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Abstract: It has been discovered that the peel of a pumpkin (Cucurbita maxima), regarded as a waste
product of pumpkin processing, has significant amounts of carotenoids and other antioxidants. This
study aims to identify the most effective extraction parameters for an ultrasonic-assisted extraction
method to extract the total carotenoids (TCs) and assess the antioxidant activity (AA) of pumpkin
peel. To determine the effects of the extraction time, temperature, and material-to-solvent ratio on
the recovery of TCs and AA, a response surface methodology utilizing the central composite design
(CCD) was used. The extraction temperature (6.25–98.75 ◦C), extraction duration (13.98–128.98 min),
and solvent ratio (0.23–50.23 mL) were the variables studied in the coded form of the experimental
plan. The carotenoid concentration varied from 0.53 to 1.06 mg/g DW, while the AA varied from
0.34 to 7.28 µM TE/g DW. The findings indicated that the optimal extraction parameters were an
80 ◦C temperature, a 10 mL solvent ratio, and a 100 min extraction time. The study confirmed that
the optimum extraction conditions resulted in an experimental TC yield of 0.97 mg/g DW and an AA
of 7.25 µM TE/g DW. Overall, it should be emphasized that the extraction process can be enhanced
by setting the operating factors to maximize the model responses.

Keywords: carotenoid extraction; antioxidant activity; pumpkin peel; CCD

1. Introduction

There has been a notable global demand for plant-derived natural pigments. These
pigments are rich in antioxidants and can replace synthetic colors, especially in the food,
pharmaceutical, and cosmeceutical sectors. The majority of synthetic colorants have
been documented for their adverse impacts on human health, namely their ability to
directly cause hyperactivity and allergic reactions in children and other individuals who
are sensitive [1]. Modern customers who prioritize their health are increasingly seeking
plant-derived natural pigments, particularly for use in food. As a result, researchers are
investigating using plant waste to extract bioactive natural pigments [2].

Seeds, peels, and pomace are among the wastes and byproducts from fruits and veg-
etables that come from the food processing industry. The extraction of various bioactive
compounds, such as polysaccharides, peptides, dietary fibers, etc., and other plant sec-
ondary metabolites like pigments, polyphenols, antioxidants, antimicrobials, etc., can be
significantly increased using these efficiently [3]. One of the main pigments, carotenoids,
is abundant in food industry wastes and can be investigated as a natural colorant in
pharmaceutical, cosmetic, and food applications [2].
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Pumpkin, belonging to the Cucurbitaceae family, is a vegetable plant with around
27 species, including Cucurbita maxima, Cucurbita pepo, and Cucurbita moschata. Various
pumpkin varieties exhibit differences in form, color, and chemical composition due to
geographical conditions; however, they belong to the same species. Pumpkins include
carotenoids, polyphenolic compounds, minerals, and vitamin C. Carotenoids are antioxi-
dants, natural coloring agents, and a precursor to vitamin A. Carotenoids are mostly found
in pulp and peels [4]. Numerous epidemiological studies have revealed a link between
a high dietary intake of carotenoids and a decreased risk of developing chronic illnesses
like cancer, neurological disorders, cardiovascular diseases (CVDs), and diseases of the
eyes [5]. Moreover, carotenoids possess health-enhancing properties, including fortifying
the immune system and facilitating optimal functioning of the reproductive system [6].

Pumpkins and squash are cultivated worldwide on around 3 million hectares, re-
sulting in a total production of 27.832 million tonnes [7]. The global production and
consumption of pumpkins, in various cooked, baked, and processed forms, are associated
with consumers’ growing desire to obtain a diverse range of nutrients and phytochemicals
through a balanced and adequate diet. Therefore, the effective utilization of pumpkin leads
to the generation of its byproducts. Additionally, it is important to highlight that the peel,
seed, and pulp are secondary products that result from the manufacturing and processing
of pumpkins. Pumpkin processing typically results in a pulp content of 72–76%, a peel
content of 2.6–16%, and a seed content of 3.1–4.4% [8]. The byproduct fractions are under-
utilized and are typically used to enrich animal feed [9]. However, because of their elevated
phytochemicals, these fractions have economic potential. They may be investigated for a
number of other uses, including those that have pharmacological and therapeutic benefits
for human health, such as those that are anti-inflammatory, carcinopreventive, analgesic,
antibacterial, and antiparasitic [10–13].

Regarding nutritional composition, pumpkin fruits—their pulp, peel, and seeds—contain
minerals, lipids, proteins, carbs, and fiber [13,14]. Phenolic chemicals, fatty acids, essential
amino acids, vitamins, terpenoids, saponins, sterols, tocopherols, and carotenoids are also
abundant in pumpkin fruits [13,15–17]. Furthermore, pumpkin peel is a highly beneficial
source of minerals, protein, fibers, and several isoforms of vitamin E. The nutritional con-
tent of food is linked to these beneficial substances, as demonstrated by Mala et al. [18].
Their study revealed that peels contain high levels of minerals, including phosphorus and
iron, as well as dietary fiber. Nevertheless, the fruit waste contains valuable nutrients
and solid material that can be effectively utilized in many ways. In the food and cosmetic
industries, pumpkin byproducts can be utilized as a useful source of ingredients for product
fortification, as biodegradable food packaging [19,20], and as carriers in encapsulation pro-
cedures [19–23]. Because carotenoids are strong antioxidants, they are frequently utilized as
natural coloring agents in food applications such as butter, salad dressings, frozen desserts,
roasted foods like popcorn, and various beverages [24,25]. Therefore, an opportunity to
use pumpkin wastes to produce pigments for the food industry exists due to the increased
consumer demand for natural colorants with antioxidant potential [10].

Obtaining pigments with nutraceutical qualities from pumpkin is difficult because
of its hydrophobic characteristics and its susceptibility to light, temperature, and oxida-
tion [26]. It is still a matter of research to maximize the number of biologically active
substances from food industry byproducts by efficiently optimizing extraction procedures.
Numerous research papers over the years have emphasized various approaches to remov-
ing bioactive components from pumpkin peel using various extraction techniques [27,28].
Saini and Keum [29] emphasize the significance of employing appropriate methodologies
to extract carotenoids from complex matrices like vegetables. They suggest that a mixture
of polar and non-polar solvents, such as acetone/hexane or acetone/ethanol/hexane, is
the most suitable approach, as it enables the simultaneous extraction of both polar and
non-polar carotenoids. The response surface methodology is essential in obtaining highly
purified preservation compounds from pumpkin byproducts [30]. Using a one-factor-at-a-
time approach for optimization is impractical and time-consuming. Furthermore, the lack
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of interactions between the factors limits the attainment of accurate optimum conditions.
The use of the response surface methodology (RSM) allows for the optimization of multiple
extraction parameters, including the extraction temperature, extraction time, and solvent
concentration. The RSM is a frequently used statistical tool for time, resource, and cost
reduction in process optimization. Additionally, it enables the enhancement of the recovery
of preservation substances from pumpkin waste. This approach not only reduces the
amount of time and resources required but also offers a more effective and organized plan
for improving the extraction procedure [31].

Contemporary extraction methods for utilizing food waste and byproducts promote
using plant bioactive compounds. These techniques are safe for human health, support
green consumerism, and are environmentally friendly by reducing energy consumption,
thus aiding in the advancement of a green and circular economy. Effective extraction
processes must be developed and optimized to enhance the extraction of essential molecules.
Factors such as the matrix, solvent, temperature, pH, liquid–solid ratio, and extraction
time are commonly taken into account to enhance the extraction process [32–34]. The
improvement in extraction through ultrasound is due to the transmission of pressure waves
and the subsequent creation of cavitation forces. This leads to the explosive collapse of
bubbles, generating localized pressure that causes the rupture of plant tissue and enhances
the release of intracellular substances into the solvent. The ultrasound instrument is
easy to use and significantly more cost-effective than alternative extraction technologies,
such as microwave-assisted and supercritical fluid extractions [35]. Prior research has
demonstrated that the utilization of ultrasound in carotenoid extraction can improve
effectiveness, decrease the quantity of solvent used, and save time compared to traditional
extraction procedures. In comparison to conventional extraction methods, the ultrasound-
assisted extraction of lycopene from tomato waste has been demonstrated to occur with
shorter extraction durations, lower temperatures, and smaller solvent volumes with higher
extraction yields [36].

In the present work, the response surface methodology was utilized to extract refined
preserving substances from pumpkin peels to improve the extraction process’s effectiveness,
scalability, and reproducibility. This study conducted a thorough examination of the optimal
extraction conditions for obtaining purified preservation components from pumpkin peels
(carotenoids) and also assessed the antioxidant activity of these compounds.

This study examined how an ultrasound-assisted extraction technique and varying
parameters such as temperature, duration, and solvent ratio affected the recovery of total
carotenoids and assessed the antioxidant capacity of pumpkin peel. A central composite
design (CCD) was used to optimize the extraction method and improve the carotenoid con-
tent and antioxidant activity of pumpkin peel. In summary, the utilization of the response
surface methodology was demonstrated to be a valuable technique for determining the
optimal conditions that maximize the extraction efficiency of carotenoids and enhance the
antioxidant capacity of the resulting extracts. This study emphasizes the significance of
utilizing pumpkin fruit waste to recover bioactive compounds and enhance the value of
the crop. It addresses the environmental concerns caused by the improper management of
crop byproducts.

2. Results and Discussions
2.1. HPLC Analysis for Carotenoid Compounds

A chromatographic investigation based on the HPLC technique was conducted to
characterize the pumpkin carotenoid profile.

The chromatographic profile of the sample, shown in Figure 1, displayed the presence
of several peaks identified at 450 nm. Nonetheless, two major compounds were separated
and identified following extraction. Three main compounds were identified: lutein (peak 1),
α-carotene (peak 2), and β-carotene (peak 3). The content of lutein was 2.13% (correspond-
ing to a concentration of 43.03 µg/g DW). In contrast, the content of α-carotene was 17.38%
and that of β-carotene was 41.82% (corresponding to a concentration of 351.05 µg/g DW
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and 844.73 µg/g DW) of the total carotenoids in the pumpkin peel extract. Based on their
retention time and the data reported in the literature, the other compounds depicted in
the chromatogram might presumptively be isomers and derivatives of the main identified
carotenoids, especially carotene. In comparison, Provesi et al. [37] studied pumpkin ex-
tract and puree and identified β-carotene as the major carotenoid fraction, with a content
between 13.38 and 19.45 µg/g sample, whereas α-carotene presented a content between
0.43 and 12.60 µg/g sample. Ninčević Grassino et al. [38] studied two species of pumpkin
and revealed that the major carotenoids identified were β-carotene, α-carotene, lutein, and
zeaxanthin. The authors also identified numerous ester forms that were measured as traces
when reported as compared to the total carotenoid content.
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Figure 1. The chromatographic profile of the pumpkin extract at 450 nm: lutein (1), α-carotene (2),
and β-carotene (3).

2.2. Fitting the Response Surface Models

A central composite design (CCD) and surface response modeling were used to
determine the optimal parameters for improving the extraction process. The content of TCs
and AA was also determined. The complete CCD matrix used to optimize the principal
variables evaluated and the corresponding values are shown in Table 1.

Table 1. Matrix of experimental design (real values) with responses in terms of TCs and AA.

Run Factor 1
A: Temperature (◦C)

Factor 2
B: Timp (min)

Factor 3
C: Solvent Ratio (mL)

Response 1
TCs (mg/g DW)

Response 2
AA (µM/g DW)

1 80 15 10 0.97 6.03
2 98.75 57.5 25 0.96 5.12
3 52.5 57.5 25 0.91 1.26
4 80 100 10 0.97 7.28
5 25 15 10 0.96 2.48
6 52.5 57.5 50.23 0.53 0.87
7 52.5 57.5 25 0.92 1.40
8 52.5 57.5 0.27 1.02 6.70
9 25 100 40 0.65 1.01
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Table 1. Cont.

Run Factor 1
A: Temperature (◦C)

Factor 2
B: Timp (min)

Factor 3
C: Solvent Ratio (mL)

Response 1
TCs (mg/g DW)

Response 2
AA (µM/g DW)

10 25 100 10 1.06 3.50
11 52.5 128.98 25 0.93 3.57
12 80 100 40 0.82 2.75
13 52.5 57.5 25 0.92 1.24
14 52.5 57.5 25 0.90 1.41
15 52.5 13.98 25 0.87 1.43
16 80 15 40 0.78 2.36
17 52.5 57.5 25 0.91 1.31
18 25 15 40 0.56 0.86
19 52.5 57.5 25 0.92 1.72
20 6.25 57.5 25 0.81 0.34

2.3. Influence of the Extraction Parameters on TCs

Carotenoids are a significant class of bioactive substances in pumpkin peels with
numerous health-promoting benefits. Thus far, studies have demonstrated a significant
variation in the concentration of carotenoids across several Cucurbitaceae species and culti-
vars. Table 1 illustrates how the overall carotenoid content changed depending on different
variables, ranging from 0.53 to 1.06 mg/g DW. Regression equations derived from the
ANOVA analysis were used to explain the TC values from pumpkin peel, taking into
account the variables of the extraction environment (Table 2). The model’s F-value of 705.14
for the TCs from pumpkin peels indicates that this is significant. The results show that
model terms are significant if the calculated p-values are smaller than a value of 0.0500.
Specifically, A, B, C, AB, AC, A2, B2, and C2 constitute significant model terms. The adjusted
R2 of 0.9970 and the predicted R2 of 0.9888 are reasonably in agreement; the difference is
less than 0.2.

R1 (TC) = +0.9137 + 0.0416A + 0.0278B − 0.1443C − 0.0197AB + 0.0572AC + 0.0058BC − 0.0104A2 − 0.0084B2 − 0.0498C2 (1)

Table 2. ANOVA for the reduced quadratic model for TCs and AA.

TC AA

Source SS df MS F-Value p-Value Source SS df MS F-Value p-Value

Model 0.3841 9 0.0427 705.14 <0.0001 a Model 82.17 9 9.13 233.19 <0.0001 a

A-Temperature 0.0236 1 0.0236 390.02 <0.0001 A-Temperature 25.33 1 25.33 647.00 <0.0001
B-Time 0.0083 1 0.0083 137.29 <0.0001 B-Time 1.52 1 1.52 38.82 <0.0001
C-Solvent ratio 0.2822 1 0.2822 4662.55 <0.0001 C-Solvent ratio 36.26 1 36.26 926.08 <0.0001
AB 0.0031 1 0.0031 51.17 <0.0001 AB 0.0296 1 0.0296 0.7554 0.4052
AC 0.0262 1 0.0262 432.85 <0.0001 AC 2.08 1 2.08 53.22 <0.0001
BC 0.0003 1 0.0003 4.41 0.0621 BC 0.3734 1 0.3734 9.54 0.0115
A² 0.0016 1 0.0016 25.88 0.0005 A² 3.37 1 3.37 86.08 <0.0001
B² 0.0006 1 0.0006 10.68 0.0085 B² 2.67 1 2.67 68.32 <0.0001
C² 0.0351 1 0.0351 579.13 <0.0001 C² 10.84 1 10.84 276.95 <0.0001
Residual 0.0006 10 0.0001 Residual 0.3915 10 0.0392
Lack of Fit 0.0004 5 0.0001 1.93 0.2445 b Lack of Fit 0.2383 5 0.0477 1.56 0.3197 b

Pure Error 0.0002 5 0.0000 Pure Error 0.1532 5 0.0306
Cor Total 0.3847 19 Cor Total 82.56 19

Sum of squares—SS; mean square—MS; a significant; b not significant.

Equation (1) represents the model equation that illustrates the relationship between
the TCs (R1) and the variables in coded units.

The solvent ratio (C) had the most negative impact on the carotenoid content according
to the regression equation’s b coefficients. Furthermore, temperature (A) and extraction
time (B) both improved the TCs of the extracts. The extraction of TCs from pumpkin
peels was positively influenced, as shown in Equation (1), by interactions between the
temperature and solvent ratio (AC) and the time and solvent ratio (BC). Also, moderately
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negative effects on the TC yield were shown by the interactions between the temperature
and extraction time (AB) and the quadratic time of extraction (B2), solvent ratio (C2), and
temperature (A2).

A synergistic effect of the independent factors (temperature, time, and solvent ratio) on
the TCs of the pumpkin peel extract was discovered through an analysis of Figure 2A(a–c).
Second-order contour plots were used to predict the correlation between the independent
and dependent variables, as shown in Figure 2A. The three-dimensional response shows
how the chosen parameters influence the TCs of the extract.
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Figure 2. Three-dimensional surface plots screening the variables’ effects on TC (A) extraction yield
and (B) antioxidant activity. ((A)—(a): temperature–time; (b): temperature–solvent ratio; (c): time–
solvent ratio; (B)—(a): temperature–time; (b): temperature–solvent ratio; (c): time–solvent ratio).

Extraction temperature and time are the primary factors influencing TC extraction, as
Figure 2A(a) demonstrates. The maximum TC value was obtained at 25 ◦C and around
100 min of extraction time. The maximum carotenoid yield can be obtained at higher
temperatures and lower liquid-to-material ratios. Moreover, as Figure 2A(c) illustrates,
a lower TC value was produced by shorter extraction durations (57.5 min) and a more
excellent solvent ratio (50 mL).

Plots of the perturbations caused by various factors illustrate how they influenced
the current response (Figure 3a). To ascertain which elements influence the response
most, the perturbation plots contrast the effects of each variable in the design space. A
steep slope or curve indicates a factor’s sensitivity to change, whereas a relatively flat
line indicates a factor’s insensitivity to change [39]. Curve C on the perturbation graph
illustrates the degree to which the solvent ratio value influenced the final result and thus
appears to be essential in establishing TCs. Curves A and B, which stood for temperature
and time, respectively, demonstrated that solvent ratio had a more significant influence on
the extraction than these other factors.
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The highest concentration of TCs (1.06 mg/g DW) corresponds to the extracts obtained
at 25 ◦C for 100 min of extraction and 10 mL of solvent ratio (Table 1). Therefore, carotenoid
extraction yields may increase over time, and the extracts can easily be introduced into
biological systems.

According to Chuyen et al. [40], the three main variables influencing metabolite
extraction in ultrasonic extraction are temperature, extraction time, and the solid/solvent
ratio. An increased solid/solvent ratio leads to a shift in the concentration gradient during
diffusion, resulting in more efficient plant carotenoid extraction. Carotenoids are expelled
from the cell wall, and elevated temperatures harm the cell membrane. Cavitation and
mechanical penetration improve the solvent’s ability to penetrate the membrane. Cell
rupture and an increase in the mass release of intracellular chemicals into the solvent are
caused by acoustic cavitation. The cavitation bubbles accelerate the release of intracellular
chemicals that burst at high temperatures, creating a powerful shock wave that permits the
solvent to enter the cellular components and break down the cell walls. The swelling and
hydration caused by ultrasound cause the cell wall pores to expand [29,41]. Enhancing the
dispersion across cellular membranes facilitates extraction [42]. Degradation is the cause of
the negative effects of high temperatures on the carotenoid content [35]. These findings are
consistent with related investigations on extracting phytochemicals such as carotenoids
and other bioactive substances possessing antioxidant properties [43–45].

The effectiveness and quality of the extracts in green extraction are greatly influenced
by the suitable method, if applicable. In other studies, the experimental carotenoid con-
tent was 1.85 mg/100 g dry weight under the optimal conditions of ultrasonic-assisted
carotenoid extraction from orange peel using olive oil as a solvent in a 35 min extraction
period at 42 ◦C and a liquid-to-solid ratio of 15 mL/g [46]. The extraction yield was ap-
proximately 0.3255 mg carotenoids/100 g of dry peel at the optimal operating conditions
(extraction temperature, 51.5 ◦C; peel/solvent ratio, 0.10; amplitude level, 58.8%; solvent,
sunflower oil). This was determined by comparing the effectiveness of ultrasound-assisted
and conventional solvent extraction of pomegranate peel carotenoids where vegetable oil
types are consumed [35].

Yan et al. [47] investigated the ultrasound-assisted solvent extraction of carotenoids
from rapeseed meal using the response surface methodology. The temperature, extraction
periods, liquid-to-material ratio, duration, and ultrasonic power were found to impact
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carotenoid extraction substantially. Under the specified conditions of 49.6 ◦C temperature,
a liquid-to-material ratio of 41.4 mL/g, 48.5 min time, and 253 W ultrasonic power, the
average carotenoid yield was 0.1577 ± 0.0014 mg/g, with a 79.61 ± 0.71% extraction level.

Chuyen et al. [48] identified the best conditions for extracting carotenoids and an-
tioxidant capacity from Gac peel utilizing ultrasound-assisted extraction, a Box–Behnken
design, and a response surface approach. At the most suitable parameters (76 min ex-
traction time, 50 ◦C temperature, and 250 W ultrasonic power), the carotenoid yield was
269 mg/100 g DW, and the antioxidant capacity was 822 µM TE/100 g DW. These variations
in the carotenoid concentrations of pumpkins can be influenced by various factors such
as extraction conditions (solvents and solid-to-solvent ratios), plant species, harvesting
season, and site, as well as storage conditions [48,49].

2.4. Influence of the Extraction Parameters on AA

The determined antioxidant activity values of the extract from pumpkin peel varied
depending on the impact of several variables, ranging from 0.34 to 7.28 mM TE/g DW
(Table 1). After the ANOVA explained the antioxidant activity values of the obtained
pumpkin peel extract, regression equations were developed based on the variables of
the extraction environment (Table 2). The model’s Model F-value of 233.19 for the AA
parameter suggests that the model is significant, and p-values less than 0.0500 denote that
the model’s terms are significant. The significant model terms in this instance are A, B, C,
AC, BC, A2, B2, and C2.

The regression model employed for DPPH free radical scavenging potential showed a
determination coefficient, R2, of 0.9953, meaning that the existing model could only specify
0.01 of the variation in antioxidant activity. There was a reasonable agreement between
the adjusted determination R2 coefficient of 0.9910 and the predicted determination R2

coefficient of 0.9734. The model equation for the correlation between the variables in coded
units and the antioxidant activity (R2) is shown in Equation (2).

R2 (AA) = +1.38+ 1.36A + 0.3760B − 1.64C + 0.0608AB − 0.5104AC − 0.2161BC + 0.4814A2 + 0.5412B2 + 0.8763C2 (2)

The regression equation’s b coefficients revealed that the temperature and extraction
time positively impact the antioxidant activity. In contrast, the solvent ratio had a negative
effect on the antioxidant activity. Additionally, the interactions between the temperature
and solvent ratio (AC) and the time and solvent ratio (BC) significantly negatively affected
the antioxidant activity of the pumpkin peel extract. The interaction between the tempera-
ture and time (AB) also had a small positive impact. Moreover, the interactions between
the quadratic temperature (A2), quadratic time (B2), and quadratic solvent ratio (C2) were
all found to have an appreciably positive effect on AA extraction.

Second-order contour plots (Figure 2B) were utilized to forecast the correlation be-
tween the independent and dependent variables and to demonstrate the synergistic effects
of the independent factors on the antioxidant activity of the extract. The three-dimensional
response area describes the correlative impact of the chosen parameters on the extract’s
antioxidant activity. Figure 2B(a–c) display the extraction factors influencing antioxidant
activity.

Figure 2Ba shows that temperature and time influence antioxidant activity; AA in-
creases as the volume of the solvent ratio decreases. The maximum antioxidant activity
was obtained after nearly 100 min of extraction at a temperature of about 100 ◦C. Moreover,
a decreased solvent ratio and elevated temperature had a beneficial effect on the DPPH
free radical scavenging ability, as shown in the graphs (Figure 2Bb).

Smaller extraction periods and a larger volume of solvent ratio resulted in reduced
DPPH free radical scavenging potential (Figure 2Bc).

Furthermore, curve A from the perturbation graph, which shows the notable influence
of the temperature of extraction value, was important in determining AA in the perturba-
tion graph. Moreover, curves B and C will have less impact on extraction than curve A
(Figure 3b).



Plants 2024, 13, 1447 9 of 15

This study optimized the ultrasound-assisted extraction process parameters to extract
carotenoids from pumpkin peels and enhance their antioxidant activity. While the pro-
vitamin A activity associated with certain carotenoids is well known, they also possess
potent antioxidant qualities due to their ability to function as conjugated double-bond scav-
engers of peroxyl radicals and as singlet oxygen quenchers [50]. In vitro spectrophotometric
experiments were performed to assess this capability. Three variables (temperature, time,
and solvent ratio) were used to optimize the extraction parameters screened through a CCD.
Under the optimum conditions, the antioxidant activity was at its highest level at around
80 ◦C, with a duration extraction of 100 min at a solid-to-solvent ratio of 1 to 10 (g/mL).
Higher temperatures and longer extraction times led to an increase in antioxidant activity.

The total carotenoids in pumpkin peel (lycopene and beta-carotene) are known to be
heat-sensitive [51]. Significant carotene losses have also been recorded in other materials
treated with ultrasound [52,53]. Therefore, the antioxidant capacity may be degraded
during the extraction process of pumpkin peel due to high temperatures and high ultrasonic
power.

Corrales et al. [54] obtained comparable results, indicating that ultrasound enhances
antioxidant activity compared to traditional extraction techniques. Olive oil was used as a
green solvent to enhance the extraction of carotenoids from orange peel using ultrasonic
waves. According to the majority of research, applying ultrasonic waves under proper
conditions improves the extraction process. Variations in the reaction conditions and the
potency of antioxidant components found in carotenoid extracts are the reasons for the
variations in the results. The antioxidant activity can be modified by the presence of natural
antioxidants (tocopherols) and phenolic chemicals [55].

In their study, Teng and Choi [56] determined that the highest antioxidant capacity
of Rhizoma coptidis extract extracted with ultrasonic aid was 3.32 mmol/L of TEs at a
temperature of 66.22 ◦C, an extraction period of 46.57 min, and an ethanol content of 59%.

Hussain et al. [57] measured the DPPH free radical scavenging activity of pumpkin
peel, flesh, and seed extracts. The results showed that the pumpkin seed (16.53 mg of
ascorbic acid equivalent/100 g) extract had the highest DPPH free radical scavenging
activity, followed by the pumpkin peel (13.00 mg of ascorbic acid equivalent/100 g) and
flesh (10.58 mg of ascorbic acid equivalent/100 g) extracts.

2.5. Optimization and Validation of the Extraction Parameters

The model proposed the optimal factors based on maximizing response desirability
to validate the model equation (Figure 4, Table 3). A specific point labeled on the ramp
graphs represents the ideal level for the variable under investigation. The desirability
function’s value ranges from zero, which is outside the set limits, to one, or a value that is
very near to one. The program aims to maximize the function by aiming for the steepest
slope feasible, starting at a random point [58]. A desirability score of 0.930 indicated that
all the selected conditions were correct. The most effective conditions for achieving the
maximum extraction of carotenoids and the strongest antioxidant activity were a solvent
ratio of 10 mL, a temperature of 78.5 ◦C, and an extraction period of 100 min.

Table 3. Validation of the mathematical model.

Dependent Variable Predicted Value 95% Confidence Intervals Experimental Value

TCs (mg/g DW) 0.979 0.96–1.01 0.97
AA (µM TE/g DW) 7.281 6.72–7.84 7.25

The model predicted the maximum concentration of carotenoids and antioxidant
activity to be 0.979 mg/g DW and 7.281 µM TE/g DW, respectively. At the same time,
the experimental data showed immediate responses to those predicted by the model,
particularly 0.97 mg/g DW and 7.25 µM TE/g DW (Table 3). The experimental results
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showed rapid responses to the model’s predictions. Three extractions were performed
under those anticipated variables to validate the model.
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3. Materials and Methods
3.1. Reagents and Chemicals

Acetonitrile, ethyl acetate, n-hexane, acetone, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), and petroleum ether
were obtained from Sigma Aldrich Steinheim (Darmstadt, Germany). All other reagents
used in the experiments were of analytical grade.

3.2. Pumpkin Peel Preparation

Pumpkin fruit of the species Cucurbita maxima cv. Blue Hubbard was purchased from a
local market in Iasi city. Three pumpkin fruits were cleaned with distilled water, cut into
quarters, and peeled using a knife, and their seeds and fibrous material were removed
manually. The peels were packed in plastic bags and stored at a temperature of −20 ◦C. The
peels were dried at −42 ◦C under a pressure of 10 Pa for 48 h in a freeze drier (Alpha 1–4
LD plus equipment CHRIST, Osterode am Harz, Germany) until their moisture level was
below 4%, then ground in a lab grinder (powder with 250–500 µm particle sizes). Before
being extracted, the powdered samples were vacuum-packed in plastic zipper bags and
stored at −20 ◦C to avoid exposure to light and oxygen.

3.3. Ultrasound-Assisted Extraction

Phytochemicals were isolated from pumpkin peel powder utilizing the ultrasound-
assisted extraction technique, as reported by Lima et al. [24], with a few minor modifications.
To summarize, 10 mL of a 3:1 v/v n-hexane/acetone solvent mixture was mixed with 1.0 g
of pumpkin peel powder. The sample was then ultrasonically treated for 40 min at 40 ◦C
and 40 kHz by Smart MRC LLC, Holon, Israel. The resultant crude extract was recovered
and centrifuged for 15 min at 10 ◦C and 5196 g force. Following separation, the supernatant
was gathered, and the residue was repeatedly extracted using 10 mL of n-hexane/acetone
(3:1, v/v) until it lost its color. Moreover, the Christ AVC 2–18 system (Osterode am Harz,
Germany) was used to concentrate the supernatant at 40 ◦C under reduced pressure.
Following the solubilization of the concentrated extracts in the extraction solvent, the total
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carotenoid (TC) and antioxidant activity (AA) concentrations in pumpkin peel extract were
determined.

3.4. Determination of the TC Contents

A spectrophotometric analysis was performed to measure and determine the TC
concentrations of the extract, as described by Nistor et al. [59] with slight modifications. In
brief, 0.2 mL of the extract was dissolved in the extraction solvent mixture, then introduced
into the UV quartz cuvette, and a Libra S22 UV-VIS spectrophotometer was used to measure
the absorbance at λ = 450 nm for TCs (Biochrom, Cambridge, UK). The results were reported
as mg/g of dry weight (DW). Their concentrations were calculated using the following
equation:

TCs (mg/g) =
A·Mw·Df
m·L·Ma

(3)

where A is the sample’s absorbance, Mw is the molecular weight (536.9), Df is the sample’s
dilution rate, m is the weight of the concentrated extract, L is the length of the optical path
of the cuvette (1 cm), and Ma is the molar absorptivity, which is 2500 L mol−1 cm−1 for
carotenoids.

3.5. Determination of the Antioxidant Activity (AA)

To assess the antioxidant activity of a bioactive substance or extract, it is typically
necessary to perform various antioxidant assays. This is because a single compound or a
group of compounds may demonstrate varying levels of antioxidative effectiveness across
multiple tests [60]. However, the results of our previous investigations on pumpkin peel
have demonstrated that carotenoid extracts from pumpkin peel possess DPPH radical
scavenging activity, which was found to be significant and also correlated with the total
carotenoids in the extract [61]. Therefore, the DPPH radical scavenging activity was chosen
to represent the antioxidant activity of carotenoid extracts from pumpkin peel in this study.

The DPPH free radical scavenging method was used to determine the antioxidant
activity, expressed as µM Trolox Equivalents (TEs)/g DW [62,63]. Briefly, to measure
the in vitro antioxidant activity, 100 µL of the extract was mixed with 3.9 mL of a DPPH
stock solution (0.1 M). The mixture was then kept at room temperature for 30 min in
complete darkness. The absorbance was determined at 515 nm, and the data were analyzed
using a Trolox calibration curve. Then, 100 µL of methanol was used to prepare the blank
specimen instead of the sample. The equation for the calibration curve of Trolox was
y = 0.45x + 0.0075 and R2 = 0.993.

3.6. High-Performance Liquid Chromatography (HPLC) Analysis of the Pumpkin Peel Extract

To obtain the chromatographic profile of the obtained extract, a Thermo Finnigan
Surveyor HPLC system with a DAD UV–visible detector (Finnigan Surveyor LC, Thermo
Scientific, Waltham, MA, USA) was used. The Xcalibur software version 2.0.7 controlled the
equipment. The carotenoid compounds from the pumpkin extract were analyzed at 450 nm
on a Lichrosorb RP-18 (5 µm) Hibar RT 125–4 column. The elution mobile phase consisted
of two solvents, namely 90% acetonitrile (A) and 100% ethyl acetate (B). The injection
volume was 20 µL, while the flow rate was 1.000 mL/min. The elution gradient was
0–16 min, 15% B; 16–54 min, 15–62% B; 54–56 min, 62% B; 56–60 min, 62–15% B; 60–70 min,
15% B. The identification and quantification of the main carotenoids were achieved based
on the calibration curves of the available standards (lutein, α-carotene, and β-carotene).

3.7. Experimental Design

The central composite design (CCD) approach was chosen to determine the antioxidant
activity and experimentally optimize the total carotenoids in the pumpkin peel extract. An
experimental factorial model involved a central composite design with five components,
three central points, and 20 experimental runs. Table 4 shows the maximum and minimum
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values of the variables explored in the experimental plan in their current and coded forms.
In addition, the CCD creates a quadratic model for response variables.

Table 4. Range of values for the factors investigated and encoded values.

Code Independent Variables Units Minimum Maximum Coded Low Coded High

A Temperature ◦C 6.2507 98.7493 −1 = 0.10 +1 = 2.00
B Time min 13.9762 128.976 −1 = 20.00 +1 = 60.00
C Solvent ratio mL 0.2268 50.2269 −1 = 25.00 +1 = 50.00

A second-order polynomial model (5) can be used to represent the software used to
test the experimental conditions:

R = b0 + ∑n
i bi·xi + ∑n

i=1 bii·x2
ii + ∑ bij·xi·xjd (4)

where R is the predicted response, b0 is the intercept, bi, bii, and bij are the regression
coefficients, xi and xjd are the independent variables analyzed, and n is the number of
factors.

3.8. Statistical Analysis

In this study, the statistical software Design Expert (v. 12) was utilized to examine the
experimental model (Stat-Ease, Inc., Minneapolis, MN, USA). All analyses were carried out
in triplicate, and the findings are expressed as mean ± standard deviation.

4. Conclusions

This work utilized a mixture design technique to determine the most effective com-
bination of variables for extracting refined compounds from pumpkin peels, resulting in
increased bioactivity. Therefore, a CCD and response surface methodology were used
to optimize the ultrasound-assisted extraction process variables (temperature—80 ◦C; ex-
traction time—100 min; and solvent ratio—10 mL) to obtain pumpkin peel extracts with
a high content of TCs and high levels of AA. The interaction of optimal time, tempera-
ture, and material-to-solvent ratio improved the extraction of the antioxidant compounds,
so our results revealed that the Blue Hubbard peel-refined extract exhibited a notable
content of carotenoids (1.06 mg/g DW) and a potent DPPH radical scavenging activity
(7.28 µM TE/g DW).

The results of our study demonstrate the possible positive impacts on the health of
the outer layer of pumpkin due to its high concentration of phytochemicals as well as
its strong antioxidant properties. These findings emphasize the significance of utilizing
this byproduct in the food industry’s circular economy approach. Moreover, our findings
display an economically efficient extraction considering the low cost of byproduct materials.
Due to the high concentration of functional bioactive components in pumpkin peels,
these compounds have a variety of uses in the food, pharmaceutical, and nutraceutical
industries. Given that multiple compounds may contribute to the antioxidant activity and
bioactive properties of natural matrices, additional research is necessary to enhance the
extraction protocols for obtaining specific compounds (such as polyphenols) from pumpkin
byproducts. These compounds could potentially serve as innovative colorant agents.
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4. Kulczyński, B.; Sidor, A.; Gramza-Michałowska, A. Antioxidant Potential of Phytochemicals in Pumpkin Varieties Belonging to

Cucurbita Moschata and Cucurbita Pepo Species. CyTA J. Food 2020, 18, 472–484. [CrossRef]
5. Fiedor, J.; Burda, K. Potential Role of Carotenoids as Antioxidants in Human Health and Disease. Nutrients 2014, 6, 466–488.

[CrossRef] [PubMed]
6. Sharma, A.; Sogi, D.S. Optimization of enzyme aided pigment extraction from pumpkin (Cucurbita maxima Duch) using response

surface methodology. J. Food Measurem. Charact. 2022, 16, 1184–1194. [CrossRef]
7. Hosen, M.; Rafii, M.Y.; Mazlan, N.; Jusoh, M.; Oladosu, Y.; Chowdhury, M.F.N.; Muhammad, I.; Khan, M.M.H. Pumpkin

(Cucurbita spp.): A Crop to Mitigate Food and Nutritional Challenges. Horticulturae 2021, 7, 352. [CrossRef]
8. Rico, X.; Gullón, B.; Alonso, J.L.; Yáñez, R. Recovery of High Value-Added Compounds from Pineapple, Melon, Watermelon and

Pumpkin Processing by-Products: An Overview. Food Res. Int. 2020, 132, 109086. [CrossRef] [PubMed]
9. Valdez-Arjona, L.P.; Ramírez-Mella, M. Pumpkin Waste as Livestock Feed: Impact on Nutrition and Animal Health and on

Quality of Meat, Milk, and Egg. Animals 2019, 9, 769. [CrossRef]
10. Saavedra, M.J.; Aires, A.; Dias, C.; Almeida, J.A.; De Vasconcelos, M.C.B.M.; Santos, P.; Rosa, E.A. Evaluation of the Potential of

Squash Pumpkin By-Products (Seeds and Shell) as Sources of Antioxidant and Bioactive Compounds. J. Food Sci. Technol. 2015,
52, 1008–1015. [CrossRef]

11. Patel, S.; Rauf, A. Edible Seeds from Cucurbitaceae Family as Potential Functional Foods: Immense Promises, Few Concerns.
Biomed. Pharmacother. 2017, 91, 330–337. [CrossRef]

12. Rolnik, A.; Olas, B. Vegetables from the Cucurbitaceae Family and Their Products: Positive Effect on Human Health. Nutrition
2020, 78, 110788. [CrossRef]

13. Salehi, B.; Capanoglu, E.; Adrar, N.; Catalkaya, G.; Shaheen, S.; Jaffer, M.; Giri, L.; Suyal, R.; Jugran, A.K.; Calina, D.; et al.
Cucurbits Plants: A Key Emphasis to Its Pharmacological Potential. Molecules 2019, 24, 1854. [CrossRef]

14. Pereira, A.M.; Krumreich, F.D.; Ramos, A.H.; Krolow, A.C.R.; Santos, R.B.; Gularte, M.A. Physicochemical Characterization,
Carotenoid Content and Protein Digestibility of Pumpkin Access Flours for Food Application. Food Sci. Technol. 2020, 40, 691–698.
[CrossRef]

15. Karrar, E.; Sheth, S.; Navicha, W.B.; Wei, W.; Hassanin, H.; Abdalla, M.; Wang, X. A Potential New Source: Nutritional and
Antioxidant Properties of Edible Oils from Cucurbit Seeds and Their Impact on Human Health. J. Food Biochem. 2019, 43, e12733.
[CrossRef]

16. Ferreira, D.F.; Barin, J.S.; Binello, A.; Veselov, V.V.; Cravotto, G. Highly Efficient Pumpkin-Seed Extraction with the Simultaneous
Recovery of Lipophilic and Hydrophilic Compounds. Food Bioprod. Process. 2019, 117, 224–230. [CrossRef]
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Profiles of Pumpkin Products and By-Products. Molecules 2023, 28, 858. [CrossRef]

39. Anderson, M.J.; Whitcomb, P.J. RSM Simplified: Optimizing Processes Using Response Surface Methods for Design of Experiments, 2nd
ed.; Productivity Press: New York, NY, USA, 2016.

40. Chuyen, H.V.; Roach, P.D.; Golding, J.B.; Parks, S.E.; Nguyen, M.H. Optimisation of Extraction Conditions for Recovering
Carotenoids and Antioxidant Capacity from Gac Peel Using Response Surface Methodology. Int. J. Food Sci. Technol. 2017, 52,
972–980. [CrossRef]

41. Rahimi, S.; Mikani, M. Lycopene Green Ultrasound-Assisted Extraction Using Edible Oil Accompany with Response Surface
Methodology (RSM) Optimization Performance: Application in Tomato Processing Wastes. Microchem. J. 2019, 146, 1033–1042.
[CrossRef]

42. Savic Gajic, I.M.; Savic, I.M.; Gajic, D.G.; Dosic, A. Ultrasound-Assisted Extraction of Carotenoids from Orange Peel Using Olive
Oil and Its Encapsulation in Ca-Alginate Beads. Biomolecules 2021, 11, 225. [CrossRef]

43. Abid, M.; Jabbar, S.; Wu, T.; Hashim, M.M.; Hu, B.; Lei, S.; Zeng, X. Sonication Enhances Polyphenolic Compounds, Sugars,
Carotenoids and Mineral Elements of Apple Juice. Ultrason. Sonochem. 2014, 21, 93–97. [CrossRef] [PubMed]

44. Tsiaka, T.; Zoumpoulakis, P.; Sinanoglou, V.J.; Makris, C.; Heropoulos, G.A.; Calokerinos, A.C. Response Surface Methodology
toward the Optimization of High-Energy Carotenoid Extraction from Aristeus antennatus Shrimp. Anal. Chim. Acta 2015, 877,
100–110. [CrossRef] [PubMed]

45. Jaeschke, D.P.; Rech, R.; Marczak, L.D.F.; Mercali, G.D. Ultrasound as an Alternative Technology to Extract Carotenoids and
Lipids from Heterochlorella luteoviridis. Bioresour. Technol. 2017, 224, 753–757. [CrossRef]

46. Izadi-NajafAbadi, P.; Ahmadi-Dastgerdi, A. Optimization of Emulsification and Microencapsulation of Balangu (Lallemantia
royleana) Seed Oil by Surface Response Methodology. J. Food Qual. 2022, 2022, e5898937. [CrossRef]

47. Yan, F.; Fan, K.; He, J.; Gao, M. Ultrasonic-Assisted Solvent Extraction of Carotenoids From Rapeseed Meal: Optimization Using
Response Surface Methodology. J. Food Qual. 2015, 38, 377–386. [CrossRef]

https://doi.org/10.1080/02652048.2019.1705408
https://www.ncbi.nlm.nih.gov/pubmed/31835967
https://doi.org/10.1515/ijfe-2018-0381
https://doi.org/10.3390/foods10040787
https://www.ncbi.nlm.nih.gov/pubmed/33917570
https://doi.org/10.17576/jsm-2017-4602-07
https://doi.org/10.1021/ie0301233
https://doi.org/10.1007/s10973-019-08875-5
https://doi.org/10.1016/j.foodchem.2017.07.099
https://doi.org/10.1007/s12649-022-01866-y
https://doi.org/10.3390/pr11061726
https://doi.org/10.1016/j.jece.2021.105130
https://doi.org/10.1016/j.foodres.2014.12.042
https://doi.org/10.1016/j.cytogfr.2009.10.002
https://doi.org/10.1007/s13197-013-0926-x
https://doi.org/10.1016/j.foodchem.2011.03.027
https://doi.org/10.3390/molecules28020858
https://doi.org/10.1111/ijfs.13361
https://doi.org/10.1016/j.microc.2019.02.039
https://doi.org/10.3390/biom11020225
https://doi.org/10.1016/j.ultsonch.2013.06.002
https://www.ncbi.nlm.nih.gov/pubmed/23835397
https://doi.org/10.1016/j.aca.2015.03.051
https://www.ncbi.nlm.nih.gov/pubmed/26002215
https://doi.org/10.1016/j.biortech.2016.11.107
https://doi.org/10.1155/2022/5898937
https://doi.org/10.1111/jfq.12154


Plants 2024, 13, 1447 15 of 15

48. Provesi, J.G.; Amante, E.R. Carotenoids in Pumpkin and Impact of Processing Treatments and Storage. In Processing and Impact on
Active Components in Food; Elsevier: Amsterdam, The Netherlands, 2015; pp. 71–80. [CrossRef]

49. Dianursanti, A.R.; Siregar, Y.; Maeda, T.; Yoshino, T.; Tanaka, T. The Effects of Solvents and Solid-to-Solvent Ratios on Ultrasound-
Assisted Extraction of Carotenoids from Chlorella vulgaris. Int. J. Technol. 2020, 11, 941–950. [CrossRef]

50. Ribeiro, B.D.; Barreto, D.W.; Coelho, M.A.Z. Technological Aspects of β-Carotene Production. Food Bioprocess Technol. 2011, 4,
693–701. [CrossRef]

51. Ordóñez-Santos, L.E.; Pinzón-Zarate, L.X.; González-Salcedo, L.O. Optimization of Ultrasonic-Assisted Extraction of Total
Carotenoids from Peach Palm Fruit (Bactris gasipaes) by-Products with Sunflower Oil Using Response Surface Methodology.
Ultrason. Sonochem. 2015, 27, 560–566. [CrossRef]

52. Zhao, L.; Zhao, G.; Chen, F.; Wang, Z.; Wu, J.; Hu, X. Different Effects of Microwave and Ultrasound on the Stability of
(All-E)-Astaxanthin. J. Agric. Food Chem. 2006, 54, 8346–8351. [CrossRef]

53. Sun, Y.; Ma, G.; Ye, X.; Kakuda, Y.; Meng, R. Stability of All-Trans-β-Carotene under Ultrasound Treatment in a Model System:
Effects of Different Factors, Kinetics and Newly Formed Compounds. Ultrason. Sonochem. 2010, 17, 654–661. [CrossRef] [PubMed]

54. Corrales, M.; Toepfl, S.; Butz, P.; Knorr, D.; Tauscher, B. Extraction of Anthocyanins from Grape By-Products Assisted by
Ultrasonics, High Hydrostatic Pressure or Pulsed Electric Fields: A Comparison. Innov. Food Sci. Emerg. Technol. 2008, 9, 85–91.
[CrossRef]

55. Müller, L.; Fröhlich, K.; Böhm, V. Comparative Antioxidant Activities of Carotenoids Measured by Ferric Reducing Antioxidant
Power (FRAP), ABTS Bleaching Assay (αTEAC), DPPH Assay and Peroxyl Radical Scavenging Assay. Food Chem. 2011, 129,
139–148. [CrossRef]

56. Teng, H.; Choi, Y.H. Optimization of Ultrasonic-Assisted Extraction of Bioactive Alkaloid Compounds from Rhizoma Coptidis
(Coptis chinensis Franch.) Using Response Surface Methodology. Food Chem. 2014, 142, 299–305. [CrossRef] [PubMed]

57. Hussain, A.; Kausar, T.; Din, A.; Murtaza, A.; Jamil, M.A.; Noreen, S.; Iqbal, M.A. Antioxidant and Antimicrobial Properties of
Pumpkin (Cucurbita maxima) Peel, Flesh and Seeds Powders. J. Biol. Agric. Healthc. 2021, 11, 42.

58. De, B.; Bhandari, K.; Katakam, P.; Goswami, T.K. Development of a Standardized Combined Plant Extract Containing Nutraceuti-
cal Formulation Ameliorating Metabolic Syndrome Components. SN Appl. Sci. 2019, 1, 1484. [CrossRef]

59. Nistor, O.V.; Mocanu, G.D.; Andronoiu, D.G.; Barbu, V.V.; Ceclu, L. A Complex Characterization of Pumpkin and Quince Purees
Obtained by a Combination of Freezing and Conventional Cooking. Foods 2022, 11, 2038. [CrossRef]

60. Thaipong, K.; Boonprakob, U.; Crosby, K.; Cisneros-Zevallos, L.; Hawkins Byrne, D. Comparison of ABTS, DPPH, FRAP, and
ORAC assays for estimating antioxidant activity from guava fruit extracts. J. Food Compos. Anal. 2006, 19, 669–675. [CrossRef]

61. Gavril, R.N.; Carlescu, P.M.; Veles, cu, I.D.; Arsenoaia, V.N.; Stoica, F.; Stanciuc, N.; Aprodu, I.; Constantin, O.E.; Rapeanu, G. The
development of value-added yogurt based on pumpkin peel powder as a bioactive powder. JAFR 2024, 16, 101098. [CrossRef]

62. Castro-Vargas, H.I.; Rodríguez-Varela, L.I.; Ferreira, S.R.S.; Parada-Alfonso, F. Extraction of Phenolic Fraction from Guava Seeds
(Psidium guajava L.) Using Supercritical Carbon Dioxide and Co-Solvents. J. Supercrit. Fluids 2010, 51, 319–324. [CrossRef]

63. Turturică, M.; Stănciuc, N.; Bahrim, G.; Râpeanu, G. Effect of Thermal Treatment on Phenolic Compounds from Plum (Prunus
domestica) Extracts—A Kinetic Study. J. Food Eng. 2016, 171, 200–207. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/b978-0-12-404699-3.00009-3
https://doi.org/10.14716/ijtech.v11i5.4331
https://doi.org/10.1007/s11947-011-0545-3
https://doi.org/10.1016/j.ultsonch.2015.04.010
https://doi.org/10.1021/jf061876d
https://doi.org/10.1016/j.ultsonch.2009.12.005
https://www.ncbi.nlm.nih.gov/pubmed/20074992
https://doi.org/10.1016/j.ifset.2007.06.002
https://doi.org/10.1016/j.foodchem.2011.04.045
https://doi.org/10.1016/j.foodchem.2013.06.136
https://www.ncbi.nlm.nih.gov/pubmed/24001845
https://doi.org/10.1007/s42452-019-1518-9
https://doi.org/10.3390/foods11142038
https://doi.org/10.1016/j.jfca.2006.01.003
https://doi.org/10.1016/j.jafr.2024.101098
https://doi.org/10.1016/j.supflu.2009.10.012
https://doi.org/10.1016/j.jfoodeng.2015.10.024

	Introduction 
	Results and Discussions 
	HPLC Analysis for Carotenoid Compounds 
	Fitting the Response Surface Models 
	Influence of the Extraction Parameters on TCs 
	Influence of the Extraction Parameters on AA 
	Optimization and Validation of the Extraction Parameters 

	Materials and Methods 
	Reagents and Chemicals 
	Pumpkin Peel Preparation 
	Ultrasound-Assisted Extraction 
	Determination of the TC Contents 
	Determination of the Antioxidant Activity (AA) 
	High-Performance Liquid Chromatography (HPLC) Analysis of the Pumpkin Peel Extract 
	Experimental Design 
	Statistical Analysis 

	Conclusions 
	References

