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A B S T R A C T   

Carotenoids are an essential component of cashew and can be used in pharmaceuticals, cosmetics, natural 
pigment, food additives, among other applications. The present work focuses on optimizing and comparing 
conventional and ultrasound-assisted extraction methods. Every optimization step took place with a 1:1 (w:w) 
mixture of yellow and red cashew apples lyophilized and ground in a cryogenic mill. A Simplex-centroid design 
was applied for both methods, and the solvents acetone, methanol, ethanol, and petroleum ether were evaluated. 
After choosing the extractor solvent, a central composite design was applied to optimize the sample mass 
(59–201 mg) and extraction time (6–34 min). The optimum conditions for the extractor solvent were 38% 
acetone, 30% ethanol, and 32% petroleum ether for CE and a mixture of 44% acetone and 56% methanol for 
UAE. The best experimental conditions for UAE were a sonication time of 19 min and a sample mass of 153 mg, 
while the CE was 23 min and 136 mg. Comparing red and yellow cashews, red cashews showed a higher 
carotenoid content in both methodologies. The UAE methodology was ca. 21% faster, presented a more 
straightforward composition of extracting solution, showed an average yield of superior carotenoid content in all 
samples compared to CE. Therefore, UAE has demonstrated a simple, efficient, fast, low-cost adjustment 
methodology and a reliable alternative for other applications involving these bioactive compounds in the studied 
or similar matrix.   

1. Introduction 

The cashew apple is the pseudo-fruit of the cashew tree (Anacardium 
Occidentale L.), naturally occurring in three colors: orange, yellow, and 
red. There is a commercial preference for yellow and red cashews [1]. 
According to the Food and Agriculture Organization of the United Na-
tions – FAO, in 2018, Brazil was the largest producer of cashew, ca. 
1,541 tonnes representing approximately 90% of total world production 

[2]. Considering cashew nut production, Vietnam, India, and Côte 
d’Ivoire are the largest producers, while Brazil has the 9th largest 
production. 

Although the cashew nut was the cashew product with the highest 
economic value, the cashew apple has ceased to be neglected and ach-
ieved relevance in the food industry in the form of products such as jam, 
sweets, drinks (e.g., cashew), and juice [3,4]. The pseudo-fruit has a 
high nutritional diversity with nutrients such as polyphenols 
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(flavonoids, carotenoids, anacardic acid, and tannins), minerals (copper, 
zinc, sodium, potassium, calcium, iron, phosphorus, and magnesium), 
sugars, organic acids, and vitamins [5–9]. 

Especially the carotenoids, the focus of this study, correspond to 
isoprenoids with forty atoms that can be synthesized by plants among 
other autotrophic organisms and form the natural pigments responsible 
for the expression of colors such as red, yellow, and orange [10,11]. 
β-carotene, α-carotene, β-cryptoxanthin, violaxanthin, lutein, and 
zeaxanthin are the main carotenoids found in cashew apple [12,13]. 
These compounds are bioactive, acting on the mechanism of radical 
scavenging, primarily reactive oxygen species (ROS). Some studies have 
demonstrated the biological activity for carotenoids such as antioxidant 
[14], anti-aging [15], cardiovascular [16], anticancer [17], diabetes, 
and pro-vitamin A [18,19]. 

The extraction of these compounds consists of transferring the ana-
lyte present in the sample to a liquid phase. Traditionally, methods 
involving the extraction of carotenoids use several organic solvents, and 
the choice of solvent or extraction mixture is usually performed by a 
univariate method. Although it has been successful, this approach is not 
very robust because it disregards the possible interactions of the 
experimental parameters (extraction times, solid/solvent ratio, solvent 
volumes used, type, and composition of the extraction solvent) [20]. The 
extraction method is crucial to obtain reliable results. Therefore, the 
application of multivariate methodologies focused on improving sample 
preparation has been used to achieve the optimal conditions for several 
analytical procedures [11,21–24]. Multivariate approaches provide 
broad knowledge about the effects and interactions of the various factors 
in the experimental data set, achieving reliable results and robust 
experimental conditions [25]. 

Mixing modeling, factorial design, and surface response methodol-
ogy are the most used multivariate optimization techniques to maximize 
the performance of the extraction method. Mixture modeling can 
contribute to selecting the optimal extraction phase composition, which 
is a critical factor for the analysis of carotenoids in biological matrices 
[26–29]. Factorial design such as that of central compounds is inter-
esting for studying the influence of system-independent variables (time, 
sample mass, extraction volume) on the response [30,31]. The combined 
use of the described methodologies favors obtaining the certain opti-
mum condition of the proposed extraction method. 

Multivariate optimization has been applied to extract carotenoids in 
different matrices, such as peach palm [11], shrimp [19], annatto seeds 
(Yolmeh, Habibi Najafi e Farhoosh, 2014) [32], tomato (Strati e Oreo-
poulou, 2011)[33]. However, no studies have been developed for the 
extraction of carotenoids in the cashew apple. 

The present study aims to optimize the method of carotenoid 
extraction from the cashew apple by using the modeling mixtures and 
central composite design and two extraction procedures, which were 
compared. The extraction evaluated strategies were (I) performed under 
mechanical agitation, considered as conventional extraction (CE), and 
(II) assisted by ultrasound radiation (UAE). The developed protocol 
must provide reliable results and high robustness to be applied in 
research or the industry involving the studied matrix carotenoids or 
similar. 

2. Materials and methods 

2.1. Sample and reagents preparation 

All materials used to perform this work were decontaminated in a 
10% HNO3 bath (v/v) for at least 24 h. The solutions were prepared 
using deionized water with ≥ 18.2 M Ω cm resistivity obtained in Milli-Q 
Direct purification system from Millipore® (Molsheim, France). 

Cashew pseudo-fruits were collected in Valença do Piauí city (GPS S 
06◦ 21′ 03.7′′/W 41◦ 44′ 24.7′′, Piauí, Brazil) in the final stage of 
maturation, ready for consumption. For the optimization of the extrac-
tion methods, all individuals were randomly selected, representing the 

population as much as possible. The colors red, yellow, and heir mix-
tures (Fig. 1) are the three acquired samples. The pseudo-fruits were cut 
into cubes (ca. 2 cm3) and freeze dryer (LIOTOP®, L101, São Carlos, SP, 
Brazil). After that, the pseudo-fruits were pulverized using a cryogenic 
mill (Marconi®, MA 775, Piracicaba, Brasil). 

The solvents and reagents employed for extraction and quantifica-
tion of carotenoids were: analytical standard of β-carotene, petroleum 
ether (Sigma-Aldrich®, Darmstadt, Germany), acetone, ethanol, and 
methanol (J. T. Baker®, Geel, Belgium). 

2.2. Total carotenoid extraction 

The total concentration of carotenoids was determined by UV–Vis, as 
described by [19.30], with minor modifications. The absorbance was 
measured at a wavelength of 454 nm using a spectrophotometer Dra-
well, DU – 8200 (Shanghai, China). The analytical curve was obtained 
using the β-carotene standard and acetone as an analytical blank. A stock 
solution of 1000 µg L-1 was prepared in acetone and diluted to the so-
lutions from 0.25 to 5.0 µg L-1, utilized to construct the analytical curve. 
All analyzes were carried out in triplicate and protected from light. 

2.3. Optimization of the extraction solution 

The study optimized two methods: conventional extraction (CE) and 
another applying ultrasound-assisted extraction (UAE). Afterward, a 
comparison of their performance was carried out. The sample used was 
prepared at the ratio 1:1 (w:w) with the mixture of the yellow and red 
cashew apple pulverized so that a more significant number of carotenoid 
compounds were found in the cashews of the two colors is present in its 
composition. After that, the composition of the extraction solution was 
optimized by applying the simplex centroid design for pure solvents, 
acetone, ethanol, petroleum ether, methanol, and their respective bi-
nary, ternary and quarternary mixture (item 3.1, Table 2). 

The proposed CE was based on the work developed by [1] with some 
modifications. For the applied protocol, ca. 90 mg of pulverized pseudo- 
fruit received the addition of 6.0 mL of extraction solution in a coated 
Falcon® tube to prevent the incidence of light. For extraction of the 
carotenoids, the mixture was kept under agitation for 20 min at 290 rpm 
in a mechanical shaker (Q225M, QUIMIS®, Diadema-SP, Brasil). The 
extract was centrifuged at 3500 rpm for 10 min (NI1812, Nova In-
struments®, Piracicaba-SP, Brazil). The supernatant was collected and 
stored at − 4 ◦C for subsequent analysis. 

The ultrasound-assisted extraction was performed in an ultrasound 
bath (Sonitop 402-A, Soni-tech®, São Bernardo do Campo, SP, Brazil) 
operated at a frequency of 40 kHz and a power of 80 W a usable volume 
of 2.5 L (internal dimensions 15.0 × 13.7 × 15.0 cm). The experimental 
conditions such as sample mass, the volume of solution, and centrifu-
gation step were the same as those applied in CE. For carotenoid 
extraction, the mixture was also maintained under the effect of ultra-
sound radiation for 20 min. 

All assays (Table 2) were performed in duplicates and protected from 
light. 

2.4. Experimental design to optimize extraction methodologies 

With the definition of the optimal extraction solvent, the optimiza-
tion of other variables involved in the proposed methods was carried 
out. The independent variables, sample mass and time, have shown a 
high effect on carotenoid extraction in different biological matrices 
[19,34] and so were studied here. The temperature during extraction 
was controlled in the range of 25–30 ◦C since undesirable reactions of 
carotenoid degradation can occur at elevated temperatures [33,35]. The 
real and coded levels of the independent variables are shown in Table 1. 
The experimental arrangement applied corresponds to the factorial 
design 22 + central point + axial, consisting of 11 assays, including three 
repetitions at the central point, to obtain the experimental error (item 
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3.2, Fig. 4). The Response Surface Methodology (RSM) was applied for 
modeling to maximize the extraction yield and to establish the optimal 
working condition. 

The assays were performed randomly on different days to avoid 
systematic errors. For the two proposed methodologies, the same pro-
cedure described in item 2.3 was used, modifying only the sample mass 
and extraction time factors using the optimal composition of the 
extraction solution obtained after the application of simplex centroid 
design for each methodology studied. The total carotenoid content was 
the analytical response used to proceed with multivariate optimization. 

2.5. Data analysis 

The statistical treatment of data and graphs was performed using 
MATLAB software (Version R2015a). Analysis of variance (ANOVA) 
with Tukey’s multiple comparison test was used to determine significant 
differences between assays responses at the 95% confidence level. 

3. Results and discussion 

3.1. Extraction solvent 

In recent decades, there has been an increase in studies for the 
development of better methods of carotenoids extraction, and different 
organic solvents have been used in this process in different matrices 
[3,10,19,26,34,36]. Generally, the choice of these solvents for a 
particular analytical matrix is not so trivial, depending on the chemical 
and physical properties, such as the polarity and solubility of the target 
carotenoids in each matrix. 

In this sense, to find the best extraction solution, a multivariate 
approach was applied using simplex centroid design to evaluate four 
solvents acetone (a), ethanol (e), petroleum ether (p), and methanol (m). 
The solvents evaluated are the most utilized and accessible for extrac-
tion of carotenoids [1,3,12,19,33,37]. In addition to solvents, their 
combinations in binary, ternary, and quaternary mixtures were evalu-
ated, resulting in 15 experiments for the UAE and CE procedures. Table 2 
presents the results obtained for the experiments proposed by the sim-
plex centroid design of mixtures. 

Considering the experimental window described in Table 2 for the 
optimization process of the extraction solution of carotenoids present in 
the cashew apple, that is noticed that the ultrasound-assisted extraction 
method showed a yield range from 93.30 to 164.63 µg g− 1 and a total 
average of 131.64 µg g− 1 of carotenoids extracted for the 15 assays 

Fig. 1. Yellow and red cashew apple.  

Table 1 
Variables and levels of central composite design for Ultrasound-Assisted 
Extraction (UAE) and Conventional Extraction (CE).  

Variables Symbol Levels and code of variables 

− 1.4142 − 1 0 +1 + 1.4142 

Mass (mg) x1 59 80 130 180 201 
Time (min) x2 6 10 20 30 34  

Table 2 
Total carotenoid content (µg g− 1) found in the assays proposed by the simplex 
centroid mixture design using the UAE and CE methods.  

Assay *a (%) *e (%) *p (%) *m (%) UAE CE 

A1 100    93.30 ± 2.72 102.19 ±
1.76 

A2  100   117.63 ±
0.39 

112.50 ±
0.99 

A3   100  94.82 ± 3.92 105.44 ±
0.33 

A4    100 122.34 ±
3.08 

118.99 ±
0.27 

A5 50 50   124.93 ±
3.00 

123.15 ±
0.67 

A6 50  50  102.29 ±
6.54 

125.57 ±
3.03 

A7 50   50 164.63 ±
5.50 

133.68 ±
0.54 

A8  50 50  117.21 ±
5.13 

110.90 ±
0.09 

A9  50  50 161.16 ±
0.00 

122.03 ±
1.61 

A10   50 50 159.14 ±
4.35 

132.00 ±
2.41 

A11 33.3 33.3 33.3  151.38 ±
1.66 

140.03 ±
9.84 

A12 33.3 33.3  33.3 161.06 ±
5.52 

125.42 ±
3.31 

A13 33.3  33.3 33.3 145.24 ±
1.64 

135.87 ±
2.22 

A14  33.3 33.3 33.3 130.99 ±
6.44 

128.36 ±
5.52 

A15 25 25 25 25 128.53 ±
1.20 

137.77 ±
0.67 

*Acetone (a), ethanol (e), petroleum ether (p) and methanol (m). 
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performed in duplicate. The conventional extraction method found a 
yield range of 102.19 to 140.03 µg g− 1 and total average content of 
123.59 µg g− 1 of carotenoids obtained from the cashew apple sample. 

Fig. 2 shows the average yield for each assay using the proposed 
extraction methodologies. In comparison, it is observed that UAE pre-
sented for 73% of the tests as A2, A4, A5, A7 – A14 extraction yield 
superior to CE. It can also notice that the carotenoid content using UAE 
is higher with solvent mixtures compared to extracts obtained with pure 
solvents (Fig. 2). The assay extract using the binary acetone/methanol 
mixture was found to have the highest carotenoid content, ca. 164 µg 
g− 1. Considering the EC, the results were similar. The content of carot-
enoids found in extracts using a mixture of solvents was higher than 
those with pure solvent. The ternary acetone/ethanol/petroleum ether 
mixture showed ca. 140.03 µg g− 1. According to the results, it can 
highlighted that the combination of solvents as an extraction solution for 
both applied methods improves the extraction. In fact, the polarity of the 
extracting solvent plays a crucial role in the successful extraction of 
carotenoids from plant tissues. The mixture of solvents results in an 
extractor solution with intermediate polarity that increases the sol-
ute–solvent interaction, improving the dissolution and extraction of 
carotenoids. Heffernan et al. [47] achieved the greatest yield of carot-
enoid rich extracts from brown macroalgae using combination of solvent 
(hexane/acetone (70:30) in a solid–liquid extraction (SLE). Pure sol-
vents are more effective for selective extraction of compounds as 
demonstrated by Mendes et al. [27]. 

The carotenoid content obtained in each assay of the extraction 
methodologies was the analytical response used for statistical modeling 
of the data. The performance of the linear, quadratic, and special cubic 
model was assessed using analysis of variance (ANOVA). The special 
cubic model showed the best fit for the experimental domain of the 
proposed extraction methodologies. Table 3 shows ANOVA for the 
special cubic model with only the significant terms, with ten and eleven 
parameters for the model used in CE and UAE, respectively. 

The ANOVA for the CE procedure (Table 3) indicated that the model 
did not present a lack of fit, at the 95% confidence level, since the value 
of Fcalculated (1.54) found by the ratio between the quadratic mean of lack 
of fit and pure error was less than the Fcritical (2.901) for five degrees of 
freedom in the numerator and fifteen in the denominator. This fact 
shows no significant difference between the two quadratic means 
(MQFaj e MQEp). Besides that, the Fcalculated (33.08) for the ratio of the 
quadratic mean of the regression (MQR) and residue (MQr) was higher 
than the Fcritical (2.392) to nine degrees in the numerator and 20 in the 
denominator, demonstrating that the model is reliable for making pre-
dictions. The cubic model reached a coefficient of determination (R2) of 

0.9371 explains 93.71% of the total data variance. 
Although ANOVA (Table 3) indicated a lack of fit (Fcalculated > Fcrit-

ical) at the 95% confidence level for the UAE, the special cubic model can 
be used to make predictions since the variance captured for regression 
differs from the variance of the residuals. The ratio of the square mean of 
the regression to the residue is ten times higher than the Fcritical (24.47 >
2.397), showing that the regression is significant. The model explained 
92.65% of the total data variation. The value of R2 adj (0.9132) is similar 
to that R2 (Table 3), indicating that the proposed model is reliable 
because only 8.68% of the total variance has not been explained [38]. 

Polynomial Equations (1) and (2) describe the special cubic model 
proposed for modeling the total carotenoid content obtained from the 
extraction methodologies CE e UAE, respectively. 

CE = 102.73a+ 113.76e+ 106.38p+ 119.12m+ 52.67ae+ 82.36ap
+ 82.31am+ 21.95em+ 81.83pm+ 468.47aep

(1)  

UAE = 93.10a+ 117.40e+ 94.60p+ 122.10m+ 85.00ae+ 234.30am
+ 171.80em+ 209.40pm+ 668.60aep − 462.40apm − 911.70epm

(2) 

Analyzing the significant coefficients of the model for CE (Eq. (1)), 
all effects show synergism. The interaction between water/ethanol/pe-
troleum ether is the most important and highest value. The coefficients 
of the solvents were higher than those of binary mixtures, showing that 
the synergistic effect of the interactions slightly adds to the yield of the 
extraction methodology. Considering Eq. (2) for UAE, the effects for 
ternary mixtures between acetone/petroleum ether/methanol and 
ethanol/petroleum ether/methanol are antagonistic, and the other ef-
fects have synergism, that is, the response obtained with the two, three 
or four mixed components will always be greater than the individual 
sum of your answers. 

Fig. 3 shows the response surface graphs plotted to apply Eq. (1) and 
(2), respectively. Analyzing Fig. 3A for CE, the best yield was achieved 
using the composition of the extraction solution with approximately 
equivalent proportions for the three solvents (acetone/ethanol/petro-
leum ether). As shown in Fig. 3B, the binary acetone/methanol mixture 
proves to be more favorable using UAE for the extraction of carotenoids 
from the cashew apple. 

The resolution of the polynomial represented by Eq.1 for the pro-
posed regression model for CE indicates the ternary mixture containing 
38% acetone, 30% ethanol, and 32% petroleum ether as the optimal Fig. 2. Total carotenoid content in each assay proposed by simplex centroid 

design using UAE and CE extraction methods. 

Table 3 
ANOVA for the special cubic model.  

Conventional extraction (CE) 

Variation 
source 

Quadratic 
sum (QS) 

Degrees of 
freedom 
(Df) 

Quadratic 
mean (QM) 

Fcalc 

(95%) 
Ftab 

(95%) 

Regression 
(R)  

3754.12 9 417.12 33.08 2.392 

Residue (r)  252.16 20 12.61 
Lack of fit 

(LOF)  
85.63 5 17.13 1.54 2.901 

Pure error 
(PE)  

166.53 15 11.10 

R2  0.9371     
R adjusted  0.9087  

Ultrasound-assisted extraction (UAE) 
Regression 

(R)  
16200.80 13 1246.22 24.47 2.397 

Residue (r)  815.00 16 50.94  
Lack of fit 

(LOF)  
577.10 1 577.10 36.39 4.543 

Pure error 
(PE)  

237.90 15 15.86  

R2  0.9521     
R adjusted  0.9132      
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extraction solution. For UAE, the optimal condition was the binary 
mixture composed of 44% acetone and 56% methanol, considered the 
resolution of the regression model represented by Eq.2. Then, the 
optimal extraction solution of each proposed methodology presents a 
different composition, indicating that the factors energy and composi-
tion of the extraction medium affect the extractability of carotenoids. 
Therefore, adapted methods can cause a loss of information about the 
system under study. It is essential to optimize the extraction solvent to 
expand the performance of the methods aiming at more reliable results 
in the study. 

Saini e Keum [36] report the importance of methodologies for the 
effective extraction of carotenoids in complex matrices such as vegeta-
bles, in which applying a mixture composed of polar and non-polar 
solvents, for example, acetone/hexane or acetone/ethanol/hexane, are 
the most appropriate since they allow simultaneous extraction of polar 
and non-polar carotenoids. Such conditions are exactly obtained using 
multivariate optimization techniques. Univariate studies involving the 
extraction of carotenoids from cashew employed pure solvents such as 
acetone only [12], mixtures such as ethanol/hexane 3:4 v/v [1] and 
methanol/ethyl acetate/petroleum ether, 1:1:1 v/v/v [3]. 

3.2. Optimization of variables using a central composite design 

The approach of our study consists of the multivariate sequential 
optimization of the cashew apple carotenoid extraction procedure. 
Then, variables such as sample mass (x1) and extraction time (x2) were 
optimized using central composite design for CE and UAE methodolo-
gies with the respective optimal extraction solution. Fig. 4 shows the 
carotenoid content found for the 11 assays proposed by the experimental 
design using the UAE and CE extraction methods. 

As shown in Fig. 4, the performance of the tests applying UAE was 
superior to those of CE. The average global carotenoid content also 
increased by ca. 8.2% (143.41 µg g− 1) compared to those in Fig. 2 
(131.64 µg g− 1), showing an improvement in the performance of the 
UAE. For the CE, the global average of extracted carotenoids slightly 
reduced from 123.59 to 121.10 µg g− 1. The results shown in Fig. 4 were 
described using a quadratic model. Polynomials are represented by 
Equations (3) and (4). 

UAE = 165.28+ 9.98x1 − 3.00x2 − 16.06x2
1 − 14.02x2

2 (3)  

CE = 136.16 − 2.15x1 + 5.83x2 − 10.10x2
1 − 10.65x2

2 (4) 

The fit quality of the models was assessed using ANOVA for only the 
significant terms (Table 4). For the UAE, the quadratic model did not 
present a lack of fit to the 95% confidence level since the Fcalculed value 

(7.99) was less than Fcritical (19.246). Also, the model is reliable for 
making predictions, Fcalculed > Fcritical (83.16 > 4.53). Regarding the 
results of ANOVA for the proposed model, the CE shows that there is no 
lack of fit, Fcalculed < Fcritical (7.99 < 19.246) as well as it can be used to 
make predictions, Fcalculed > F critical (58.16 > 4.533) [38]. Therefore, 
the proposed models for the CE and UAE extraction methods are 
adequate and reliable. 

Fig. 5A and 5B show the predicted values versus the values obtained 
experimentally for the models proposed for the UAE and CE methods, 
respectively. Both models have a determination coefficient (R2) of 0.983 
(Table 4), indicating a good correlation, and the 98.3% of the total data 
variance are explained by the proposed regression. In comparison to 
other studies reported in the literature, the adjustment of the proposed 
models is adequate. Poojary and Passamonti [39] obtained R2 90.1%. 
For the extraction of lycopene in tomato pulp residues, for watermelon 
pulp, the proposed model for extracting lycopene presented R2 of 98.6% 
[40]. Ordóñez-Santos, Pinzón-Zarate, and González-Salcedo [11] 
developed a method for extraction of total carotenoids in pupunha with 
a determination coefficient of 97.6%. 

Considering the good fit presented by the models, the response sur-
faces were constructed for the UAE and CE methods using Eq. (3) and 
(4), respectively. Fig. 5C and 5D show the response surface plotted using 
the quadratic models of each extraction methodology. Looking at 

Fig. 3. Contour plot plotted for Conventional Extraction (CE) (A) and Ultrasound-Assisted Extraction (UAE) (B) using the special cubic model.  

Fig. 4. Carotenoid concentration found (µg g− 1) in the assays extracts proposed 
by the central composite design applied in the UAE and CE. 
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Fig. 5C, the optimal condition for extraction using UAE is near to central 
point for the time axis and slightly above the mass variable. For the CE 
methodology, the maximum extraction efficiency is above the central 
point on the time axis. In the region of the central point for the sample 

mass variable, it shows a positive sign (see Fig. 5D). 
The optimization of the extraction time variable has been the focus of 

some studies reported in the literature. Ordóñez-Santos, Pinzón-Zarate, 
and González-Salcedo [11] evaluated the extraction of carotenoids in 
the 10–30 min time range in which the extracts obtained after 30 min 
was found to have the highest concentration of the analyte. Yolmeh, 
Najafi, and Farhoosh [32] investigated the sonication time of 2–10 min 
to extract carotenoids from annatto seeds. The best yield was obtained at 
7.25 min. The extraction of pomegranate carotenoids was ca. 30 min to 
reach maximum performance, with the range being evaluated from 10 to 
60 min [41]. 

Considering the response surfaces (Fig. 5C and 5D) and the proposed 
model (Eq. (3) and (4)), the optimal condition for UAE is achieved with 
the sample mass of ca. 153 mg (0.300 level) in 19 min of extraction (- 
0.100 level) using the optimized extraction solvent composed of 44% 
acetone and 56% methanol. The CE shows the maximum performance 
when applied using the extraction solution of 38% acetone/30% 
ethanol/32% petroleum ether, sample mass of 136 mg (level of − 0.100) 
for 23 min (level of 0.274). 

The predicted maximum yield values were 166.98 and 137.08 µg g− 1 

for the UAE and CE extraction procedures, respectively. Then, confir-
matory experiments were carried out under the optimal conditions for 
each extraction methodology to ascertain whether the experimental 
results were close to those predicted by the model. Applying UAE, the 
total carotenoid content found was 165.47 ± 1.79 µg g− 1 and 134.41 ±
1.40 µg g− 1 in extracts obtained using the CE methodology. These values 
were not significantly different from those predicted by the proposed 
models, according to the Tukey test applied at the 95% confidence level. 
Therefore, the quality of fit for the proposed models was confirmed with 

Table 4 
ANOVA for central composite design.  

Ultrasound-assisted extraction (UAE) 

Variation 
source 

Quadratic 
sum (QS) 

Degrees of 
freedom 
(Df) 

Quadratic 
mean (QM) 

Fcalc 

(95%) 
Ftab 

(95%) 

Regression 
(R)  

2858.25 4 714.56 83.16 4.533 

Residue (r)  51.56 6 8.59 
Lack of fit 

(LOF)  
48.52 4  12.13 7.99 19.246 

Pure error 
(PE)  

3.04 2 1.52 

R2  0.983     
R adjusted  0.970  

Conventional extraction (CE) 
Regression 

(R)  
1244.56 4 311.139 58.51 4.533 

Residue (r)  21.83 6 3.639 5.14  
Lack of fit 

(LOF)  
19.90 4 4.974  

Pure error 
(PE)  

1.94 2 0.968 19.246 

R2  0.983     
R adjusted  0.971      

Fig. 5. Response surface for experimental values versus predicted values and response surface plotted for mass and time of the UAE (A and C) and CE (B and 
D) methods. 
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the tests performed. Then, the methodologies in their optimum condi-
tions were applied for the extraction of carotenoids from yellow and red 
cashews. The results found are shown in Table 5. 

3.3. Comparison between UAE and CE 

In addition to proposing two optimized methodologies for extracting 
carotenoids from the cashew apple, this study made it possible to 
compare the parameters considered: yield, sample mass, extraction 
solvent, and extraction time. Table 5 shows the conditions for extraction 
methods and the concentration of carotenoids in different cashew ap-
ples. In terms of yield, the UAE was superior to CE for all studied cashew 
apple samples. The total carotenoid content found for yellow, red, and 
mixed cashew using UAE was higher ca. 42%, 34%, and 23% compared 
to CE. According to the Tukey test, the differences verified for the results 
of the UAE and CE methodologies are significant at 95% confidence. Red 
cashews had a higher carotenoid content than yellow cashews, while the 
combined sample showed a higher concentration than individual 
pseudo-fruits (yellow and red). Assunção and Mercadante found similar 
results in which the total carotenoid levels of red cashews were slightly 
higher when compared to those of yellow varieties [42]. 

The UAE procedure was faster ca. 21% concerning CE and presented 
an average yield of ca. 33% higher. The UAE combines high performance 
in less time. The application of this extraction procedure improves the 
analytical frequency and reduces costs for analyzing carotenoids in 
cashew apples. The reduction in time achieved by applying the UAE 
methodology (Table 5) is mainly related to the phenomenon of acoustic 
cavitation that causes the collapse of micro-bubbles on the cell wall 
surface, causing rupture, erosion, and fragmentation of its structure. 
This process increases extraction kinetics because it favors the interac-
tion and release of the carotenoids present in the different cell structures 
with the extraction solvents [19,34,36,43,44]. 

The optimal extraction solution for the proposed extraction meth-
odologies was also different (Table 5). For UAE, the binary mixture 
composed of acetone and methanol was the optimal extraction solution. 
The extraction medium optimized for CE was the ternary mixture 
formed of acetone, ethanol, and petroleum ether. This difference can be 
attributed to nature of the energy used in each extraction methodology 
[19]. The high energy supplied to the UAE system promotes an increase 
in interactions and mass transfer of the carotenoids present in the cell 
matrix to the extraction solvent. This synergistic effect between ultra-
sonic energy and the extraction medium improves the extractability of 
the compounds, simplifying the composition of the extraction phase 
used and, consequently, making the extraction method cheaper. [45]. 
The energy from the mechanical agitation applied in CE is smoother, 
which extraction of the carotenoid depends on the polarity requiring a 
more complex composition for the extraction solution, for example, the 
ternary mixture of acetone, ethanol, and petroleum ether [36,46]. 

Although this study was carried out with a large sample, the CE used 
less cashew apple mass when compared to the UAE. However, as can be 
seen on the response surface plot for the UAE (Fig. 5C), reducing the 
sample mass from 153 mg to 136 mg causes a slight decrease in the 
extraction yield. 

Compared with other reported studies, the proposed UAE method-
ology achieved similar or higher extraction yields. [1,3,12,42]. 
Although the developed methodology has presented higher extraction 
yield, these differences in the concentration of carotenoids may be 
related to the edaphoclimatic conditions that the cashew tree was 
exposed to, such as light, temperature, humidity, and soil nutrients 
[42,47]. 

4. Conclusions 

Sequential multivariate optimization has been successfully applied, 
enabling the development of two reliable methods for extracting ca-
rotenoids from the cashew apple. The simplex and central composite 

centroid design showed satisfactory adjustment to the experimental data 
of both methods. Therefore, the optimal conditions found for both 
methods are reliable, repeatable, and exact. The application of high 
energy techniques for extraction of total cashew carotenoids is more 
effective to the conventional technique because the UAE showed higher 
yield, less time, and more straightforward extraction solution when 
compared to CE. The carotenoid content found in red cashew was higher 
than that of yellow cashew. In comparison, the results of our study 
applying the UAE are similar or higher to the carotenoid content pre-
sented in other works reported in the literature. Therefore, the UAE 
optimized for the extraction of carotenoids from cashews proved to be a 
simple, efficient, fast, low-cost adjustment methodology and a reliable 
alternative for other applications involving these bioactive compounds 
in the studied or similar matrix. 
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Table 5 
Extraction conditions for UAE and CE methods and the concentration of carot-
enoids (µg g− 1) in different cashew peduncles.  

Ultrasound-Assisted Extraction (UAE) 

Solvente 
extrator 

Sample 
mass 

Extraction 
time 

Carotenoid concentration (µg g− 1) 

44% acetone/ 
56% de 
methanol 

153 mg 19 min Yellow +
red 
cashew 

Red 
cashew 

Yellow 
cashew  

165.47 
± 1.79A 

154.91 
± 2.17B 

144.67 
± 1.59C  

Conventional extraction (CE) 
38% acetone/ 

30% ethanol/ 
32% 
Petroleum 
ether 

136 mg 23 min 134.41 
± 1.40D 

115,55 
± 0.40E 

102.16 
± 1.19F 

Means that do not share the same letter are significantly different according to 
the Tukey test (P < 0.05). 
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