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Abstract: The objective of this work was to optimize the ultrasound-assisted extraction process of
bioactive compounds from byproducts of V. vinifera and C. sinensis using the Taguchi methodology.
Moreover, the flavonoid content and the subsequent evaluation of the antioxidant potential through
three different assays (ABTS·+ radical inhibition, ferric-reducing power (FRAP), and OH• radical
inhibition) were determined. Furthermore, the potential of these metabolites to inhibit the α-amylase
enzyme and their protective effect to inhibit the hemolysis due to oxidative processes was assessed.
In addition, functional group analysis was performed using Fourier transform infrared spectroscopy.
The Taguchi L9 statistical model enabled the increase in bioactive compound yields by evaluating
factors such as particle size, temperature, time, and solvent concentration. The samples were found to
contain flavonoid-type compounds, which translated into their ability to inhibit free radicals (ABTS·+

and OH•) and act as reducing agents (FRAP). They exhibited inhibitory effects on the α-amylase
enzyme involved in the assimilation of starch and its derivatives, along with providing over 50%
protection to erythrocytes in the presence of free radicals generated by AAPH. Furthermore, FTIR
analysis facilitated the identification of characteristic functional groups of phenolic compounds (O–H,
C–H, C=C, C–C, C=O). These findings suggest that the analyzed byproducts can effectively serve as
sources of bioactive compounds with potential applications in the formulation of functional foods
and medicines. However, it is necessary to conduct compound identification and toxicity analysis to
ensure the safety of these bioactive compounds.
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1. Introduction

Fruit byproducts such as seeds, peels, stems, bark, and leaves are often discarded into
the environment, causing serious disposal problems in the agri-food industry. Consequently,
research is currently being conducted worldwide to minimize these effects [1].

In this sense, grapes (Vitis sp.) are among the most highly produced fruits worldwide,
with an annual production exceeding 75 million tons. These fruits are rich in carbohydrates,
organic acids, minerals, vitamins, and polyphenolic compounds [2]. Grapes are primarily
used for wine production and its derivatives, with approximately 80% of the total produc-
tion destined for this purpose. Consequently, large amounts of byproducts are generated
each year [3]. Grape pomace is the solid residue resulting from grape pressing, and it
consists of the peel, pulp, seeds, and stems of the fruit. These residues have traditionally
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been used as fodder, fertilizer, or to make fuel. However, their application in alternative
processes has been limited and inefficient due to inadequate management of the residues
post-grape processing [4].

On the other hand, oranges (C. sinensis), along with other citrus fruits, play an impor-
tant role in the agro-industrial industry. Together, they are the most-produced fruit crop
in the world with more than 100 million tons, and about 30% is destined for industrial
processing. After this processing, the residues can account for between 50% and 70% of
the total weight, generating large amounts of biomass with promising potential due to
its content of bioactive compounds. Moreover, these wastes have been used to produce
bioethanol, biogas, and value-added products [5]. On the other hand, bioactive compounds
show potential for use as food additives in the cosmetic and pharmaceutical industries.

In this sense, the lack of effective methods and techniques to process agro-industrial
wastes to obtain a quality raw material suitable for new products is one of the main
reasons why these bioactive compound matrices are not exploited within the industry.
Furthermore, the low efficiency and environmental toxicity caused by the organic solvents
used in conventional extraction techniques have encouraged the need to apply the concept
of ‘green chemistry’ to develop methods that are environmentally friendly and allow
obtaining a high yield in the extraction of bioactive compounds while reducing time and
costs. One of the most widely used techniques in non-conventional extraction is ultrasound-
assisted extraction (UAE) [6]. UAE produces sufficiently high frequencies, which leads
to cavitation through the formation of bubbles that grow and then collapse due to high
pressure and temperature. When applied on plant material, cavitation facilitates matrix
leaching by increasing mass and energy transfer, as well as solvent diffusion [7]. Although
UAE increases the yields of bioactive compounds obtained concerning other conventional
methods, the combination of this system with a statistical design such as Taguchi L9 allows
the evaluation of multiple variables that influence a process at different levels and with
a small number of experiments. This design not only reduces costs but also improves
the quality of the final product and provides solid experimental solutions. Therefore, the
Taguchi design can determine the experimental conditions that have the most significant
impact on the desired characteristics of a specific process [8].

For the aforementioned, the objective of the research was to optimize the extraction
process of bioactive compounds from agro-industrial byproducts of V. vinifera and C.
sinensis and subsequently evaluate their antioxidant properties, enzymatic activity, and
anti-hemolytic effect.

2. Materials and Methods
2.1. Reagents

Ethanol, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), catechin,
gallic acid, linoleic acid, gallic acid, dibasic potassium phosphate (K2HPO4), ABTS·+

(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), Amberlite XAD-16, ferrous chlo-
ride (FeCl2), ferric chloride (FeCl3), monobasic potassium phosphate (KH2PO4), anhy-
drous sodium carbonate (Na2CO3), potassium ferricyanide (K3[Fe(CN)6]), sodium chloride
(NaCl), potassium chloride (KCl), aluminum chloride (AlCl3), acetic acid (CH3COOH),
sodium acetate (CH3COONa), hydrogen peroxide (H2O2), salicylic acid (C7H6O3), 2,2′-
Azobis(2-amidinopropane) dihydrochloride (AAPH), iron(II) sulfate (FeSO4), sodium hy-
droxide (NaOH), porcine pancreatic α-amylase, starch, dinitrosalicylic acid (C7H4N2O7),
sodium nitrite (NaNO2), phenol (C6H6O) and sodium sulfite (Na2SO3), were purchased
from Sigma-Aldrich (Burlington, MA, USA).

2.2. Sample Collection

The agro-industrial byproducts were obtained from commercial companies: orange
pomace (Citrus sinensis) from Jugos y Concentrados Regios Co., Monterrey, Nuevo Leon,
Mexico, collected in August 2022. Grape pomace (Vitis vinifera L.) from Bodega Cedros,
Arteaga, Coahuila, Mexico collected in August 2021.
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2.3. Taguchi L9 Design

The Taguchi methodology was used to optimize the extraction process of bioactive
compounds. Four factors, each with three levels, were evaluated, generating an L9 array
(34). The experimental data were analyzed using Statistica 7 software.

In the present investigation, the quality characteristic “bigger is better” was uti-
lized, as described by the loss function L(y) = k ∗ (1/y2), which is represented by the
following equation:

E[L(y)] = −10 ∗ log10[
(

1/n
)
∗ Σ

(
1/y2

i

)
] (1)

where the factor −10 measures the ratio of the inverse of “poor quality”, and n represents
the number of samples. Once the analysis of variance (ANOVA) was performed (ESI2 and
ESI4), their percentage contribution was determined using the following equation:

P =
SSi
SST

∗ 100 % =
SSi − MSi ∗ d fi

SST
× 100% (2)

where P represents the contribution percentage, SSi denotes the individual sum of squares,
SST represents the total sum of squares, MSi indicates the initial mean square, and dfi
signifies degrees of individual freedom.

2.4. Extraction and Purification of Polyphenolic Compounds

For the extraction process, particle size, temperature, solvent concentration (ethanol),
and extraction time were modified according to Table 1. Five g of sample (pre-set to the
particle size) were placed in amber-colored vials, and 120 mL of the corresponding sol-
vent concentration (ethanol) was added. The mixture was then subjected to treatment in
Digital Ultrasonic Cleaner CO-Z (360 W) (Shanghai, China) ultrasound bath at 40 kHz
ultrasonic frequency with corresponding times and temperatures. Thereafter, the plant
material was filtrated using Whatman #41 filter paper, and ethanol was removed using a
Yamato RE200 rotary evaporator to continue with the purification process. The purification
of polyphenolic compounds was conducted using an Amberlite XAD-16 column as the
stationary phase and ethanol as the mobile phase. A total of 20 mL of the aqueous extract
was loaded onto the amberlite column, and distilled water was used as a wash solution
to remove unwanted substances. Ethanol was subsequently added to elute the purified
polyphenolic compounds. The ethanol was evaporated at 50 ◦C for 24 h, and the polyphe-
nolic compounds were recovered as a fine powder. They were stored in amber Eppendorf
tubes until use.

Table 1. Factors and levels used in Taguchi L9 design.

Factors
Levels

1 2 3

Particle size (mm) 0.42 0.30 0.25
Temperature (◦C) 40 50 60

Solvent concentration (ethanol %) 30 50 70
Extraction time (min) 5 15 30

2.5. Preparation of Samples

Polyphenolic compounds extracted from V. vinifera and C. sinensis were dissolved in a
50% water–ethanol mixture. The IC50 values for ABTS·+ radical inhibition were determined
through serial dilutions of the same sample. Thereafter, the concentrations of flavonoids,
ferric-reducing power (FRAP), hydroxyl radical (OH•) inhibition, and α-amylase inhibition
were determined based on the IC50 concentration. Furthermore, the anti-hemolytic activity
was determined at a concentration of 500 µg·mL−1.
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2.6. Determination of Total Flavonoids

Flavonoid content was determined according to the methodology reported by Aranda-
Ledesma et al. [9]. Thirty-one µL of each sample were mixed with 9.3 µL of 5% sodium
nitrite and 9.3 µL of distilled water. The solution was mixed and incubated for 3 min at
40 ◦C. Next, 9.3 µL of 10% aluminum chloride was added and incubated again for 3 min at
40 ◦C. Finally, 125 µL of sodium hydroxide was added at (0.5 mol·L−1) and kept in the dark
for 30 min. The absorbance was recorded at 510 nm using a Synergy HTX MULTI-MODE
READER microplate reader (Avenue, Santa Clara, CA, USA). Results were expressed as
Quercetin Equivalents (QE µg·mL−1) using a curve of the same standard with a coefficient
of determination (R2 = 0.9960).

2.7. Antioxidant Activity

The antioxidant activity of the polyphenolic compounds was evaluated by the ABTS·+

radical inhibition and ferric-reducing power assays, according to the previous methodolo-
gies reported by Aranda-Ledesma et al. [9]. Moreover, the hydroxyl radical inhibition was
determined based on the methodology reported by Ge et al. [10] as follows:

2.7.1. ABTS·+ Radical Scavenging Assay

The ABTS·+ radical cation was generated by mixing an aqueous solution of ABTS·+

(7 mmol·L−1) with potassium persulfate (2.45 mmol·L−1) in a 2:1 ratio. This mixture was
then kept in the dark at room temperature for 12 h before use. The absorbance of the ABTS·+

solution was adjusted with ethanol to 0.700 ± 0.002 at 734 nm. A sample of 5 µL was mixed
with 95 µL of ABTS·+ solution, and the absorbance was measured at 734 nm after 1 min of
reaction using a Synergy HTX MULTI-MODE READER microplate (Avenue, Santa Clara,
CA, USA). The results were expressed as Trolox Equivalents (TE µg·mL−1) using a curve
of the same standard with a coefficient of determination of R2 = 0.9989 for V. vinifera and
R2 = 0.9922 for C. sinensis.

2.7.2. Ferric-Reducing Power (FRAP)

A volume of 5 µL of each sample was mixed with 12 µL of phosphate buffer (1 mol·L−1,
pH 7). Then, 22 µL of 1% potassium ferricyanide was added to the reaction mixture, ho-
mogenized, and incubated at 50 ◦C for 20 min. Afterward, 12 µL of 10% trichloroacetic
acid, 45 µL of distilled H2O, and 10 µL of 0.1% ferric chloride were added, and the ab-
sorbance was recorded at 700 nm. The results were expressed as Gallic Acid Equivalents
(GAE µg·mL−1) from a curve of the same standard with a coefficient of determination
(R2 = 0.9973).

2.7.3. Hydroxyl Radical (OH•) Scavenging Activity

The hydroxyl radical was generated by the Fenton reaction, which consists of mixing
200 µL of FeSO4 (6 mmol·L−1) and 200 µL of H2O2 (24 mmol·L−1). Thereafter, 400 µL of
each sample was added, and the reaction was brought to a final volume of 2.5 mL with
salicylic acid (8 mmol·L−1). Finally, the mixture was incubated for 30 min at 37 ◦C, and
the absorbance was measured at 510 nm. The results were expressed as the percentage of
inhibition (%) using the following equation:

Inhibition (%) =

[
(A1 − A0)

A2

]
× 100

where A1 is the absorbance of the sample, A0 is the absorbance of the control, and A2 is the
absorbance of the reagent bank in the absence of salicylic acid.
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2.8. In Vitro and Ex Vivo Assays
2.8.1. Inhibition of α-Amylase

Inhibition of α-amylase was determined based on the methodology reported by
Aranda-Ledesma et al. [9]. A total of 50 µL of each sample was mixed with 50 µL of
the enzyme solution (1 mg·mL−1) previously dissolved in saline phosphate buffer. The
mixture was incubated at 37 ◦C for 10 min. Then, 50 µL of a starch solution (1%) was
added and incubated at the same temperature for 10 min. Thereafter, a DNS solution
(prepared with 1% dinitrosalicylic acid, 0.2% phenol, 0.05% sodium sulfite, and 1% sodium
hydroxide) was added. The mixture was then heated in a water bath at 100 ◦C for 5 min.
Furthermore, 1.5 mL of distilled water was added to the dilute sample. The absorbance was
recorded at 540 nm using a Synergy HTX MULTI-MODE READER microplate (Avenue,
Santa Clara, CA, USA). The results were expressed as the percentage of inhibition (%) using
the following equation:

Inhibition (%) =

[
(Ac − As)

Ac

]
× 100

where Ac represents the absorbance value of the control, and As is the reaction value
according to each sample.

2.8.2. Inhibition of Hemolysis

The anti-hemolytic activity was determined using the methodology reported by
Monroy-Garcia et al. [11] with slight modifications. A volume of 5 mL of blood was
collected from a healthy male donor via venipuncture into purple tubes containing EDTA.
The blood was centrifuged at 1500 rpm and 25 ◦C for 12 min to separate erythrocytes
from plasma and washed three times with 10 mL of PBS (containing sodium chloride
(137 mmol·L−1), potassium chloride (2.7 mmol·L−1), disodium phosphate (10 mmol·L−1),
and monobasic potassium phosphate (1.8 mmol·L−1) at pH 7.4). The erythrocyte concentra-
tion was adjusted to a density of 8 × 109 cells/mL, using PBS as diluent. AAPH (2,2-Azobis
(2-amidinopropane dihydrochloride) was used to generate peroxyl radicals and induce
red blood cell oxidation. A 100 µL suspension of erythrocytes was mixed with 100 µL
of the samples previously dissolved in PBS and 100 µL of AAPH (300 mmol·L−1). The
mixture was incubated at 37 ◦C for 1.5 h with constant shaking. Finally, the mixture was
diluted with 800 µL of PBS and centrifuged at 3000 rpm for 10 min. The absorbance of
the supernatant was recorded at 540 nm. The results were expressed as the percentage
inhibition (%)using the following equation:

Inhibition (%) =

[
(APPH − As)

(APPH)

]
× 100

where APPH is the absorbance of APPH, and As is the absorbance of each sample.

2.9. Analysis of Functional Groups by FTIR

The FITR analysis coupled with the ATR (attenuated total reflectance) accessory with
zinc selenide (ZnSe) crystal was performed using an Agilent Cary 630. The samples
were analyzed in a spectral range from 4000 to 650 cm−1, with a cycle of 32 scans and a
resolution of 2 cm−1 using Agilent licensed software (Santa Clara, Ca, USA) (MicroLab PC
v5.7). Graph construction was performed using OriginPro 8 software.

3. Results and Discussion
3.1. Optimization of the Extraction Process Using the Taguchi L9 Design

Table 2 summarizes the experimental matrix L9 (34) in random order, including
the variable response (yield mg·mL−1) for each sample used in the Taguchi statistical
analysis. This analysis enabled the generation of variance analysis and the subsequent
calculation of the percentage contribution and effect of each factor and their respective
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levels. Finally, it facilitated the determination of the optimal conditions to maximize the
yields of polyphenolic compounds.

Table 2. L9 (34) Taguchi design experimental matrix for ultrasound-assisted extraction of phenolic
compounds from C. sinensis and V. vinifera.

Run
Factors Response

(Yield mg·g−1)
from C. sinensis

Response
(Yield mg·g−1)
from V. viniferaParticle Temperature Concentration Time

8 3 2 1 3 19.49 ± 1.46 60.76 ± 1.96
5 2 2 3 1 16.40 ± 4.52 49.65 ± 6.85
6 2 3 1 2 44.71 ± 3.75 45.18 ± 1.42
1 1 1 1 1 27.10 ± 3.28 44.26 ± 10.78
2 1 2 2 2 28.73 ± 8.85 55.59 ± 1.32
9 3 3 2 1 34.98 ± 7.93 45.60 ± 1.08
7 3 1 3 2 35.50 ± 2.67 46.63 ± 10.46
4 2 1 2 3 36.89 ± 1.47 42.81 ± 11.31
3 1 3 3 3 34.53 ± 8.71 50.19 ± 3.05

The analyses were conducted in triplicate.

3.1.1. Effect of Temperature

In the case of temperature, it has been reported that it is possible to obtain stable
bioactive compounds at high temperatures but in short periods of time. This can be
attributed to the barrier properties of the sample as it diffuses through the solvent. This
coincides with the findings of the present investigation, where the best performance was
obtained at temperatures between 50 and 60 ◦C in periods between 15 and 30 min. However,
for thermosensitive bioactive compounds, increasing temperature has negative effects that
can result in the degradation or loss of phenolic compounds, especially flavonoids. It has
also been reported that yields begin to fall at temperatures above 100 ◦C [12]. Given that the
metabolites of interest to be obtained are phenolic, it is an important factor to consider not
using such high temperatures. On the other hand, increasing the temperature may enhance
the interaction between the sample and the solvent. Given that temperature was identified
as having a significant impact on the extraction process for both samples evaluated, it can
be considered a critical factor [12]. This finding is also supported by the results of the
Taguchi statistical analysis of variance (ANOVA), which identified temperature as the most
contributive factor (Tables 3 and 4) for both samples.

Table 3. Analysis of variance (ANOVA) from V. vinifera.

Factors SS df MS F p Percentage (%)

Particle 132.98 2 66.49 7.11 0.00 7.97
Temperature 574.30 2 287.15 30.72 0.00 34.47

Concentration 19.54 2 9.77 1.04 0.37 1.17
Time 102.02 2 51.01 5.45 0.01 6.12

Concentration by Time 707.28 4 176.82 18.91 0.00 42.43
Error 130.84 14 9.34 7.84
Total 1666.99 26 100.00

Table 4. Analysis of variance (ANOVA) from C. sinensis.

Factors SS df MS F p Percentage (%)

Particle 40.93 2 20.46 7.45 0.00 1.66
Temperature 1297.52 2 648.76 236.30 0.00 52.75

Concentration 103.69 2 51.84 18.88 0.00 4.21
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Table 4. Cont.

Factors SS df MS F p Percentage (%)

Time 469.33 2 234.66 85.47 0.00 19.07
Temperature by
Concentration 510.27 4 127.56 46.46 0.00 20.74

Error 38.43 14 2.74 1.56
Total 2460.20 26 100.00

3.1.2. Effect of Time

In the case of C. sinensis, time emerged as the second most influential factor in the
optimization process, while for V. vinifera, its individual impact was less than 10%. However,
when considering its interaction with solvent concentration, it exerted an effect of more
than 40%, therefore becoming the second most crucial factor in the extraction process for
both samples. In this sense, using the correct ratio of temperature and solvent concentration
for a given time allows the solubilization of polyphenolic compounds. This process occurs
through interactions with the weakened plant cell wall, enhancing the transfer of phenolic
compounds into the extraction medium. It has previously been reported that for orange
residue extracts, the extraction times can extend up to 120 min [13]. This agrees with the
findings reported by Tien-Le et al. [14], who indicate that extraction time can be extended
between 60 and 150 min. However, they reported that the content of phenolic compounds
did not have a significant change during that time frame, cautioning against extending
extraction time beyond 60 min. While a longer extraction time may be favorable for orange
byproducts, where the yield of bioactive compounds increases with time, it is essential
to consider the goal of optimization, which is cost and time reduction. Therefore, using
extended extraction times would contradict this objective.

3.1.3. Effect of Solvent Concentration

Regarding solvent concentration, its influence on the extraction process for both
samples was less than 5%. However, its interaction with other factors, such as time for
V. vinifera and temperature for C. sinensis, increased its contribution to the process by
20 to 42.43%, respectively. Consequently, this factor ranks third in importance within the
optimization process. Successful extraction of phenolic compounds is closely related to
the polarity of the solvent, which increases as follows: methanol > ethanol > ethyl acetate
> acetone > n-butanol > water. However, the potential toxicity associated with some of
these solvents (methanol, ethyl acetate, acetone) must be considered [15]. Consequently,
environmentally friendly solvents, such as water, ethanol, and their mixtures, are preferred
for the extraction process. It has been observed that the use of pure water or water–ethanol
mixtures, specifically within the range of 20% and 60% ethanol concentration, increases
the extraction yields of bioactive compounds obtained. The combination of water and
ethanol creates a polar environment that facilitates access to plant cells, therefore increasing
the extraction of phenolic compounds. It is important to note that high concentrations of
ethanol are discouraged due to the risk of protein denaturation, which can impede the
dissolution and diffusion of polyphenols, adversely influencing the extraction process [16].
Although the present study did not evaluate pure solvents individually, it was observed that
the greatest yields were obtained with ethanol-water mixtures at concentrations ranging
from 30% to 50%. This confirmed that the use of binary solvents allows obtaining higher
yields of bioactive compounds.

3.1.4. Effect of Particle Size

Subtle changes in particle size have been reported to significantly influence the ex-
traction of polyphenolic compounds. Usually, smaller particle size implies heightened
diffusivity, facilitating more efficient mass and energy transfer. Moreover, the breakdown
of the cell becomes easier with smaller particle sizes. Previous studies have indicated
that smaller particle sizes lead to higher concentrations of polyphenolic compounds and
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tannins [15]. However, excessively small particle sizes (<0.15 mm) can result in low yields
due to the tendency of fine particles to form agglomerates. Even with agitation, these
agglomerates can form precipitates and reduce diffusion transport between the sample and
solvent [17]. In our study, particle sizes of 0.25 mm for C. sinensis and 0.30 mm for V. vinifera
were the ideal parameters for maximizing phenolic compound yields, consistent with the
findings reported in the literature. Despite the literature suggesting that particle size is
among the most influential factors, in the current study, it emerged as the least influential
factor in the process. Therefore, for future research, it may be beneficial to modify the
particle size used, and with a view to future industrial scale-up, a larger particle size could
be more efficient. This is because it has been shown that the dimension of the particles
tends to decrease during UAE processing due to the cavitation process to which the sample
is subjected. This allows for increased yields without the need for additional investment in
time and costs [18].

Tables 2 and 3 show the percentage contribution of each factor to the extraction pro-
cess. For V. vinifera, the individual contribution of the factors was as follows: temperature
(34.46%) > particle size (7.97%) > extraction time (6.12%) > solvent concentration (1.17%).
Furthermore, in the case of concentration and time, although its individual contribution was
less than 10%, the interaction of these factors showed a contribution of 44.43%. Therefore,
it is not recommended to eliminate factors from the model. For C. sinensis, the individual
contribution of the factors was as follows: temperature (52.75%) > time (19.07%) > con-
centration (4.21%) > particle size (1.66%). In addition, in the case of concentration, this
factor has a low contribution individually, but in interaction with temperature, it has a
contribution of 20.74%. Therefore, it is not recommended to eliminate this factor from
the model.

As mentioned above, during the optimization process, it was observed that particle
size had the least impact on both samples. Therefore, a possible future research avenue
for scaling up and industrial application could be to increase the particle size. In large
quantities, small particle size can remain on the surface of the extractor, and the difficulty of
filtration would reduce the yield of the obtained compounds [19]. Alternatively, one could
replace this factor with others since the solid–solvent ratio is one of the most viable options.
It has been reported that a high solid–solvent ratio can increase yields. This is because the
concentration gradient is increased, which in turn increases the diffusion rate, allowing for
greater extraction of solids by the solvent [20]. This adjustment aims to enhance the yields
of polyphenolic compounds obtained. The residual sum of squares (SS) residual/error
was 7.84% for V. vinifera and 1.56% for C. sinensis, respectively. The error within a Taguchi
analysis is not only interpreted as the error of the experiment itself but also encompasses
the influence of two types of factors: those not included or contemplated in the experiment
and uncontrollable factors, so that obtaining high error values is not an indication of poor
quality. In this sense, it is necessary to consider that the process of elimination of the solvent,
as well as the process of purification, could affect the value of error obtained [21,22].

Figure 1A shows the effects of the factor levels on the extraction of polyphenolic
compounds from grape pomace (V. vinifera). For particle size, level 1 (0.42 mm) and level
3 (0.25 mm) were above the mean. Since the yield difference between the two particle
sizes was only one unit and particle size had the least impact on the process, the 0.42 mm
size could be used to save time in the crushing and sieving process. The temperature at
level 2 (50 ◦C) also showed a significant effect compared to levels 1 and 3. As it represents
the factor with the greatest contribution to the extraction process, it is not advisable to
modify this factor. For solvent concentration, the best performance was observed at level 1
(water–ethanol 30%). Given that the best results were obtained at this concentration and
the cost of using reagents (ethanol) is reduced, the objectives of the Taguchi design would
be fulfilled. For a time, an increase in yields was observed as experimental levels increased,
suggesting that a longer extraction time could further increase yields, which could be
implemented in future research at the laboratory level. However, at an industrial level, to
achieve a reduction in processing times, it may be necessary to modify other factors such as
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the power of the ultrasound, reducing the moisture of the sample for greater solid–solvent
interaction, and optimizing the temperature [18]. Additionally, a possible reduction in
time will depend on the specific conditions of the sample, its nature, the structure of the
cell wall, the resistance to mass transfer, the diffusion of the solvent into the interior of
the material, and the penetration rate of the solvent into the plant material [23]. Figure 1B
presents the factor performances at different levels for the extraction of polyphenols from
orange pomace (C. sinensis). Significant differences above the mean were observed for
particle size, solvent concentration (water–ethanol), and extraction time observed at level 2
(particle size of 0.30 mm, water–ethanol concentration of 50%, and extraction time of 15 min,
respectively) compared to levels 1 and 3. For temperature, it is observed that level 1 (40 ◦C)
and level 3 (60 ◦C) were above the mean. However, the latter allows for yields of up to six
more units. Since temperature is the factor that has the greatest influence on the process,
it is not recommended to reduce it. However, with the aim of achieving optimization not
only to achieve higher yields but also to fully optimize the process and reduce energy
investment, it is suggested in future endeavors to lower the temperature in conjunction
with other factors (multivariate optimization) such as the applied ultrasonic power and
solvent quantity to achieve the optimal temperature value. This approach would enable
maximizing process efficiency to its fullest potential [24].
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After the statistical analysis using the Taguchi method and the experimental matrix L9
(34), the conditions for maximizing the yields of bioactive compounds were determined
(Table 5). The similarity between the theoretical and real yields is very close, indicating that
the optimization of the extraction process was successful and allowed the increase of the
yields of phenolic compounds. Additionally, the standard deviation values indicate that
the process is reproducible for both samples.
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Table 5. Conditions for maximizing extraction yields of bioactive compounds.

Factors
Sample

V. vinifera C. sinensis

Particle (mm) 0.25 0.30
Temperature (◦C) 50 60
Concentration (%) 30 50

Time (min) 30 15
Theoretical yield (mg·g−1) 60.76 47.81

Actual yield (mg·g−1) 64.03 ± 2.73 45.94 ± 4.69

While the results demonstrate that the optimization process using the Taguchi L9 de-
sign combined with unconventional extraction techniques (UAE) allows for increased
yields of bioactive compounds, scaling up to an industrial or pilot plant level is not al-
ways straightforward. This is because certain mass transfer phenomena inevitably change.
However, it is possible to reliably predict behavior by preserving some intensive extraction
parameters, such as temperature, and increasing extensive parameters like solvent flow
rate and solid feed [23]. It is also important to consider that scaling up to an industrial
level represents a higher initial economic investment compared to traditional methods
(agitation). However, it significantly reduces the solvent-to-feed mass ratio, resulting in
lower costs. Given that solvents are one of the most significant inputs in this process,
potential scaling can compete with other conventional methods [25].

Although scaling up the extraction optimization process to a pilot plant level may
present technical challenges, the results obtained lay the foundation for future research
using the principle of ultrasound systems, specifically cavitation. In this context, hy-
drothermal cavitation is one of the most promising green technologies for extracting
high-value bioactive compounds from waste, enabling the recovery of pectin and volatile
compounds [26].

3.2. Determination of Total Flavonoids

The determination of total flavonoids did not show a significant difference (p < 0.05)
between the analyzed samples. It can, therefore, be deduced that the flavonoid content is
similar in both samples. Polyphenolic compounds from V. vinifera byproducts showed the
highest presence of flavonoids, with a concentration of 77.23 QE µg·mL−1, whereas orange
waste showed the lowest at 54.50 QE µg·mL−1 (Table 6). Grape pomace extracts have
been reported to contain flavonoids in concentrations from 127.2 to 146.8 (EQ µ·gmL−1)
in methanolic extracts (soxhlet method and maceration method, respectively) [27]. It has
been reported that both species possess a diversity of flavonoids. In the case of V. vifiniera
flavonoids, this byproduct includes anthocyanins, quercetin, D-catechin, and epicate-
chin [28]. On the other hand, flavonoid content in orange residues has been reported to be in
concentrations of 10.20, 15.70, and 22.20 QE mg·g−1 using ethanol, methanol, and water as
extracting agents, respectively [29]. Moreover, the diversity of flavonoid content in orange
byproducts, including flavanones, flavanone glycosides, and polyethoxylated flavones,
are the most abundant in the skin, characterized by high antioxidant capacity [30,31]. In
this regard, flavonoids present in orange residues have been shown to induce apoptosis
in cancer cells, suggesting their potential application in anticancer therapy [1]. Usually,
pomace resulting from fruit processing in the food industry is rich in phenolic compounds,
especially flavonoids, organic acids, and tertiary acids. Flavonoids, due to their antioxi-
dant properties, find applications in healthcare as eco-friendly reducing agents, as well as
for the inhibition of metal corrosion and in the formulation of nutraceuticals and dietary
supplements [32].
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Table 6. Flavonoids total content and antioxidant activity profile.

Sample
Flavonoids ABTS·+ IC50 FRAP Hydroxyl

Radicals (OH•)
(QE µg·mL−1) (TE µg·mL−1) (GAE µg·mL−1) Inhibition (%)

V. vinifera 77.23 ± 25.31 53.69 ± 3.14 10.00 ± 1.83 38.70 ± 4.67
C. sinensis 54.50 ± 5.19 455.49 ± 20.21 * 18.23 ± 1.98 * 46.88 ± 8.02

* Significant difference (T student test, p < 0.05). The analyses were conducted in triplicate.

3.3. Antioxidant Activity Profile

Since bioactive compounds can exhibit different mechanisms of action, including
single electron transfer, hydrogen atom transfer, and metal chelating ability, it is important
to assess the antioxidant capacity using different methods [33]. In this context, in the present
study, the antioxidant activity of the polyphenolic compounds obtained was evaluated
using three different assays, as described below.

3.3.1. Inhibition of ABTS·+ Radicals and IC50 Determination

A significant difference (p < 0.05) was observed in the determination of IC50 of ABTS·+

radical inhibition, with the samples from V. vinifera byproducts exhibiting a lower IC50
value of 53.69 TE µg·mL−1. It has been reported that grape pomaces (red and white) possess
the ability to inhibit free radicals, with IC50 values fluctuating from 16.32 to 56.22 µg·mL−1

for red grape pomace depending on the solvent used for the extraction and from 37.31 to
78.47 µg·mL−1 for the case of white grape pomace [34]. Citrus pomace extracts are known
for their high antioxidant potential. In this sense, it has been observed that various species
of the genus Citrus have the capacity to inhibit free radicals with IC50 values ranging from
100.8 to 417.2 µg·mL−1. These free radical-inhibiting properties in citrus are mainly at-
tributed to flavanones, which also possess anti-inflammatory, antimutagenic, vasorelaxant,
and vasoprotective activities [35]. Thus, it was observed that red grape pomace had a
greater capacity to inhibit free radicals compared to citrus residues, which agrees with the
findings of the present investigation. The capacity of bioactive compounds to inhibit free
radicals is crucial, as reactive oxygen species can damage macromolecules, leading to the
deterioration of proteins, lipids, and DNA. This damage is associated with cellular aging
and diseases caused by oxidative stress. Furthermore, the presence of free radicals in food
could compromise its quality and reduce its shelf life [36,37].

3.3.2. Ferric-Reducing Power (FRAP)

The evaluation of the reducing power showed a significant difference (p < 0.05), with
C. sinensis byproducts exhibiting the highest reducing potential at 18.23 GAE µg·mL−1.
The reducing power of phytochemical compounds depends on their ability to transfer
electrons, so it is an essential assay of their antioxidant activity [34]. Notably, phenolic
compounds from orange byproducts showed a greater reducing capacity despite their lower
flavonoid content is lower and higher IC50 values for ABTS·+ radical inhibition compared
to those obtained from grape pomace residues. This enhancement may be attributed to
other types of phenolic compounds that are not flavonoids. Furthermore, the efficacy of
these compound-reducing reactions is closely related to the availability and number of OH
groups that can participate in the electron transfer [38]. This quality is influenced by the
structural characteristics of the molecules in the samples. Citrus byproducts, especially
for those orange (C. sinensis) and sweet lemon (Citrus medica var. Limetta), have been
reported to exhibit similar reducing power [39]. Moreover, extracts of the variety C. sinensis
Osbeck cv. Newhall (navel orange) has shown reducing potentials ranging from 5.23 to
81.16 Vitamin C equivalents per gram) [40]. Conversely, red and white grape pomace
has demonstrated a higher reducing capacity than other pomaces (lemon and pineapple).
Furthermore, this indicates that despite the processing of the fruit for juice extraction within
the industry, the resulting residues are an important source of bioactive compounds with
a reducing potential [34,39]. Polyphenolic compounds contribute to reducing oxidative
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stress by donating a hydrogen atom or an electron, neutralizing reactive oxygen species
(ROS), and reducing transition metals responsible for the Fenton reaction [41].

3.3.3. Inhibition of Hydroxyl Radicals (OH•)

The inhibition of hydroxyl radicals did not show a significant difference (p < 0.05),
indicating that both samples possess radical inhibition activity. This is consistent with
the findings reported by Zhu et al. [42], who indicated that the ability to inhibit the
hydroxyl radical might be attributed to different types of phenolic compounds rather than
the quantity so that this inhibition potential could be related to the iron chelation ability
of specific phenolic compounds and the number and position of carboxyl and carbonyl
groups. Members of the Citrus genus have been reported to inhibit hydroxyl radicals;
for instance, extracts of C. sinensis inhibited the radicals by more than 70% at 200 ppm
(extracts obtained using different solvents) [43]. Likewise, extracts of Citrus macroptera
residues had an inhibition higher than 50% at the same concentration [44]. Such activity
was attributed to the presence of phenols, flavonoids, and alkaloids. In contrast, grape
pomace hydro-alcoholic extracts showed lower inhibit rates (3.8%) at 2.5 mg·mL, which
is over ten-fold higher than that used in the present study [42]. Moreover, Chidambara
Murthy et al. [45] reported 73.60% radical inhibition in methanolic extracts at 200 ppm,
significantly higher than those observed in this research but at a concentration four-fold
higher than what we used. These discrepancies could be due to variations in byproduct
characteristics, which are influenced by environmental factors, fruit ripening stages, or
genetic factors [29]. During normal metabolic processes, cells produce reactive oxygen
species (ROS) such as hydroxyl radicals (OH•), superoxide radicals (O2

•), and hydrogen
peroxide (H2O2). At low levels, these ROS are indispensable for cell development, growth,
signaling processes, and activation. However, excessive ROS can trigger oxidative stress,
leading to cell death, tissue damage, and the onset of degenerative diseases [46]. Therefore,
leveraging bioactive compounds from byproduct sources may be essential to detoxify free
radicals and prevent tissue damage by decreasing oxidative stress.

3.4. In Vitro and Ex Vivo Analysis
3.4.1. Inhibition of α-Amylase

The inhibition of α-amylase (Table 7) did not show a significant difference (p < 0.05)
between samples. Therefore, it is concluded that polyphenolic compounds from both
V. vinifera (26.69%) and C. sinensis (23.47%) present similar activity on the enzyme. This
biological effect on the enzyme is associated with certain types of phenolic compounds,
such as catechins, whose activity is mainly determined by the number of galloyl groups and
the degree of polymerization, both of which have a high affinity for the α-amylase enzyme.
In general, it has been suggested that tannins have better activity on α-amylase, while other
smaller phenolic compounds have better potential to inhibit α-glucosidase [47]. In this
context, it has been reported that orange residues in dry matter possess up to 8 mg·g−1 of
tannin content [48], while grape pomace contains between 2.45 mg·g−1 and 5.79 mg·g−1 in
white and red grape pomace samples, respectively [34]. Regarding grape pomace extracts,
an inhibition of up to 56% at 1000 ppm of hydro-alcoholic extracts with activity similar to
acarbose has been reported [49]; however, this concentration is almost 20-fold higher than
the one presented in this research. Although all grape species destined for wine production
share the same genotype, there are differences in the production of bioactive compounds
due to variety and climatic changes. It has been reported that variations in temperature
and water availability affect the production of bioactive compounds in grape pomace [50].
Therefore, these factors may influence the content of bioactive compounds in grape pomace.
Concerning orange residue extracts (C. sinensis) reported an inhibition higher than 70% at
500 ppm in fresh fermented pomace [51]. This inhibition is three-fold higher than that found
in this research. However, these differences may be influenced by the fermentation process,
which results in the biotransformation of the present metabolites. Given that acarbose,
although it exerts a postprandial antihyperglycemic effect, also presents a variety of side
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effects such as diarrhea and stomach inflammation, abdominal pain, and low nutrient
absorption [49], the implementation of these bioactive compounds in the formulation of
nutraceutical agents could help to improve the living conditions of people with diabetes
without the side effects of synthetic drugs.

Table 7. In vitro and ex vivo assays.

Sample

In Vitro Ex Vivo

α-Amylase
Inhibition (%)

Hemolysis
Inhibition (%)

V. vinifera 20.69 ± 1.38 73.12 ± 0.79
C. sinensis 23.47 ± 2.17 76.61 ± 0.79 *

* Significant difference (T student test, p < 0.05). The analyses were conducted in triplicate.

3.4.2. Inhibition of Hemolysis

The use of physiological models to assess antioxidant properties is relevant for many
pharmacological applications. In this regard, the evaluation of the oxidative process
in erythrocyte membranes represents a valuable model for studying antioxidant and
prooxidant compounds [27]. This assay is one of the pivotal criteria for the prospective
implementation of bioactive compounds in living organisms [52].

The inhibition of hemolysis (Table 7) show a significant difference (p < 0.05). Similar
to the α-amylase inhibition assay, the comparable potential to inhibit hemolysis in both
samples could be due to similar conditions linked to the presence of tannins. It has been
reported that catechins and their oligomers can decrease the susceptibility of human
erythrocytes to oxidative hemolysis induced by AAPH. Moreover, proanthocyanidins
(proanthocyanidin-1 and proanthocyanidin-2) from grape seeds have also been shown to
reduce changes in erythrocytes due to oxidative stress and protect against oxidation by
ultraviolet B rays [53]. Previously, García-Becerra et al. [27] reported hemolysis inhibition of
up to 95% 100 µg·mL−1 with methanolic extracts of grape pomace. Furthermore, they also
reported that these extracts did not induce hemolysis, suggesting their potential as a safe
option to prevent this oxidative process without harming red blood cells. Azantsa et al. [54]
reported inhibition of 87.6% with aqueous extracts of whole orange fruit, indicating that
a portion of this inhibition could come from the inedible part of the fruit (peel, seeds,
bagasse), which constitute a major part of the fruit. In this context, this evidence suggests
that bioactive compounds associated with the protection of red blood cells can be found in
orange and grape byproducts, potentially offering dietary benefits in mitigating the effects
of oxidative stress on red blood cells.

Although some reports indicate that tannins are the main compounds influencing
both α-amylase inhibition and hemolysis inhibition, we cannot dismiss the possibility that
other phenolic compounds also affect these processes. For instance, phenolic compounds
have been reported to present synergistic effects, thus enhancing their antioxidant potential
and biological activity [55]. Further analysis is needed to identify the phenolic compounds
present in the samples and thus associate the biological effects reported in this study with
the identified metabolites.

3.5. Analysis of Functional Groups by FTIR

In Figure 2, the signal at 3334 cm−1 indicates the presence of hydroxyl groups (O–H),
while the presence of C–H bonds, corresponding to CH2 groups, can be observed at
2915 cm−1. On the other hand, the signal at 1735 cm−1 is due to the stretching of C=O bonds.
The signal at 1600 cm−1 is associated with the presence of C=C bonds in aromatic rings.
Moreover, the signals at 1514 and 1427 cm−1 indicate the presence of single C–C bonds
of aromatic rings of phenolic compounds. Furthermore, the signal near 1008–1006 cm−1

is attributed to the stretching of C-O bonds in aromatic alcohols. Previous studies have
identified signals of O–H, C–H, C=C, and C–C as characteristics of phenolic compounds, as



Biomass 2024, 4 839

reported in phenolic profiles of different grape seeds [56]. Similarly, Rajhard et al. [57] indi-
cated that signals (O–H, C–H) in the region between 3500 and 2800 cm−1 and signals (C–C,
C=O) in the region between 1750 and 100 cm−1 are characteristic of different flavonoids
abundant in nature. This is also consistent with the findings reported by Hussain et al. [38],
who observed similar signals in residues from orange peel, banana, and date stone, sug-
gesting that polyphenolic compounds obtained from plant residues share infrared signals.
However, to precisely identify these molecules, further analysis, such as ultra-performance
liquid chromatography, is necessary.
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exhibited antioxidant activity but also showed potential to inhibit α-amylase enzyme,
involved in starch assimilation. Moreover, these compounds offer protection against ox-
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