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Abstract
This study is aimed at maximizing the recovery of anthocyanins from Sicana odorifera fruit epicarp by heat- and ultrasound-
assisted extraction (HAE and UAE, respectively) and at evaluating the in vitro bioactive properties of the anthocyanin-rich 
extracts obtained under optimized conditions. The optimization process utilized response surface methodology (RSM) 
through a central composite rotatory design (CCRD), combining time, ethanol percentage, and temperature or ultrasonic 
power. Response criteria included extraction yield (determined by gravimetry) and total anthocyanin content (TAC, quantified 
by HPLC-DAD). Under global optimum conditions, HAE (62 min, 90 °C, 27% ethanol) recovered 281 mg TAC/g extract 
with a yield of 23% (w/w) extract, while UAE (23 min, 500 W, 40% ethanol) yielded 200 mg TAC/g extract and 26% (w/w) 
extract, thus confirming the models’ predictive capacity. Furthermore, although HAE has produced extracts with higher 
anthocyanin concentrations, the cost-benefit associated with the processing conditions of each method must be considered. 
Both extracts showed antioxidant activity by inhibiting thiobarbituric acid reactive substances and oxidative hemolysis, but 
did not show anti-inflammatory, cytotoxic, and antimicrobial effects. Overall, this study promotes the upcycling of fruit waste 
into new ingredients for the food industry and other sectors that use anthocyanins, in line with sustainability and circular 
economy principles.

Keywords  Food waste valorization · Extraction intensification · Process optimization · Cyanidin/pelargonidin · Natural 
colorants · Ultrasound-assisted extraction

1  Introduction

Food additives are of utmost importance to ensure food qual-
ity and safety. Furthermore, some additives are necessary 
to improve the sensory characteristics of foods and for the 

development of new processed products [1]. In this sense, 
food colorants are widely used by the food industry, either 
to correct or improve the color of a wide range of products 
that may change during processing or to produce differenti-
ated and more appealing products for better marketing [2, 
3]. However, the most used food colorants are of synthetic or 
artificial origin, which are more efficient, stable, and cheaper 
than those obtained from natural sources [4, 5]. Nonetheless, 
in recent decades, the safety of some artificial food colorants 
has been questioned by different stakeholders [6, 7].

To develop safer colorants than the artificial ones com-
monly used in foods, dietary supplements, and related prod-
ucts, the search for sustainable natural alternatives has been 
in the spotlight of many researchers and industry profes-
sionals [2, 3]. Natural colorants can be obtained from ani-
mal, mineral, microbial, and plant sources. In the specific 
case of plant-derived colorants, these include chlorophylls, 
carotenoids, betacyanins, and anthocyanins, among other 
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pigments. In addition to imparting a particular color shade, 
these natural compounds can exert a wide range of bioactivi-
ties and health-promoting effects [5, 8]. For anthocyanins, 
which are water-soluble pigments with colors ranging from 
pink-red-purple-blue depending on the pH of the medium, 
several bioactivities have been reported, such as antioxidant, 
antidiabetic, antihypertensive, and anti-inflammatory activi-
ties, thus contributing to reducing the risk of cardiovascular 
and neurodegenerative diseases [4, 9, 10].

Although the use and commercialization of natural antho-
cyanin colorants is allowed by European legislation, obtain-
ing these additives from plant materials requires a compre-
hensive study, ranging from the selection of raw materials, 
solvents, and extraction techniques, as well as methods for 
purification, stabilization, and incorporation into foods [11, 
12]. Regarding alternative sources of food additives, fruit 
by-products such as peels are gaining visibility for obtaining 
natural colorants, since these plant materials are generally 
rich in pigments [11–14]. Therefore, the valorization of by-
products can be an asset for obtaining food-grade colorants, 
in addition to promoting the circularity and sustainable use 
of these natural resources.

The fruit of Sicana odorifera (Vell.) Naudin, popularly 
known as kurugua or melão croá in South American 
countries, is consumed for its succulent and nutritive pulp 
that can be used in the preparation of beverages, salads, 
and desserts. This fruit has a rigid inedible epicarp that 
represents about 13% of the fruit weight [15]. Despite this, 
previous studies have shown that this by-product has a high 
concentration of anthocyanins, including cyanindin-3-O-
glucoside, cyanindin-3-O-rutinoside, cyanidin hexoside 
rhamnoside, pelargonidin hexoside rhamnoside, peonidin-3-
O-(6″-O-p-coumaroyl)-β-D-glucopyranoside, and malvidin 
rhamnoside shikimate [16, 17]. Although data on the annual 
production of this fruit are scarce, an increase in both the 
popularity and production of this fruit is expected. For 
instance, the government of Paraguay has embraced the 
cultivation of this species as a strategy to promote biodiversity 
conservation [18]. Therefore, the production of by-products 
from this fruit may also increase.

Although several intrinsic characteristics of the plant 
material can affect the recovery of target bioactive com-
pounds, the processing conditions, including the extraction 
solvent and the applied process intensification factors, also 
interfere with the extraction efficiency [4, 19–21]. Con-
ventional solid-liquid extraction consists of mass transfer 
from the sample to a solvent, a process that can be improved 
by optimizing the inherent extraction parameters, such as 
time, temperature, stirring rate, and solvent characteristics, 
among others [4]. According to the literature, the extrac-
tion of anthocyanins from plant tissue increases with the 
use of polar solvents, such as water, methanol, ethanol, and 
propanol [8]. Although some studies report the efficiency of 

anthocyanin recovery using conventional methods [4, 20], 
these techniques may have techno-economic limitations due 
to the long extraction time, use of high temperatures, and 
high consumption of organic solvents. Thus, new extrac-
tion systems have been studied to maximize the recovery of 
target compounds and reduce the costs associated with the 
process [22]. Ultrasound-assisted extraction (UAE) has been 
showing advantages mainly in reducing the processing time 
and solvent volume, since the mass transfer is intensified by 
the ultrasonic waves that cause cavitation effects capable of 
disrupting the plant tissue [8, 19, 21].

With the aim of proposing an effective method for extracting 
anthocyanins from the S. odorifera fruit peel, the present 
work evaluated and compared two extraction techniques, 
namely, dynamic maceration or heat-assisted extraction 
(HAE) and UAE. The effects of three factors inherent to 
each extraction method, namely, time (t), ethanol percentage 
(S), and temperature (T) or ultrasonic power (P) for HAE 
and UAE, respectively, were investigated in a central 
composite rotatory design (CCRD) with six replicates at 
the center. The obtained experimental data (extraction yield 
and anthocyanin content) were modelled by RSM to obtain 
optimal extraction conditions capable of producing extracts 
as concentrated as possible in anthocyanin pigments. In 
addition, the bioactivity of the extracts obtained under 
optimized conditions was evaluated through in vitro assays 
for the determination of antioxidant, anti-inflammatory, 
antimicrobial, and cytotoxic activities.

2 � Materials and method

2.1 � Plant material

Ripe fruits of S. odorifera were acquired from Companhia de 
Entrepostos e Armazéns Gerais de São Paulo (CEAGESP), 
Brazil. The fruits were washed in tap water, and the epicarp 
(peel) was removed with a knife, frozen and lyophilized 
until total dryness, and reduced to a homogeneous powder 
(~20 mesh) using a domestic grinder (La moulinette 800 
W, Moulinex Groupe SEB, France). The sample was stored 
protected from light at -20 °C until use.

2.2 � Experimental design for RSM optimization

For extraction optimization of anthocyanin from S. odorifera 
fruit epicarp, an RSM-CCRD with three factors at five lev-
els was implemented to determine the experimental points 
for heat-assisted extraction (HAE) and ultrasound-assisted 
extraction (UAE). The factors time (t: min), ethanol percent-
age (S: % (v/v), and temperature (T: °C) or power (P: W), for 
HAE and UAE, respectively, and their range of values were 
determined based on previous studies [14]. The natural and 
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coded values of the selected factors are shown in Table 1. As 
dependent or response variables, the extraction yield (Y1: %, 
w/w) and total anthocyanin content per gram of extract (Y2: 
mg TAC/g E) were analyzed.

t time, T temperature, P power, S solvent (ethanol 
percentage)

2.3 � Extraction methods

2.3.1 � Heat‑assisted extraction (HAE)

The experimental points determined for HAE were 
performed using a carousel system (Carousel™ 6 plus, 
Radleys Discovery Technologies, UK) with stirring at 500 
rpm. Epicarp powder was mixed with solvent (S, 0–100% 
ethanol absolute 99.8% (Fisher Scientific) acidified with 
citric acid until pH 3), and the solid/liquid ratio (S/L) was 
kept at 50 g/L [23]. After that, the samples were submitted 
to different extraction conditions, combining time (t, 2–90 
min) and temperature (T, 20–90 °C) according to the CCRD 
matrix. The extract solutions were then centrifuged (2000×g 
for 10 min at 10 °C), and the liquid phase was collected. 
The extraction yield (Y1: %, w/w) was determined based 
on the weight of the dry extract obtained by a gravimetric 
method that involves drying 5 mL of liquid extract at 105 
°C for 24 h [14]. For anthocyanins, a 2 mL aliquot of extract 
solution was filtered through 0.22-μm filter disks for HPLC 
analysis.

2.3.2 � Ultrasound‑assisted extraction (UAE)

An ultrasonic homogenizer equipped with a titanium probe 
(model CY-500, 20 kHz, Optic Ivymen System, Barcelona, 
Spain) was used for UAE. Powder samples were placed in 
a beaker with acidified solvent (S, 0–100% ethanol at pH 3) 
at 50 g/L and processed under the CCRD conditions of time 
(t, 2–45 min) and power (P, 5–500 W). The temperature 
was kept at 20 ± 3 °C during processing. After extraction, 

the extract solutions were processed as described above for 
HAE.

2.4 � Determination of the total anthocyanin content

The total anthocyanin content (Y2, TAC) in each extract 
was analyzed by high-performance liquid chromatography 
(Dionex Ultimate 3000 HPLC, Thermo Scientific) as pre-
viously described [24]. In a previous study carried out by 
the authors [24], cyanidin-O-deoxyhexosyl-hexoside and 
pelargonidin-O-deoxyhexosyl-hexoside were identified in S. 
odorifera fruit epicarp. These data were used to identify and 
quantify the anthocyanins detected in the extracts by using 
seven-level calibration curves constructed with standards of 
cyanidin-3-O-glucoside (y = 129688x − 42802, r2 = 0.9969, 
limit of detection (LOD) = 0.59 μg/mL, and limit of quantifi-
cation (LOQ) = 1.81 μg/mL) and perlagonidin-3-O-glucoside 
(y = 28699x + 761.27, r2 = 0.9992, LOD = 0.96 μg/mL, and 
LOQ = 2.90 μg/mL). The TAC (mg/g E) was determined 
by the sum of the contents of both anthocyanins (Table S1).

2.5 � Definition of mathematical models, response 
surfaces, and validation procedure

The experimental responses obtained under the CCRD were 
adjusted through least-squares calculation to a second-order 
polynomial model using Design-Expert software, version 
11 (Stat-Ease, Inc., Minneapolis, USA). Analysis of vari-
ance (ANOVA) was used to determine the parametric coef-
ficient, model significance, coefficient of determination 
(R2), adjusted coefficient of determination (R2 adj), and 
the adequacy of the models by the statistic lack-of-fit. To 
build the models, only significant coefficients (p < 0.05) 
or those required for the hierarchy were considered. The 
software also was used to engender 2D plots to depict the 
effect of each factor on the target responses and to create 
the response surfaces in 3D to visually illustrate the com-
bined effect between factors on the responses. The global 
HAE and UAE conditions that maximize both the extraction 
yield and the anthocyanin recovery were determined using 

Table 1   Natural and coded 
values of the factors used in the 
CCRD implemented for heat-
assisted extraction (HAE) and 
ultrasound-assisted extraction 
(UAE)

Coded values Natural values

HAE UAE

t (min) T (°C) S (%) t (min) P (W) S (%)

−1.68 2 20 0 2 5 0
−1 20 34 20 11 105 20
0 46 55 50 25 253 50
+1 72 76 80 36 400 80
+1.68 90 90 100 45 500 100
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numerical optimization criteria, given the same importance 
to the variables. The best global conditions were experimen-
tally tested in triplicate to assess the predictive accuracy of 
the theoretical models, which was evaluated (α = 0.05) by 
the post-analysis verification of the Design-expert software. 
Furthermore, the mean absolute percentage error (MAPE) 
was determined according to the following equation [25]:

where A is the experimental value, F is the predicted value, 
and N denotes the number of fitted points.

2.6 � Color and bioactivity assessment 
of the anthocyanin‑rich extracts

2.6.1 � Preparation of dry extracts

The anthocyanin-rich extracts obtained under the global 
optimized conditions established for HAE and UAE were 
centrifugated at 2000×g for 10 min at 10 °C, and the super-
natants were concentrated under reduced pressure until 
separation of ethanol. Afterwards, the remaining aqueous 
phases were frozen (−20 °C) and lyophilized to complete 
dryness for subsequent color measurement and bioactivity 
assessment.

2.6.2 � Color assessment

The color parameters (L*, a*, b*) of the anthocyanin-rich 
extracts were measured using a portable CR-400 colorimeter 
(Konica Minolta Sensing Inc., Tokyo, Japan) programmed 
with D65 illuminant (standard defined by the International 
Commission on Illumination (CIE) as roughly correspond-
ing to the average midday light in Western Europe). The 
CIELab values were converted to RGB (red, green, blue) 
using EasyRGB (http://​www.​easyr​gb.​com) to create a color 
model for visual perception.

2.6.3 � Antioxidant activity

The antioxidant activity of the anthocyanin-rich extracts 
was evaluated using two cell-based methodologies previ-
ously described [24, 26], namely, the thiobarbituric acid 
reactive substances (TBARS) formation inhibition assay, 
which results were expressed as IC50 values (μg/mL) and 
translate the extract concentration providing 50% of TBARS 
inhibition, and the oxidative hemolysis inhibition assay 

(1)MAPE =

∑ ∣A−F∣

A
× 100

N

(OxHLIA), which results were expressed as IC50 values 
(μg/mL) for a time interval (Δt) of 60 min and translate to 
the extract concentration required to keep 50% of the sheep 
erythrocyte population intact for 60 min. Trolox (0.39–50 
μg/mL) was used as a positive control in both assays.

2.6.4 � Cytotoxic activity

The cytotoxic activity of the anthocyanin-rich extracts 
(0.125–8 mg/mL) was assessed by the sulforhodamine B 
(SRB) assay [24, 27] on human tumor cell lines (NCI-H460 
(non-small lung cancer cells)); Caco-2 (colon cancer cells) and 
MCF-7 (breast cancer cells); and AGS (gastric cancer cells)); 
and on one non-tumor porcine liver cell line (PLP2). The 
results were expressed as GI50 values (μg/mL) and translate 
the extract concentration that inhibits 50% of cell proliferation 
[28]. Ellipticine (0.38–12.3 μg/mL) was used as a positive.

2.6.5 � Anti‑inflammatory activity

The anti-inflammatory activity of the anthocyanin-rich extracts 
(0.125–8 mg/mL) was measured based on the inhibition of 
nitric oxide (NO) production by lipopolysaccharide-stimulated 
murine macrophage RAW 264.7 cells. The Griess reagent kit 
was used for nitrite quantification in the medium. The results 
were expressed as IC50 values (μg/mL), which translate the 
extract concentration that causes 50% of NO production inhi-
bition [24]. Dexamethasone (7.65–980 μg/mL) was used as a 
positive control.

2.6.6 � Antimicrobial activity

The antibacterial and antifungal activities of the anthocyanin-
rich extracts (0.0078–10 mg/mL) were assessed by serial 
microdilution methods previously described [24]. Enterobac-
ter cloacae, Escherichia coli, Pseudomonas aeruginosa, Sal-
monella enterocolitica, Yesinia enterocolitica, Bacillus cereus, 
Staphylococcus aureus, and Listeria monocytogenes were the 
tested bacteria, while Aspergillus brasiliensis and Aspergil-
lus fumigatus were the tested fungi. Results were expressed 
as minimum inhibitory concentration (MIC). Ampicillin 
(0.078–20 mg/mL) and ketoconazole (0.039–10 mg/mL) were 
used as positive controls.

2.6.7 � Statistical analysis

Optimal responses, color, and bioactivity analyses were evalu-
ated in triplicate and the results are expressed as mean ± stand-
ard deviation. Statistical differences between the two samples 
were assessed by a Student’s t-test (p < 0.05) using R software, 
version 4.0.3.

http://www.easyrgb.com
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3 � Results and discussion

3.1 � Optimized conditions for anthocyanin 
extraction

3.1.1 � Experimental data

To optimize the extraction of anthocyanins from S. odor-
ifera fruit epicarp by HAE and UAE techniques, the influ-
ence of three factors was evaluated on the extraction yield 
and total anthocyanin content in the obtained extracts. 
The experimental results for the 20 runs of the design are 
presented in Table 2. For HAE, the extraction yield (Y1) 
varied between 17.70 and 25.03% (w/w), with the lowest 
response observed in the run 14 extract, which combined 
median-low values of time and temperature with the high-
est percentage of ethanol, and the highest response was 

achieved with run 17. For UAE, the Y1 response varia-
tion was higher than that observed for HAE, ranging from 
10.73 to 29.09% (w/w). As observed for HAE, the lowest 
UAE yield was achieved with run 14 and the highest with 
run 12.

Regarding the total anthocyanin content (TAC) in the 
extracts (Y2), the experimental results obtained with HAE 
varied from 105.00 to 304 mg/g E. With this extraction sys-
tem, the highest concentration was achieved with medium-
high time and temperature levels, with medium-low ethanol 
percentages (run 4: 1, 1 −1), and the minimum was observed 
in run 14, with the highest ethanol percentage (0, 0, 1.68). 
In turn, a greater variation in the results was observed in the 
extracts obtained by UAE. The lowest anthocyanin extrac-
tion (Y2 = 19.71 mg/g E) was occasioned by the combination 
of medium-low values for all factors (run 1: −1, −1, −1), 
while the maximum recovery (Y2 = 212.00 mg/g E) was 

Table 2   Experimental domain 
and results for extraction yield 
(Y1) and total anthocyanin 
content (Y2) obtained by heat-
assisted extraction (HAE) and 
ultrasound-assisted extraction 
(UAE), alongside with the 
model-predicted values (in 
parentheses). Statistical data of 
each model are also presented

1 Natural values are shown in Table 1
t time (min), T temperature (°C), P power (W), S solvent (ethanol %)

Run Experimental domain Experimental and predictive responses

(coded values)1 HAE UAE

t T/P S Y1 (%, w/w) Y2 (mg/g E) Y1 (%, w/w) Y2 (mg/g E)

1 −1 −1 −1 18.06 (18.54) 147.20 (136.81) 17.09 (17.35) 49.71 (55.95)
2 1 −1 −1 20.09 (20.62) 189.77 (186.15) 18.02 (19.02) 75.99 (83.71)
3 −1 1 −1 22.02 (21.20) 229.83 (232.01) 22.08 (22.53) 204.54 (205.65)
4 1 1 −1 22.64 (23.28) 304.12 (281.35) 23.13 (24.20) 203.15 (196.84)
5 −1 −1 1 19.49 (18.90) 118.37 (110.21) 13.36 (11.63) 115.91 (125.46)
6 1 −1 1 21.09 (20.98) 112.87 (159.55) 13.82 (13.30) 140.55 (153.22)
7 −1 1 1 23.38 (21.56) 108.96 (101.07) 22.81 (21.43) 175.26 (170.78)
8 1 1 1 24.16 (23.64) 110.57 (150.41) 23.70 (23.10) 154.42 (161.96)
9 −1.68 0 0 18.68 (20.22) 105.85 (124.59) 17.12 (18.37) 138.34 (148.50)
10 1.68 0 0 22.95 (23.72) 239.00 (207.57) 21.91 (21.18) 159.73 (164.43)
11 0 −1.68 0 20.05 (19.73) 182.25 (181.38) 16.14 (15.70) 101.56 (89.85)
12 0 1.68 0 24.05 (24.11) 246.79 (253.73) 29.05 (28.29) 212.00 (223.08)
13 0 0 −1.68 21.30 (19.74) 175.00 (199.89) 20.65 (18.81) 108.32 (107.20)
14 0 0 1.68 17.70 (18.45) 105.00 (67.42) 10.73 (13.08) 147.24 (136.52)
15 0 0 0 22.30 (22.35) 215.43 (217.56) 20.96 (21.99) 170.43 (156.47)
16 0 0 0 22.63 (22.35) 235.00 (217.56) 22.67 (21.99) 169.52 (156.47)
17 0 0 0 25.03 (22.35) 198.69 (217.56) 21.21 (21.99) 149.87 (156.47)
18 0 0 0 21.29 (22.35) 244.80 (217.56) 21.67 (21.99) 166.39 (156.47)
19 0 0 0 22.38 (22.35) 225.74 (217.56) 20.79 (21.99) 165.83 (156.47)
20 0 0 0 23.19 (22.35) 202.45 (217.56) 23.03 (21.99) 152.72 (156.47)
Statistical details
Model significance (p-value) 0.0003 <0.0001 <0.0001 <0.0001
Lack-of-fit (p-value) 0.0691 0.1191 0.1266 0.2449
R2 0.7364 0. 8564 0.9296 0.9516
R2 adj 0.6661 0.7901 0.8971 0.9292
Adequate precision 10.30 13.27 20.52 25.61
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achieved with run 12 which applied the highest ultrasonic 
power (0, 1.68, 0).

3.1.2 � Fitting of the mathematical models

To describe the effects of the factors and the selected 
responses, mathematical models were constructed based on 
the experimental results shown in Table 2. The data were 
fitted to a second-order polynomial equation using Design-
Expert. The significance of the factors and statistical param-
eters of the models’ fitting procedure was evaluated using 
an ANOVA (Tables S2–S5 in supplementary material). 
Only significant terms (at a 95% confidence level) were 
considered in the mathematical models fitting for HAE and 
UAE (which significance level and standard deviation of 
the model regression coefficients are provided in Table S6), 
which are presented in terms of coded values below:

For HAE:

For UAE:

The mathematical models expressed in terms of natu-
ral values are presented in the supplementary material. As 
shown in Table 2, all models were significant (p-values ≤ 
0.0003) and had a non-significant lack-of-fit (p-values ≤ 
0.2449). For the R2 and R2 adj coefficients, the models built 
for UAE (Eqs. 4 and 5) showed higher fitting values (R2 
= 0.9296–0.9516 and R2 adj = 0.8971–0.9292) than the 
HAE models (Eqs. 2 and 3, R2 = 0.7364–0.8564 and R2 
adj = 0.6661–0.7901). The adequate precision measures the 
signal-to-noise ratio, and considering that a good adequate 
precision must be higher than 4 [23], all models showed 
acceptable values. Therefore, these predictive models can 
be used to navigate the design space. In general, the models 
built for the UAE process showed a better fit than HAE mod-
els, which can be seen in Fig. 1, where the model-predicted 
values for the responses obtained by this extraction method 
are closer to the experimental values.

According to Eq. 2, which translates the HAE trends, all 
variables showed significant effects; time and temperature 
contributed positively to the extraction with linear effects, 
while the ethanol percentage mainly caused a negative quad-
ratic effect. Due to this quadratic term, the non-significant 
(p-value > 0.05) linear term of this factor was kept in the 

(2)Y
1
= 21.87 + 1.04t + 1.33T + 0.18S − 0.88S

2

(3)
Y
2
=217.56 + 24.67t + 21.52T − 39.39S − 26.09TS

− 18.20t
2 − 29.67S

2

(4)
Y
1
= 21.99 + 0.83t + 3.75P − 1.71S + 1.15PS − 0.78 t

2 − 2.14S
2

(5)
Y
2
= 156.47 + 4.74t + 39.61P + 8.66S − 9.14tP − 26.10PS − 12.27S

2

model to ensure its hierarchy. For UAE, Eq. 4 includes the 
linear effects of the three factors. Among them, the variation 
in ultrasonic power had a greater impact on the response due 
to the value of its parametric coefficient (b2 = 3.75) being 
greater than the others (b1 = 0.83 and b3 = 1.71). The etha-
nol percentage also showed highly impacting negative linear 
and quadratic effects on Y1.

For the total anthocyanin content (Y2), according to the 
HAE mathematical model (Eq. 3), the response depended 
on all factors, and time and temperature had positive lin-
ear effects. However, the time showed a significant negative 
quadratic effect, while both linear and quadratic effects of 
solvent were negative (thus, lower ethanol percentages were 
favorable). Furthermore, the negative effect of the interac-
tion between temperature and solvent (b23 = −26.09) had 
a high weight in the response. For UAE, the mathematical 
model (Eq. 5) that describes the influence of the extraction 
variables on Y2 is composed of linear, quadratic and interac-
tion effects. Linear effects were significant for all variables 
(Table S6), but ultrasonic power (b2 = 39.61) had by far the 
greatest impact on the response. Furthermore, its interaction 
with time (b12 = −9.14) and solvent (b23 = −26.10) nega-
tively influenced the recovery of anthocyanins.

3.1.3 � Optimal conditions for extraction yield

From the models described above, the 2D and 3D plots 
embedded in Figs. 2 and 3, respectively, were built to visu-
ally illustrate the individual and combined effects of the 
factors on the target responses. From these plots, it is pos-
sible to visualize the extraction patterns that lead to the 
best response values. When analyzing the HAE plots, it 
was concluded that there was an increase in the extraction 
yield when the time and temperature values tended to be 
higher, and the maximum response was achieved by combin-
ing these variables at their tested maximum (Fig. 2). High 
temperatures can benefit the extraction of compounds from 
plant cells in several ways. Firstly, increasing the tempera-
ture reduces the viscosity of the extraction solvent, which 
facilitates its penetration into plant cells. Furthermore, an 
increase in temperature can destabilize cell membranes, pro-
moting more effective release of solutes. High temperature 
also increases the solubility of target compounds, thereby 
making the extraction process more efficient [29]. Regard-
ing ethanol percentage, low extraction yields were obtained 
at the two extreme proportions of ethanol (0% and 100%), 
and medium percentages (25–75% ethanol) were suitable 
for better results due to the negative quadratic effect of 
this variable. The use of solvents with different polarities 
extracts a greater variety of compounds, which may justify 
the observed trends. For example, water is more effective in 
the extraction of glycosides, while aglycones can be better 
recovered with ethanol [30].
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For UAE, Y1 benefited from an increase in processing 
time up to approximately 30 min, after which there was a 
slight decrease in the response caused by the negative quad-
ratic effect of this variable. The increase in power led to 
a better response, while a medium ethanol percentage was 
required for such an increase. The interaction of these vari-
ables (Fig. 3) promoted the UAE by combining power > 
129 W and solvent < 75% ethanol. For UAE, the response 

surface combining time and power showed that high extract 
yields (Y1) occur with power > 376 W and time > 13 min, 
and higher yields can be reached with extraction time greater 
than 24 min of sonication at 500 W. These findings agree 
with previously documented effects for UAE of phenolic 
compounds, in which higher power settings potentiated 
higher concentrations of these secondary metabolites. This 
outcome can be attributed mainly to the impact of cavitation 

Fig. 1   Illustration of the goodness of fit of the models relative to A extract yield (Y1) and B total anthocyanin content (Y2) obtained by heat-
assisted extraction (HAE) and to C extract yield (Y1) and D total anthocyanin content (Y2) obtained by ultrasound-assisted extraction (UAE)



	 Biomass Conversion and Biorefinery

1 3

waves, which convey energy capable of inducing cell rup-
ture, enabling greater mass transfer to the solvent [31]. The 
model (Eqs. 2 and 4) predicted extraction conditions that 
lead to an absolute maximum yield are presented below:

–	 For HAE: t = 90 min, T = 90 °C, and S = 53% ethanol 
(v/v), yielding 26 ± 1% (w/w) of extract.

–	 For UAE: t = 30 min, P = 500 W, and S = 42% ethanol 
(v/v), yielding of 29 ± 1% (w/w) of extract.

The UAE allowed a higher extraction yield than HAE 
with a shorter time and ethanol percentage. Other studies on 
obtaining anthocyanins from fruits or their waste also found 
that the UAE has better efficiency than HAE. For example, 
from Myrciaria jaboticaba (Vell.) Berg. epicarp, the maxi-
mum yield obtained by UAE was 59.0% and by HAE was 
56.6% [14]; from Arbutus unedo L. fruit, UAE provided a 
yield of 85% against 75% for HAE [27]. The better efficiency 

of UAE may be a consequence of the disruption of plant 
cell walls caused by ultrasonic cavitation, thus allowing a 
better mass transfer and higher yields [8]. It is noteworthy 
that UAE exhibited lower selectivity for anthocyanins than 
HAE since the extract obtained by UAE contained molecules 
other than anthocyanins in its composition (possibly simple 
sugars and fibers), which were not investigated in this work.

3.1.4 � Optimal conditions for total anthocyanin content

The effects of the process factors on anthocyanin recovery 
are graphically shown in Figs. 2 and 3. For HAE, the TAC 
yield was promoted by the increase in time up to ≈ 68 min 
and decreased after this point possibly due to the degrada-
tion of these compounds. The increase in temperature had 
a positive effect on the process when combined with lower 
ethanol percentages, while when combined with more than 
25% ethanol, the yield was very low (Fig. 3). Although 

EAUEAH

Y1: Yield (%, w/w) Y2: TAC (mg/g E) Y1: Yield (%, w/w) Y2: TAC (mg/g E) 

Fig. 2   Individual effect of the process factors represented in 2D 
response graphs for extraction yield (Y1) and total anthocyanin con-
tent (Y2) obtained by heat-assisted extraction (HAE) and ultrasound-

assisted (UAE). In each graph, the red cross indicates the optimum 
point and the unplotted factors were kept constant at their optimum
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anthocyanins are generally considered thermosensitive 
compounds, the optimal conditions determined for HAE 
suggest that higher temperatures can enhance the recovery 
of these pigments. This result agrees with previous find-
ings on the extraction of anthocyanins from other sources 
[29, 32–35]. Elevated temperatures boost the mass transfer 
rate and can also lead to the inactivation of enzymes, such 
as polyphenol oxidase and peroxidase, naturally present 
in plant tissues, which could otherwise degrade anthocya-
nins. Therefore, striking the right extraction temperature 
may be crucial for the successful recovery of anthocyanins 
[30, 33, 36]. In turn, it is important to highlight that higher 
concentrations of ethanol can reduce the extraction solvent 
polarity, resulting in a reduced solubility of anthocyanins. 
Furthermore, ethanol can potentially lead to protein dena-
turation, hindering the solvent's ability to penetrate plant 
cells [36]. As previously discussed, a mix of water and 
an organic solvent may offer greater efficiency in extract-
ing various compounds. Regarding anthocyanin recovery, 
various studies have demonstrated that a mixture of etha-
nol and water ranging from 20% to 70% can significantly 
enhance the extraction process for these compounds [30, 

36]. For UAE, although the variable time by itself did not 
have a significant impact (p-value > 0.05) on the response, 
the performance was better when sonicating the mixture 
at high power for short periods, while longer processing 
at high power caused a decrease in TAC. On the other 
hand, for low ultrasonic power, it was necessary to apply 
more time to promote pigment extraction. Furthermore, 
to obtain the maximum response, this condition had to be 
associated with less than 50% ethanol. Considering these 
circumstances, the optimal conditions and their respective 
response values predicted by the model Eqs. 3 and 5 are 
presented below:

–	 For HAE: t = 63 min, T = 90 °C, and S = 20% ethanol 
(v/v), yielding 315 ± 27 mg anthocyanins/g of extract; 
and

–	 For UAE: t = 11 min, P = 446 W, and S = 20% ethanol 
(v/v), yielding 239 ± 11 mg anthocyanins/g of extract.

In general, the HAE of anthocyanins from S. odorifera 
fruit epicarp originated an extract with a higher anthocya-
nin concentration, thus being more selective for the target 

EAUEAH

Y1: Yield (%, w/w) Y2: TAC (mg/g E) Y1: Yield (%, w/w) Y2: TAC (mg/g E) 

Fig. 3   Response surface graphs for extraction yield (Y1) and total anthocyanin content (Y2) obtained by heat-assisted extraction (HAE) and ultra-
sound-assisted extraction (UAE). In each 3D graph, the unplotted factor was fixed at its optimum
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anthocyanins (Table S1). On the other hand, a higher extract 
yield was reached using UAE (~ 10% more). Additionally, 
the lower anthocyanin recovery by UAE could be related to 
the utilization of high ultrasound power. While this factor 
enhanced the extract yield, it also poses a risk of poten-
tial degradation of anthocyanins. This degradation primar-
ily arises from the production of OH radicals through the 
cavitation effect, which can initiate oxidation mechanisms. 
Moreover, the high energy generated by cavitation waves 
may result in the cleavage of covalent bonds, causing ring 
openings and the formation of chalcones [31, 37]. Sun et al. 
[38] and Yao et al. [39] investigated the degradation rate of 
pelargonidin-3-glucoside (P3G) and cyanidin-3-O-glucoside 
(C3G) in strawberry and blueberry juice, respectively, sub-
jected to ultrasound treatments. With 200 W treatment, the 
half-life (t ½) of C3G was relatively longer compared to 
that of P3G (t ½ = 51.727 and 41.014, respectively). The 
half-life of both anthocyanins decreased significantly with 
increasing ultrasonic power. For instance, at 300 W, the t ½ 
of C3G was 19.308 min, while for P3G it was 16.1950 min. 
These values further decreased at 500 W, with C3G hav-
ing a t ½ of 11.768 min and P3G having a t ½ of 10.3147 
min. The authors concluded that in the ultrasound process, 
cavitation waves play a major role in the degradation of 
anthocyanins. These waves generate high temperature and 
pressure, leading to the pyrolysis of water, which requires a 
significant amount of energy and results in the formation of 
free radicals. These free radicals, due to their high reactivity, 
cause an oxidizing effect and contribute to the reduction of 
anthocyanins [38, 39].

3.1.5 � Global optimal condition

Global optimal conditions were determined to obtain the 
settings that make it possible to simultaneously have a high 
extraction yield and TAC. In this way, both mathematical 
models were combined by maximizing the two response 
variables as far as possible. The global optimal conditions 
obtained for HAE and UAE are presented below:

–	 For HAE: t = 62 min; T = 90 °C, and S = 27% ethanol 
(v/v), yielding 24 ± 1% (w/w) of extract (Y1) and 305 ± 
27 mg TAC/g E (Y2).

–	 For UAE: t = 23 min, P = 500 W, and S = 40% ethanol 
(v/v), yielding 28 ± 1% (w/w) of extract (Y1) and 234 ± 
11 mg TAC/g E (Y2).

In general, a higher amount of extract can be obtained 
from S. odorifera fruit epicarp using the global UAE con-
ditions. This extraction technology has demonstrated cer-
tain advantages over HAE for the extraction of intracellu-
lar solutes, including faster processing times, less solvent 
consumption, and improved mass transfer. These UAE 

requirements result from its capacity to disrupt plant tis-
sue and cell barriers with ultrasonic waves, enabling solvent 
penetration and subsequent solute recovery. Nonetheless, it 
can be concluded that HAE was able to recover approxi-
mately 74 mg anthocyanins/dry epicarp. In contrast, UAE 
enabled the recovery of about 65.5 mg/g dry epicarp using 
only one-sixth the time required compared to HAE. There-
fore, HAE may be suitable for obtaining an extract with 
greater anthocyanin purity, while UAE may be more indi-
cated for producing a greater extract weight. In any case, the 
cost-benefits must be considered.

3.2 � Experimental validation of the mathematical 
models

Additional extractions were conducted under the optimal 
global conditions established for HAE and UAE in order to 
verify the predictive accuracy of theoretical models. With 
HAE, it was possible to achieve an extraction yield of 23 ± 
1% (w/w) and 281±2 mg TAC/g E, while the UAE system 
yielded 26 ± 2% (w/w) and 200 ± 3 mg TAC/g E. According 
to the post-analysis performed in the Design-expert software 
at a 95% confidence interval, these values are within the 
range of predicted responses of the models. Its predictive 
ability was thus validated. Regarding the error between pre-
dicted and experimental values, for HAE, the MAPE values 
obtained for the Y1 and Y2 models were equal to 5.45% and 
8.48%, respectively. For the UAE models, the values were 
higher, specifically 6.15% and 13.51% for Y1 and Y2, respec-
tively. This indicates that the models fitted to describe the 
anthocyanin extraction behavior for UAE may be less accu-
rate than the HAE models.

By comparing the experimental results obtained with the 
two extraction methods, it was concluded that UAE pro-
duced an apparently superior value for extract yield. How-
ever, the statistical analysis revealed the absence of a statis-
tically significant variation (p-value = 0.1666) between the 
results obtained by the two methods. On the other hand, for 
the TAC quantified in the extracts, with HAE, it was pos-
sible to obtain a significantly enriched extract (p-value = 
0.0006). Nonetheless, when the extract yield and TAC val-
ues achieved by each method are converted into milligrams 
of anthocyanins per gram of dry epicarp, it was possible 
to recover 64.1±4.5 mg/g using HAE, while UAE yielded 
52.6±4.5 mg/g. Still, both methods demonstrate compara-
ble efficiency (p-value = 0.1294) for extracting the target 
pigments.

Under optimized conditions, both extraction methods 
allowed obtaining a higher anthocyanin content from S. 
odorifera fruit epicarp than others described in the litera-
ture. For example, a dynamic maceration conducted at room 
temperature with 80% ethanol allowed the recovery of 111 
mg TAC/g extract [24], while a UAE (40 kHz) of 15 min 
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with 60% ethanol resulted in 68 mg cyanidin equivalents/g 
extract [16].

3.3 � Color of the anthocyanin‑rich extracts

Table 3 presents the color parameters and the RGB color 
of the extracts obtained under the global condition speci-
fied for HAE and UAE. The HAE extract exhibited a darker 
shade (lower L* value) compared to the UAE extract and it 
also had a more yellowish tone (higher b* value). However, 
both extracts displayed the same redness, as indicated by the 
non-significant (p > 0.05) difference in a* values. The RGB 
representation confirmed that both anthocyanin-rich extracts 
shared a similar color towards black. This coloration could 
be attributed to the high concentration of cyanidin-O-deox-
yhexosyl-hexoside, a compound known for contributing to 
the black color observed in some flowers, fruits, vegetables, 
and grains [40].

3.4 � Bioactivity of the anthocyanin‑rich extracts

The anthocyanin-rich extracts obtained under the global con-
ditions determined for HAE and UAE were tested for their 
in vitro bioactive properties and the results are shown in 
Table S7. Regarding the antioxidant activity assessed by the 
thiobarbituric acid reactive substances (TBARS) formation 
inhibition assay, both extracts showed a similar capacity to 
inhibit lipid peroxidation, which was slightly higher activity 
than that (48.2 ± 0.2 μg/mL) determined in a previous study 
[24]. Regarding the OxHLIA bioassay, the HAE extract 
concentration required to inhibit 50% of oxidative hemoly-
sis (IC50 value) for a 60 min Δt was higher than the UAE 
extract concentration. Thus, a significantly better antihemo-
lytic activity was presented by the extract obtained by UAE, 
which was comparator to that (IC50 value = 27±1 μg/mL) of 

an extract previously obtained by maceration in 80% ethanol 
at room temperature [24]. Therefore, it can be concluded 
that the extract with the highest concentration of anthocya-
nins does not necessarily have better antioxidant activity. 
Previously, Jaramillo et al. [17] evaluated the antioxidant 
activity of compounds isolated from S. odorifera fruit epi-
carp through the TEAC and ABTS chemical methods and 
found that quercetin derivatives were the constituents with 
the greatest antioxidant effect of this plant material.

Regarding the other tested bioactivities, the extracts did 
not show anti-inflammatory, cytotoxic, or antimicrobial 
activity within the tested concentrations (Table S7). These 
results are consistent with a previous study [23], except for 
the antibacterial activity, as the authors showed that the S. 
odorifera fruit epicarp extract obtained with 80% ethanol 
had the capacity to inhibit the growth (MIC = 1.1 mg/mL) 
and kill the inoculum (MBC = 2.2 mg/mL) of E. cloacae, 
E. coli, B. cereus, L. monocytogenes, and S. aureus. There-
fore, the increase in the concentration of anthocyanins in 
the extract of S. odorifera fruit epicarp does not seem to be 
related to the bioactivities evaluated in this work (except 
for the antioxidant activity), thus corroborating the previous 
results of Jaramillo et al. [17].

4 � Conclusion

The HAE and UAE processes were successfully optimized 
to extract anthocyanins from S. odorifera fruit epicarp. 
HAE offered an extract with higher anthocyanin content but 
required a longer processing time than UAE (62 vs. 23 min, 
respectively). On the other hand, it was possible to reach a 
slightly higher extract yield with UAE than with HAE (28 vs. 
25% (w/w), respectively). As a process intensification factor, 
HAE needed 90 °C and UAE 500 W of ultrasonic power. 

Table 3   Color and antioxidant activity of the anthocyanin-rich extracts obtained by the optimized heat-assisted extraction (HAE) and ultra-
sound-assisted extraction (UAE) methods

HAE extract UAE extract Trolox p-value

Color parameters

L* 17.3±0.4 19.7±0.4 - 0.004

a* 3.6±0.2 3.6±0.2 - 1.000

b* 2.3±0.1 1.8±0.1 - 0.019

RGB color - -

Antioxidant activity

TBARS (IC50, µg/mL) 45±6 37± 3 5.8 ± 0.6 0.343

OxHLIA (IC50, µg/mL)1 69±4 26±1 21.8 ± 0.34 0.001

L*: chromaticity from (0)black to (100)white; a*: chromaticity from (−)green to (+)red; and b*: chromaticity from (−)blue to (+)yellow
1 IC50 values calculated for a 60 min Δt. Student’s t-test was applied to assess statistical differences (p < 0.05) between sample extracts
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Regarding the solvent, both methods required medium-low 
ethanol percentages; HAE required a lower percentage than 
UAE (27 vs. 40% (v/v), respectively) to simultaneously 
maximize extract weight and total anthocyanin content. 
The color of the lyophilized anthocyanin-rich extracts was 
similar, but that obtained by HAE was darker and yellowish. 
Although this extract also had a higher anthocyanin content, 
the UAE-obtained extract showed better in vitro antioxidant 
activity. However, none of the extracts showed antimicro-
bial, anti-inflammatory, and cytotoxic effects, evidencing the 
lack of toxicity for the tested normal cells.

Overall, both extraction methods produce extracts with 
high-anthocyanin concentrations. Although HAE appears 
to be more effective, the cost-benefit associated with the 
processing conditions of each method must be considered 
when aiming its exploitation by the industry. Further studies 
will be important to analyze the cost-benefits of the stud-
ied methodologies and to explore the impact of additional 
factors such as particle size, stirring rate, and pH, among 
others. The investigation of alternative extraction method-
ologies like pressurized liquids, supercritical fluids, pulsed 
electric fields, or other non-thermal disruption technologies 
would also be interesting, as well as the implementation of 
purification methods to obtain extracts with higher antho-
cyanin content.

This study also showed that the fruit epicarp of S. odor-
ifera has the potential to be used as a renewable source of 
anthocyanins. Therefore, the exploitation of its coloring 
extracts by the food and cosmetic industries, among others 
that use anthocyanins in their products, could be a future-
oriented strategy to promote the sustainable use of this 
underexploited by-product.
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