 0.9999

P 93.75 25.999 90.909 61.143

Henderson-Pabis Equation RX = exp (- Kt)

a 0.8881 0.94 0.9681 0.9787

k 0.021 0.015 0.033 0.029

R2 0.9499 0.9886 0.9906 0.997

P 37.482 18.314 28.606 12.916

Logarithmic Equation RX = exp (- Kt) ?c

a 0.8733 0.9204 0.9468 0.9661

c 0.066 0.0488 0.0369 0.0208

k 0.03 0.018 0.037 0.031

R2 0.9715 0.9952 0.9956 0.9982

P 32.151 10.701 23.397 15.141

Wang and Singh RX = 1 ? at ? bt2

a 0.0131 0.0106 0.0192 0.0183

b 0.00004 0.00003 0.00009 0.00008

R2 0.7288 0.9049 0.8825 0.9306

Two-terms exponential RX = aexp(- Kt)? bexp(- wt)

a 0.4166 0.3312 0.6257 0.8167

b 0.5833 0.6705 0.3745 0.1834

k 0.149 0.048 0.023 0.025

w 0.014 0.011 0.091 0.103

R2 0.9999 0.9995 0.9999 0.9999

P 16.503 24.092 23.265 31.611

Single exponential RX = exp(- Kt)

k 0.025 0.016 0.034 0.029

R2 0.9344 0.9839 0.9893 0.9965

p 47.159 23.144 31.32 15.089

C control, US ultrasound
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The extraction and quantification of the total

carotenoids

The total carotenoid content was quantified based on

Rodriguez-Amaya’s method (1999). In brief, there was a

40–mL acetone extraction of carotenoids from a 5–g

sample, followed by separation and dilution in petroleum

ether, resulting in an absorbance of 475 nm. Some pre-

cautions against pigment degradation or alteration were

taken, such as protection from light and high temperatures,

and efficient analyses. Total carotenoids were expressed as

lg per g of DM. All analyses were carried out in triplicate.

Antioxidant activity determination: DPPH (2,2-

diphenyl-1-picrylhydrazyl)

The extracts were prepared according to Brand-Williams

et al. (1995), with some modifications. 10 mL of methanol

80% (v/v) were added to the 1-g sample and stirred for

2 min. After 1 h in the dark at room temperature, the

extract was centrifuged (2200 g, 20 �C for 20 min) and the

supernatant was stored at - 18 �C until the evaluations.

All extractions were carried out in triplicate.

DPPH radical scavenging activity assay

The extracts obtained were used to determine antioxidant

activity. The total antioxidant activity of samples was

measured by the DPPH (2,2-diphenyl-1-picrylhydrazyl)

radical scavenging method (Rufino et al. 2007). Each

extract (0.1 mL) was mixed with 3.9 mL of DPPH

methanol solution in cuvettes. The reaction mixture was

shaken properly and kept for 1 h at room temperature in the

dark. Methanol was used as the blank, and the control

sample was prepared without adding any extract. Absor-

bance was measured at 515 nm in a spectrophotometer

(SH-1000, Hitachi, Japan). The DPPH radical scavenging

activity percentage was calculated using the following

equation:

DPPH ð%Þ ¼ AC � AS

AC
� 100

where AC: the absorbance of the control (DPPH solution

without the sample), AS: the absorbance of the sample.

Statistical analysis

The results were examined using a one-way analysis of

variance (ANOVA). The difference between samples was

considered significant if it fell within the 95% confidence

interval calculated using IMB SPSS 20 (SPSS Inc., Chi-

cago, IL). All the experiments were conducted in triplicate.

Results and discussion

Drying temperature

Figure 1 shows the drying kinetics of BBSP at two tem-

peratures (50 and 70 �C) for the control samples without

ultrasound pretreatment (C) and for the samples with

ultrasound pretreatment (US). The dehydration times for

BBSP to reach equilibrium were 450 and 630 min at 50 �C,
and 360 and 330 min at 70 �C for C and US, respectively.

The application of pretreatment with ultrasound did not

have a positive effect on BBSP drying time at 50 �C.
Conversely, the untreated sample’s drying time was

reduced by 30 min at 70 �C. Nowacka et al. (2012)

reported that ultrasound time significantly affects drying

intensity. The authors verified a considerable reduction

when the US was performed for 30 min. In the present

study, the US pretreatment duration was 10 min, a fact that

may have influenced the failure to register a significant

reduction in drying time with its application.

It is also possible to note that increased air temperature

reduced drying time. Similar observations have been

reported for potato slices (Onwude et al. 2018). This phe-

nomenon is due to the higher water removal rate of the

product resulting from a higher moisture gradient between

the product and the air caused by the increase in air tem-

perature. In this process, drying kinetics are directly related

to temperature. Increased temperature results in increased

moisture transfer (Santos et al. 2017).

Drying mathematical modeling

Modeling is important to the analysis and understanding of

drying. Empirical models facilitate estimations of drying

times and drying curves, allowing one to estimate condi-

tions resulting in desired final moisture content. Adjust-

ments to the mathematical models were tested under

various conditions. The parameters of the six mathematical

models contrasted with the experimental data of BBSP
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t (min)
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 US (T=50 oC)
 C (T=70 oC)
 US (T=70 oC)

Fig. 1 BBSP at two drying conditions (50 and 70 �C) for control

samples without ultrasound pretreatment (C) and samples with

ultrasound pretreatment (US)
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drying kinetics are presented in Table 1. The two-term

exponential model produced solid R2 values and calculated

lower mean relative deviation (P). This shows the suit-

ability of this model. A similar result was obtained by

Medeiros et al. (2016) for mango and Silva et al. (2019) for

mango.

In the present study, parameter k presented higher val-

ues in the control group, which implies a prolonged drying

time. The application of ultrasound pretreatment resulted in

lower parameter values, reinforcing the importance of

ultrasound in drying time reduction. Similar results have

been reported by Santos et al. (2017) in the drying of pitaya

shells (H. undatus) at temperatures of 50, 60, and 70� C.

Microstructure analysis

To better understand the effect of ultrasound pre-treatment

at the cellular level, scanning electron microscopy (SEM)

was used to observe structural changes. Typical SEM

images of BBSP at two drying conditions (50 and 70 �C)
for the control and ultrasound (C and US) were reported in

Figs. 2 and 3.

Dehydrated samples at 50 �C showed greater agglom-

eration and signs of breakage or strangulation of cellular

structures (Fig. 2). Structures with some cell fractures can

be attributed to the rapid evaporation of moisture by

ultrasonic heating (Su et al. 2018). The application of

ultrasound seems to induce a greater degradation of the

structure of the sweet potato, causing an increase of

porosity and pore diameter and rupture of the cellular

structure. However, these effects can also make water

movement in the matrix easier, improving drying rate

(Onwude et al. 2018).

On the other hand, Fig. 3 at 70 �C, shows a more porous

and fissured microstructure of BBSP samples in both

groups (C and US). The results are similar to those pre-

sented by Lagnika et al. (2018) on the drying of the orange

pulp sweet potato.

The BBSP structure porosity is justified by the rapid

heating of the samples, which leads to lower water levels

through evaporation and internal cellular stress and

expansion and contraction caused by ultrasonic waves that

dilate the intercellular space, accelerating dehydration and

indicating good sample quality (Nowacka and Wedzik

2016). Also, ultrasound pre-treatment does not influence

sample thickness, which also warrants rapid dehydration of

the pretreated sample at 70 �C (Fig. 1).

Cellular rupture could also be attributed to the shear

stresses and cavitation effects caused by extensive high-

intensity ultrasound processing (Wang et al. 2019a, b).

Fig. 2 Typical SEM images of

BBSP at 50� C. Control (a, c,
e) and ultrasound (b, d, f)
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Total carotenoid

Using the results obtained for the total carotenoid content

achieved for the BBSP, Table 2 graphs the spectropho-

tometer readings, using wavelength as a function of the

absorbance of the samples of acetone/petroleum ether

solvents. It was scanned at wavelengths of 450 and

475 nm.

As shown in Table 2, there were no significant differ-

ences in the total carotenoid content between the US and C.

However, Nowacka and Wedzik (2016) reported that

ultrasound pretreatment significantly reduced the total

carotenoid content in carrots compared with that of the

untreated samples. This may have resulted from a long

processing duration (20–30 min) in their studies.

Results show that ultrasound pretreatment retained total

carotenoid content. This can be attributed to the mechani-

cal rupture of the cell walls of the food matrix, which may

increase the content of free carotenoids and the preserva-

tion of carotenoid-protecting structures during ultrasound

processing (Abid et al. 2014). According to Rodrigues-

Amaya (1999), ultrasound preserves hydrophobic

Fig. 3 Typical SEM images of

BBSP at 70� C. Control (a, c,
e) and ultrasound (b, d, f)

Table 2 Total carotenoids (lg/
g of DM) and antioxidant

activity (DPPH radical-

scavenging activity (%) of

BBSP

Total carotenoids (lg/g of DM)

50 �C 70 �C

C US C US

470 nm 11.752 ± 0.176a 14.00 ± 0.49a 13. 711 ± 0.077b 13.115 ± 0.776b

450 nm 19.195 ± 0.244a 24.238 ± 0.968a 23.071 ± 0.3535b 22.187 ± 0.783b

%DPPH 17.72 ± 0.47a 13.20 ± 0.44a 31.06 ± 1.73b 27.45 ± 0.16b

For each temperature, the same letters on the same line mean that the US (ultrasound) and C (control)

indicated no significant differences (p\ 0.05) between the two groups (US and C)
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compounds (carotenoid compounds), probably due to its

increased extraction due to ultrasonic waves that reduce

available oxygen for free radical formation, since the

mechanism of action of carotenoids is to chelate singlet

oxygen and its formation. Degradation is influenced by

oxygen at high temperatures. Also, retention of carotenoids

during ultrasound application may show that microchan-

nels formed during ultrasonic waves do not allow the

passage of compounds from the sample to the solvent,

thereby retaining carotenoid contents.

Antioxidant activity

The results of the antioxidant activity of BBSP extracts

evaluated by the DPPH free radical sequestration method

are presented in Table 2.

Antioxidant activity observed according to the DPPH

method (Table 2) showed a positive correlation with tem-

perature. This fact can be attributed to several chemical

reactions, such as the Maillard reaction, induced by high

thermal intensity, which may lead to the emergence of new

compounds with high antioxidant activities (Tian et al.

2016).

Ultrasound pretreatment at 70 �C showed no significant

difference (p[ 0.05) from the control group. According to

Wang et al. (2017), these results suggest that ultrasonic

wave changes that lead to increased solubility do not

always lead to improved antioxidant activity. Sledz et al.

(2015) investigated the influence of ultrasound on drying

kinetics, antioxidant activity, and microstructure of basil

leaves and concluded that pretreatment with ultrasound

does not alter antioxidant activity.

On the other hand, according to Table 2, the application

of ultrasound did not influence the antioxidant potential

determined by the DPPH method, indicating that the

antioxidant compounds that perform via free radical cap-

ture mechanism were retained by using ultrasound.

Conclusion

The application of ultrasound pretreatment did not com-

promise the dehydration of BBSP. Among the mathemat-

ical models used in this study, two-terms exponential

presented the most accurate predictions. Ultrasound pre-

treatment and increased temperature reduced drying time.

The ultrasound treatment effected greater agglomeration,

breakage, or strangulation of the BBSP structure, increas-

ing porosity, and thus shortening drying rates. Drying

caused a diminution of total carotenoid content and influ-

enced antioxidant activity. However, the samples pre-

treated with ultrasound and then dried obtained lower total

carotenoid loss.
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