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Abstract: This work aimed to optimize the extraction conditions of bioactive compounds obtained
from three squash by-products (e.g., peel, endocarp, and seeds) using the response surface method-
ology (RSM). The selected independent variables were ethanol concentration, extraction time, and
extraction temperature. Squash by-products’ bioactive molecules were extracted according to the
matrix proposed by the experimental plan. Significant variability in total phenolic compound content
(TPC) and antioxidant activity, depending on the extraction time, the solvent concentration, and the
extraction temperature, was recorded for the tested by-products. The experimental results adequately
fitted with second-order polynomial models and showed significant linear, quadratic, and interaction
effects of the independent variables. Data analysis suggested that the optimal extraction conditions
were 12.2% ethanol for 11.2 min at 55 ◦C for peels; 28.5% ethanol for 10.5 min at 37 ◦C for endocarp;
and 20% ethanol for 10.5 min at 60 ◦C for seeds. The results obtained showed that the experimental
and predicted values of TPC and antioxidant activities as an indicator of a successful extraction
fit with each other, thus indicating the optimal extraction conditions. Under these conditions, the
obtained extracts exhibited high, although variable, TPC with epicatechin and epigallocatechin as
major compounds, as well significant antimicrobial potency, which reached 100% and 80% inhibition
of the tested bacteria and fungi.

Keywords: Cucurbita maxima; by-products; response surface methodology; antioxidant activity; total
phenolic compound content; squash

1. Introduction

Fruit and vegetable processing industries create enormous amounts of under-utilized
by-products with an inordinate economic potential and high environmental burden [1].
Processing by-products account for 25% up to 60% of the weight of the fruit and principally
consist of skin (peels) and lower percentages of pulp and seeds. All of these fractions
present a remarkable chemical composition and, therefore, could be considered as raw
ingredients for the development of integrated biorefinery methodologies and as sources
of natural bioactive agents. Subsequently, the need to obtain nutritious foods from new
sources and lower waste in industry has created a great interest in studying different
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parts of plants that are presently considered waste as opposed to being appreciated as by-
products with high nutritional value and great potential use in human diets. Squash seeds,
peel, and endocarp are commonly considered as waste during processing. However, they
possess a high content of polyphenols and fatty and amino acids, which, when valorized as
a by-product or ingredient, can transfer high added value to food products while reducing
waste and losses for manufacturers [2].

Cucurbita maxima, commonly known as squash, belongs to the Cucurbitaceae family and
is an annual, herbaceous plant, which can adapt to different agroecological conditions [3].
Squash is a species with a great agronomic potential use worldwide thanks to its attrac-
tive color, low-cost production, nutritional potential, and functional properties for food
application [4,5]. It is also a useful vegetable with an identical position among other
vegetables, thanks to its peel, flesh, and seeds, each possessing outstanding bioactive
compounds that can be applicable in the treatment and prevention of health disorders [6,7].
On the other hand, fruit by-products (such as peels, seeds, and endocarp) generated from
the squash industry represent an interesting source for transforming industrial waste
into renewable energy. Therefore, eliminating this by-product could help reduce the
environmental burden within the context of sustainable development and the circular
economy [8]. Thus, many uses of squash by-products have been suggested so far. For ex-
ample, de Escalada Pla et al. [9] revealed that fiber fractions could be used as food, cosmetic,
and pharmaceutical ingredients for nutritional and technological applications, while val-
orizing squash waste at the same time. Moreover, Genevois et al. [10] reported that squash
by-products could be used as a growth substrate and support Lactobacillus casei (ATCC393)
in beverages with high consumers’ acceptability. A study conducted by Pająk et al. [11]
showed that squash by-products represent an excellent source of carotenoid pigments,
while they also contain significant levels of starch (60% of starch on a dry matter basis).

On the other hand, seeds are already consumed both toasted and salted because they
exhibit numerous beneficial effects to human health thanks to their macro- and micronutri-
ent content. They are also a natural source of phytosterols and antioxidant compounds such
as tocopherols and carotenoids and present an excellent source of unsaturated fatty acids
such as oleic and linoleic acids [12]. The oil extracted from seeds is currently used as salad
seasoning because of its characteristic aroma and flavor, while dried seeds can be used as
a thickener for soups or as snacks [13]. Seeds can be considered as a natural functional
food thanks to their high content of bioactive molecules, which have been associated with
antiparasitic, anthelmintic, vermifuge, and tenifuge activities [14]. Moreover, squash peels
are considered to be rich in antioxidants by Daiuto et al. [15], who detected high levels
of ascorbic acid and tocopherols. Moreover, Kim et al. [16] determined an appreciable
content of carotenoids in the peels of three Cucurbitaceae species (C. pepo, C. moschata, and
C. maxima) and suggested that β-carotene contents in peels were 5–15 times higher than in
the flesh. Moreover, the genotype is also important for the bioactive compound profile of
plant-derived tissues because, according to Kulczyński et al. [17], a significant variability
was recorded in the antioxidant potential of fruit pulp of different pumpkin cultivars.

In terms of food technology applications, researchers made bread from peel flour
in order to partially replace wheat flour, and the use of squash flour increased the total
protein content in the final product [18]. A study conducted by Bochnak and Świeca [19]
indicated that squash powder is a good source of potentially bioaccessible phenolic com-
pounds and antioxidants. Indeed, different parts of squash are rich sources of biologi-
cally active compounds such as phenolic compounds, flavonoids, flavones, tocopherols,
and tocotrienols [20]. Squash flour also exhibits high total antioxidant activity [21] and
possesses anti-hypertensive properties [22]. Vitamin E (tocopherol), which is a potent
antioxidant, can also be found in high contents in squash seeds. In the same manner,
endocarp from squash is a very interesting by-product, despite being the most ignored and
underutilized [6].

However, in order to obtain the highest bioactive potential, the choice of the appropri-
ate extraction method is extremely important, as it should take into consideration several
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parameters such as the extraction yield and duration of the protocol, safety issues, the
production cost, the complexity, as well as the sustainability of the methods [23]. Currently,
new sustainable extraction techniques, also known as “green and innovative”, are being
studied. Considering the current trend to obtain extracts with higher contents in bioactive
components and with greater efficiency, the processing time, using lower temperatures
and smaller amounts of solvent, could be reduced, thus resulting in products with a mini-
mum degree of degradation [24]. For this purpose, ethanol can be used as an extraction
solvent to reduce the environmental and toxicological impacts, as it is renewable, formed
by biotechnological processes, and is a nontoxic solvent [25]. Indeed, the efficiency of an
extraction process is influenced by many factors including the solvent composition, the
extraction temperature, the extraction time, and the solvent to solid ratio [26].

Response surface methodology (RSM) is a useful tool for optimizing chemical pro-
cesses; it is an efficient mathematical and statistical technique for analyzing empirical
models that describe the effect of independent variables and their interactions on response
variables [27]. This methodology is employed as an alternative process to reduce the chal-
lenges of traditional experimentation as well as to evaluate the effects of multiple variables
and their interactions [28]. Optimizing factorial variable settings where a response reaches
a specified maximum or minimum value is part of the RSM. On the other hand, factorial
methods are effectively expanded for more in-depth modeling of the effects, but they still
serve to model the response. RSM is based on the findings of factorial studies as well as
extra treatments applied both within and outside of the factorial space (center point and
star points). This kind of structure is referred to as a central composite design. Multiple re-
gression analysis yields the upgraded model, and the response surface may be shown using
the corresponding equation. Moreover, plots indicate locations where a reaction exhibits
the same magnitude as well as the factors’ optimal levels [29]. According to Sendi et al. [23],
RSM can improve existing extraction processes and enable new commercial extraction
opportunities and processes. Compared with maceration and Soxhlet extraction, RSM
has been proved to be an effective and reasonable method with low toxicity and high
reproducibility [23]. In this respect, RSM has been successfully used so far to optimize the
extraction of phenolic compounds from many plant matrices [30–34].

In the present study, RSM was adopted to identify the most favorable conditions for the
extraction of squash by-products. The studied by-products were C. maxima seeds, peel, and
endocarp. An investigation plan defining the number of experiments to be performed was
established. The independent factors and their levels were selected based on a preliminary
study of the extraction variables, and the fixed responses were total phenolic compounds
content (TPC) and antiradical capacity based on the DDPH assay.

2. Materials and Methods
2.1. Chemicals and Reagents

Gallic and formic acid were purchased from Fluka (99.8 and 98% purity Buchs, Switzer-
land). HPLC pure standards were purchased from Sigma (St. Louis, MO, USA). DPPH
(2,2-diphenyl-1-picrylhydrazyl) and Folin–Ciocalteu and sodium carbonate reagents were
purchased from Sigma-Aldrich (São Paulo, Brazil). Ultrapure water was prepared with the
Millipore system (Billerica, MA, USA). Ethanol and methanol were obtained from Loba
Chemie Pvt. (97% purity). Mueller–Hinton broth and Sabouraud broth were purchased
from BIOKAR Diagnostics (Allonne, France).

2.2. Plant Sampling

Fruit of Tunisian squash landraces or Cucurbita maxima Duch. of ‘Batati’ genotype
were generously procured from the Higher Agronomic Institute Chott-Mariem (ISA-CM)
at the end of the summer season (Figure 1). An inventory number of NGBTUN 746 was
assigned for this landrace according to the National Gene Bank of Tunisia database. Fruits
of the landrace NGB 746 were issued from self-pollination applied in each plant mother
and marked until the physiological maturity for harvesting and seed extraction. The
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fruits used were harvested at the same ripeness stage based on the squash descriptor of
UPOV (2015). Six fruits from three different specimens were prepared by meticulously
separating the by-products from the pulp. The obtained by-products were divided into
peels (thickness of around 150 mm), endocarp, and seeds and washed thoroughly with
distilled water (Figure 1). All samples were frozen at −20 ◦C, then lyophilized (Christ
Martin™ Lyophilisateur Alpha 1–4 Ldplus NU, Osterode, Germany), and finally ground to
a fine powder and stored at −20 ◦C until further extraction.
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2.3. Extraction Protocols
2.3.1. Conventional High-Energy Ultrasonic-Assisted Extraction

The conventional high-energy extraction included the combination of maceration with
ultrasonication, according to the slightly modified methodology previously described by
Sendi et al. [23]. Firstly, 3 g of powdered sample was extracted with 70 mL of hydroethanolic
solution (ethanol/water, 80:20) at ambient temperature with magnetic stirring over 60 min.
The ultrasound-assisted extraction (UAE) was performed using an ultrasonic bath (Model:
Power Sonic 405, Hwashin Technology Co., Yeongcheon-si, Republic of Korea) with a
capacity of 5.7 L at 200 W and 80 kHz. The obtained extracts were centrifuged at 9000× g
for 15 min at 4 ◦C. Finally, the supernatants were vacuum-evaporated (Hei-VAP Advantage,
Heidolph Instruments GmbH, Schwabach, Germany) at 45 ◦C for ethanol removal, while
the residual water was lyophilized (Christ Martin™ Lyophilisateur Alpha 1–4 Ldplus NU,
Germany) to dryness for subsequent analysis.

2.3.2. Low-Energy Extraction Modeling and Optimization Using RSM

The response surface methodology (RSM) was adopted in order to determine the
optimum conditions of extraction time (X1 expressed in min), ethanol concentration (X2
expressed in % or v/v), and extraction temperature (X3 expressed in ◦C) leading to extracts
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with a maximum content of total phenolic compounds (YTPC) and the highest possible
antioxidant capacity (YIP50) from squash by-products (peels, seeds, and endocarp). The
experiments were performed based on the Box–Behnken design (BBD). Table 1 details
the coded values of the experimental factors and their levels for the Box–Behnken design.
The complete design was carried out randomly and comprised 17 combinations including
5 replicates at the central point (Table 1). To define the optimum conditions, it was necessary
for the polynomial function to contain quadratic terms.

2.3.3. Screening Test of Factors and Level Range for Phenolic and Antiradical
Compound Extraction

Primary selection and evaluation of factors and levels were carried out to determine
the appropriate experimental domain for the RSM design. Independent variables, which
included time (X1), solvent concentration (X2), and extraction temperature (X3), were
preliminarily tested.

2.3.4. Experimental Design

The central composite rotatable design (CCRD) consisted of 17 experiments: 5 of
which corresponded to a complete factorial design 24, 8 experiments were used as star
points (α ± 2), and the remaining 5 were in the middle factors’ fields. Statistical analysis
was accomplished by means of the software STATISTICA (version 7.0) for the experimental
design and regression analysis of the experimental data. Student’s t-test controlled the
checking of the statistical significance of the regression coefficient. Fisher’s F-test assessed
the second-order model equation at p < 0.05. Model adequacy was estimated thanks to the
coefficient of determination (R2) and the F-test value obtained from the analysis of variance
(ANOVA). Regression analysis and three- and two-dimensional response surface plots
were plotted to evaluate the optimum conditions for anti-DPPH radical activity (YIP50) and
total phenolic compound content (YTPC). A 95.0% confidence level was used in the test
of statistical significance, which was based on the total error criteria. Information on the
operating conditions is detailed in Table 1. This work assessed the influence of extraction
time (from 5 to 120 min) and ethanol concentration (from 10 to 50%) while the extraction
temperature was kept under 60 ◦C, aiming to avoid the boiling temperature of ethanol (e.g.,
78 ◦C). All of these conditions were defined according to preliminary experimental results.
The variation in antiradical activity (YIP50) and total phenolic compounds content (YTPC)
versus the three retained variables X1, X2, and X3 was established through a polynomial
second-degree model as follows:

Y = b0 + b1 × X1 + b2 × X2 + b3 × X3 + b11 × (X1 × X1) + b22 × (X2 × X2) + b33 × (X3 × X3) + b12 × (X1 × X2)
+ b13 × (X1 × X3) + b23 × (X2 × X3).

where Y represents the measured response variables; b0 is a constant; b1, b2, and b3 are the
linear, quadratic, and interactive coefficients of the model, respectively; and X1 and X2 are
independent variables.

Extraction via simple maceration was performed in seeds, peel, and endocarp obtained
from “Batati” squash grown in the Higher Agronomic Institute Chott-Mariem (ISA-CM).
Nontoxic food grade ethanol was used as the extraction solvent. Extractions were per-
formed in Erlenmeyer flasks in which 10 g of seed or peel or endocarp in a mass ratio
of 10:100 and solvents in predetermined volumes were added. The extraction time and
temperature of each experiment were set as described in Table 1.
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Table 1. Coded levels, condition runs, and measured responses used in the implemented experimental design for response surface methodology.

Experiments
a

Seeds Peels Endocarp

Independent Variables Responses Independent Variables Responses Independent Variables Responses

Time
(min)

X1

%
Alcohol

X2

Temp
(◦C)
X3

YIP50
b

(%I)

YTPC
c (mg

GAE/g
E)

Time
(min)

X1

%
Alcohol

X2

Temp
(◦C)
X3

YIP50
(%I)

YTPC (mg
GAE/g

E)

Time
(min)

X1

%
Alcohol

X2

Temp
(◦C)
X3

YIP50
(%I)

YTPC (mg
GAE/g

E)

1 22.50 15.00 55.00 49.48 10.52 5.00 50.00 10.00 65.39 14.23 10.00 25.00 30.00 54.26 11.51
2 22.50 25.00 55.00 44.85 12.35 15.00 50.00 10.00 66.73 15.24 10.00 35.00 30.00 45.29 11.58
3 22.50 15.00 65.00 31.70 11.59 5.00 60.00 10.00 65.61 16.03 10.00 25.00 40.00 60.45 14.97
4 22.50 25.00 65.00 45.67 12.43 15.00 60.00 10.00 64.68 15.23 10.00 35.00 40.00 43.71 11.63
5 15.00 15.00 60.00 41.36 11.70 5.00 55.00 5.00 65.06 14.92 5.00 25.00 35.00 49.82 11.82
6 15.00 25.00 60.00 38.89 12.02 15.00 55.00 5.00 66.84 16.42 5.00 35.00 35.00 45.47 11.81
7 30.00 15.00 60.00 27.57 10.05 5.00 55.00 15.00 66.16 16.25 15.00 25.00 35.00 55.49 14.08
8 30.00 25.00 60.00 39.38 13.60 15.00 55.00 15.00 68.01 15.63 15.00 35.00 35.00 38.58 9.98
9 15.00 20.00 55.00 54.09 13.21 10.00 50.00 5.00 66.64 16.23 5.00 30.00 30.00 52.18 13.44
10 15.00 20.00 65.00 32.56 11.93 10.00 60.00 5.00 68.83 15.82 5.00 30.00 40.00 43.98 12.28
11 30.00 20.00 55.00 37.38 12.45 10.00 50.00 15.00 68.43 15.83 15.00 30.00 30.00 43.54 12.72
12 30.00 20.00 65.00 42.29 12.99 10.00 60.00 15.00 69.70 16.82 15.00 30.00 40.00 51.76 11.92
13 22.50 20.00 60.00 53.68 14.46 10.00 55.00 10.00 70.94 17.72 10.00 30.00 35.00 66.19 15.88
14 22.50 20.00 60.00 53.23 14.41 10.00 55.00 10.00 72.80 17.92 10.00 30.00 35.00 67.11 15.86
15 22.50 20.00 60.00 55.90 14.67 10.00 55.00 10.00 72.69 17.82 10.00 30.00 35.00 66.90 15.95
16 22.50 20.00 60.00 52.02 14.98 10.00 55.00 10.00 73.78 18.10 10.00 30.00 35.00 66.29 15.00
17 22.50 20.00 60.00 54.69 14.69 10.00 55.00 10.00 73.66 17.82 10.00 30.00 35.00 67.48 15.16

a: standard order. b: inhibition percentage (IP50%) of DPPH at a concentration of 10 mg MS/mL. c: total phenolic compound content.
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2.4. Determination of Total Phenolic Compound Content

The total phenolic compound (TPC) content in the different extracts was evaluated
with the Folin–Ciocalteu reagent using the method described by Mansour et al. [35] adapted
to a 96-well plate. Briefly, 100 µL of Folin–Ciocalteu reagent was mixed with 20 µL of each
extract and left for 5 min of incubation. After that, a volume of 80 µL of CO3NO2 (75 g/L)
solution was added. After 60 min of incubation, the sample absorbances were read at
765 nm. TPC was expressed as milligrams of gallic acid equivalent per gram of extract (mg
GAE/g E). Analyses were performed at least in triplicate.

2.5. Phenolic Compounds by HPLC

The characterization of phenolic compounds was performed by means of HPLC
(Agilenttechnologies 1260; Ratingen, Germany Japon) equipped with a reverse phase C
18 column (4.6 × 100 mm and 3.5 mm particle size) zorbax Eclipse XD B C18, as previously
described [36]. The DAD detector was set to a scanning range of 200–400 nm. The column
temperature was maintained at 25 ◦C. The injected extract volume was 2 µL and the
flow rate of the mobile phase was equal to 0.4 mL/min. Mobile phase B was milli-Q
water constituted of 0.1% formic acid and mobile phase A was methanol. The optimized
chromatographic conditions were described as follows: 0–5 min: 10% A–90% B; 5–10 min:
20% A–80% B; 10–30 min: 30% A–70% B; 30–40 min: 50% A–50% B; 40–45 min: 60% A–40%
B; 45–50 min 70% A–30% B; 50–55 min: 90% A–10% B; 55–60 min: 50% A–50% B; and 60 min:
10% A–90% B. The phenolic identification was realized by associating their retention time
and the UV spectra with those of pure standards.

Quality control was assured as follows. The recovery percentage for each standard
was determined using the ratio of the standard concentration after and before HPLC. The
characteristics of the calibration curves acquired by injecting known concentrations of
several standard chemicals were used to calculate the limits of detection and quantification
for quantitative analysis. For each sample, the limits of detection (LODs) and limits
of quantitation (LOQs) were computed in triplicate. Plotting the concentration versus
peak area led to the sequential creation of calibration curves. The standard curve of five
repetitions was used to calculate the mean of the slope (S) and standard deviation of the
intercept (
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Linear ranges and intra- and interday repeatability of spiked analytes data are detailed
in Table S1 (Supplementary Materials).

2.6. DPPH Radical Scavenging Activity Assay

Antiradical activity against DPPH radical was measured as previously described
by Hatano et al. [37]. An aliquot of each extract (50 µL of 1 mg/mL) and 150 µL of
DPPH solution (200 µM) were mixed together. The mixtures were incubated at ambient
temperature in the dark for 20 min. DPPH scavenging ability was expressed as IC50
(mg/mL), which is the concentration capable of inhibiting 50% of the DPPH radical. The
inhibition percentage (IP %) of DPPH radical was calculated using the following formula:

IP (%) = [(A0 − A1)/A0] × 100

where A0 and A1 are the absorbance of the control and the sample, respectively, at 514 nm
using a microplate spectrophotometer (EZ Read 2000, Biochrom, Cambridge, UK).

2.7. Antimicrobial Activity

Microbial strain. To assess extracts obtained after mathematical optimization of an-
timicrobial activity, the microbial growth inhibitory potency was evaluated against that of
food-borne bacteria, namely, Salmonella typhimurium (ATCC 14028), Pseudomonas aeruginosa
(ATCC 8166), and Staphylococcus aureus (ATCC 6538), as well as one pathogenic yeast,
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Candida albicans (ATCC 2091). Fresh microbial suspensions were prepared from the bacte-
rial working stocks after their enrichment on Mueller–Hinton broth or MH for bacterial
growth and Sabouraud broth for yeast growth, followed by their incubation for 18–24 h at
37 ◦C [20].

Microbial survivability. A volume of 100 µL of overnight bacterial volumes of the tested
samples were added distinctly. Then, an aliquot of 100 µL of each tube was covered with
standard Agar and incubated for 24 h at 37 ◦C. Once the incubation was over, the presumed
obtained microbial population was numbered. A negative control was also achieved
using the same method, using sterile physiological water instead of the extracts [28]. Each
inactivation test was conducted in triplicate. The absorbance data allowed calculating the
percentage of growth inhibition using the following formula:

Growth inhibition (%) = 100 − [((ASample − ASC)/ AGC − ASC) × 100]

where AGC is the absorbance of the growth control (positive control), ASC is the absorbance
of the sterility control (negative control), and ASample is the absorbance of the samples.

2.8. Statistical Analyses

Each experiment was carried out at least three times and the results using a mi-
croplate spectrophotometer (EZ Read 2000, Biochrom, Cambridge, UK) were shown as
mean ± standard deviation. To assess the differences between the means of independent
variables, we employed the analysis of variance (ANOVA) using IBM SPSS Statistics Soft-
ware (Version 20.0, IBM SPSS Inc., Armonk, NY, USA) and then performed Duncan’s
multiple range test (DMRT). If the one-way ANOVA was not appropriate, Kruskal–Wallis
test was used after verifying that the groups were normally distributed and that the vari-
ances were homogeneous. To determine the linear correlation between variables, Pearson’s
correlation test was carried out. A significance level of p < 0.05 was set to test the statistical
significance. RSM experiments were designed and analyzed using NemrodW software
Design Expert 8.05b. The adequacy of the model was verified through ANOVA (using the
Fisher test), analyzing the residual plots of the Y response, and measuring the R2.

3. Results and Discussion

Considering that C. maxima fruit (squash) by-products can contain important bioactive
compounds such as antioxidant molecules, the current study was designed with two
objectives: (a) the application of a green solvent system (ethanol) for the extraction of
bioactive metabolites from squash by-products and (b) the utilization of RSM for the
optimization of parameters related to extraction variables.

In particular, we implemented RSM to investigate the influence of three independent
variables on TPC and DPPH scavenging activity of peel, seed, and endocarp extracts. DPPH
scavenging activity (YIP50) and total phenolic compound content (YTPC) in squash extracts
obtained from 17 experiments for each by-product (peels, seeds, and endocarp) are listed
in Table 1. From this table, it is observed that the amounts of TPC fluctuated between 14.23
and 18.10 mg GAE/g E for peels, 9.98 and 15.95 mg GAE/g E for endocarp, and 10.05 and
14.98 mg GAE/g E for seeds. Antiradical activity expressed as inhibition percentage (IP)
at 50% varied between 65% and 73% for peels, between 38% and 67% for endocarp, and
between 27.55% and 55.90% for seeds. According to these data, peels were distinguished by
higher levels of TPC and by the best antiradical capacity, reaching 73% of DPPH inhibition.

The data obtained from the central composite design (17) were fitted to second-order
polynomial equations. The significance of the models’ coefficients was determined by
analysis of variance (ANOVA). The data in Table 2 describe only significant coefficients
and the corresponding p-values inferior to 0.05, indicating the considerable effect of these
coefficients on the corresponding response variables. Generally, the results showed that,
for the two responses, extraction time and ethanol concentration had significant quadratic
effects (p < 0.05). Precisely, these two factors stimulated a negative effect on TPC and a
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positive effect on the DPPH scavenging ability. In addition, it is important to highlight that
all of the linear coefficients were significant (p < 0.05) for DPPH scavenging ability.

Table 2. Regression coefficients of the predicted second-order polynomial models for the DPPH
scavenging activity and the total phenolic content.

DPPH TPC

Coefficient Significance % Coefficient Significance %

Peels
b 0 75.374 *** 17.876 ***

Linear effect

b 1 0.925 * 0.136 11.3%
b 2 0.734 * 0.296 **
b 3 0.416 18.6% 0.142 10.0%

Quadratic effect

b 11 −7.027 *** −1.532 ***
b 22 −4.745 *** −1.162 ***
b 33 −2.230 *** −0.539 **

Interaction effect

b 12 −1.067 * −0.452 **
b 13 −0.582 19.0% −0.530 **
b 23 −0.230 59.1% 0.350 *

Endocarp
b 0 66.794 *** 15.570 ***

Linear effect

b 1 −5.871 *** −0.922 *
b 2 0.579 12.6% 0.194 54.0%
b 3 −0.260 46.9% −0.081 78.7%

Quadratic effect

b 11 −8.196 *** −1.907 **
b 22 −7.671 *** −1.240 *
b 33 −11.258 *** −1.740 **

Interaction effect

b 12 −1.943 ** −0.853 8.0%
b 13 −3.140 *** −1.022 *
b 23 4.105 *** 0.090 83%

Seeds
b 0 53.9.03 *** 14.64 ***

Linear effect

b 1 2.333 ** 0.817 ***
b 2 −4.199 *** 0.050 69.9%
b 3 −2.334 ** 0.030 81.0%

Quadratic effect

b 11 −7.879 *** −1.858 ***
b 22 −3.099 ** −1.061 ***
b 33 −9.223 *** −0.936 **

Interaction effect

b 12 4.651 *** −0.249 19.3%
b 13 3.570 ** 0.807 **
b 23 6.611 *** 0.454 *

* Weakly significant at 0.05 < p ≤ 0.10, ** significant at 0.01 < p ≤ 0.05, *** highly significant at p ≤ 0.01; TPC: total
phenolic compound content.

For the two responses, a considerable interaction effect was established between vari-
ables as follows: extraction time–ethanol concentration, duration of extraction–ethanol
concentration, and extraction temperature–extraction time. Firstly, for the response of
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DPPH scavenging activity, the interaction between the extraction time and the extraction
temperature had a significant effect. Secondly, the interaction between the ethanol con-
centration and the extraction temperature showed a significant effect on TPC response.
The validity of models was confirmed using the lack of fit test, as summarized in Table 3.
ANOVA for the lack of fit test for the two responses was insignificant (p > 0.05), indicating
that the model adequately fitted the experimental data. Besides, the coefficients of multiple
determinations (R2), which were obtained for the response of DPPH scavenging ability
and total phenolic compound content for each by-product, revealed that there were good
correlations between the tested responses and the independent variables. Similar results
were reported by Belwal et al. [30], who also suggested a significant correlation between the
extraction condition parameters (e.g., temperature, the ratio of sample to solvent and the
concentration of solvent, and the total phenolic compound content and antioxidant activity)
of Berberis asiatica fruit. On the other hand, Chen et al. [38], who tested the ultrasound-
assisted extraction technique in Lycium ruthenicum Murr. (LR) fruit, suggested that, for
the optimization of the extraction technique, only the solvent to sample ratio significantly
affected the tested response, whereas extraction time had no significant impact on the total
phenolic compound content.

Table 3. Analysis of variance (ANOVA) of the second-order polynomial models for the DPPH
scavenging activity (% of inhibition (IP)) and the total phenolic compounds content (TPC).

Source of Variation Sum of
Squares

Degrees of
Freedom Mean Square FOBS Significance

Peels (response YIP)

Regression 372.2282 9 41.3587 63.6624 ***
Residuals 4.5476 7 0.6497
Validity 3.6833 3 1.2278 5.6820 6.5%

Pure error 0.8643 4 0.2161
Total 376.7758 16

FOBS (63.6624) > Ftabulated (3.68)

Peels (response YTPC)

Regression 21.8515 9 2.4279 52.7332 ***
Residuals 0.3223 7 0.0460
Validity 0.2396 3 0.0799 3.8616 11.3%

Pure error 0.0827 4 0.0207
Total 22.1738 16

FOBS (52.7332) > Ftabulated (3.68)

Endocarp (response YIP)

Regression 1.5850 9 1.7612 194.8989 ***
Residuals 6.3255 7 9.0364
Validity 5.1250 3 1.7083 5.6920 6.5%

Pure error 1.20052 4 3.0013
Total 1.59141 16

FOBS (194.8989) > Ftabulated (3.68)

Endocarp (response YTPC)

Regression 52.7183 9 5.8576 8.3155 **
Residuals 4.9309 7 0.7044
Validity 4.1133 3 1.3711 6.7080 5.0%

Pure error 0.8176 4 0.2044
Total 57.6492 16

FOBS (8.3155) > Ftabulated (3.68)
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Table 3. Cont.

Source of Variation Sum of
Squares

Degrees of
Freedom Mean Square FOBS Significance

Seeds (response YIP) a

Regression 34.37 9 1.412 72.3968 ***
Residuals 1.365 7 1.951
Validity 5.0117 3 1.676 0.7729 56.8%

Pure error 8.645 4 2.161
Total 1.289 16

FOBS (72.39) > Ftabulated (3.68)

Seeds (response YTPC) b

Regression 34.37 9 3.01 31.5245 ***
Residuals 0.848 7 0.121
Validity 0.645 3 0.2152 4.2553 9.9%

Pure error 0.202 4 0.0506
Total 35.22 16

FOBS (31.52) > Ftabulated (3.68)
a The coefficient of determination (R2) of the model was 0.989. b The coefficient of determination (R2) of the model
was 0.976. YIP: yield of inhibition percentage; YTPC: yield of total phenolic compound content. ** significant at
0.01 < p ≤ 0.05, *** highly significant at p ≤ 0.01.

3.1. Modeling and Numerical Optimization of the Extraction Process
3.1.1. Response Surface Analysis of DPPH Radical Scavenging Activity

The analysis of variance, as detailed in Table 3, highlighted the relationship between
DPPH scavenging ability and extraction parameters for the three studied by-products. The
following equations define the mathematical model that describes the relationship between
the significant independent variables and response of DPPH scavenging activity.

(peels) YDPPH = 75.374 + 0.925 × X1 + 0.734 × X2 − 7.027 × (X1 × X1) − 4.745 × (X2 × X2) − 2.23 × (X3 × X3) −
1.067 × (X1 × X2)

(endocarp) YDPPH = 66.794 + b1 × X1 − 8.196 × (X1 × X1) − 7.671 × (X2 × X2) − 11.258 × (X3 × X3) − 1.943 × (X1
× X2) − 3.140 × (X1 × X3) + 4.105 × (X2 × X3)

(seeds) YDPPH= 53.903 + 2.333 × X1 − 4.199 × X2 − 2.534 × X3 − 7.879 × (X1 × X1) − 3.099 × (X2 × X2) − 9.223 ×
(X3 × X3) + 4.651 × (X1 × X2) +3.570 × (X1 × X3) + 6.611 × (X2 × X3)

According to Fisher’s F-test, the observed F values for the coefficients were superior
to the tabulated values: Fobserved = 63.6624 > Ftabulated = 3.68 (peels); Fobserved = 194.8989 >
Ftabulated = 3.68 (endocarp); and Fobserved = 72.39 > Ftabulated = 3.68 (seeds). All of the corre-
sponding p-values were smaller than 0.0001. This finding indicated that the independent
variables listed in Table 2 had a significant effect on the response of DPPH scavenging
ability. Indeed, the ratio of the mean square of validity and the pure error was inferior to
the tabulated value. The Fisher test also indicated that the results of the proposed model
were valid.

Figure 2 presents the dimensional response surfaces of all of the significant interaction
effects of the factors mentioned in Table 2. In other words, Figure 2 illustrates the effect of
ethanol concentration, extraction time, and temperature and their mutual interaction on
the DPPH scavenging ability and total phenolic compound content. For peels, at 10% of
ethanol concentration and with a high temperature (up to 55 ◦C), a good inhibition of DPPH
was observed when the extraction decreased to 10 min (75% of inhibition) (Figure 2A). For
endocarp, an increase in the DPPH scavenging capacity (67% of inhibition) was observed
with a medium extraction temperature (35 ◦C) and ethanol concentration of 30% at a fixed
extraction of 10 min (Figure 2B). As can be seen in Figure 2C, for seeds, the effect of ethanol
concentration, extraction time, and extraction temperature indicated that the inhibition
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percentage (IP) was inferior to that in peels and endocarp, with a maximum value of
approximately 56% when the extraction temperature, ethanol concentration, and extraction
time were set to 60 ◦C, 20%, and 22.5 min, respectively.
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3.1.2. Response Surface Analysis of Total Phenolic Compound Content

The mathematical models that correlated the content of total polyphenols (TPC) of
each by-product with significant independent variables are provided below:

(peels) Y PPT = 17.876 + 0.296 × X2 − 1.532 × (X1 × X1) − 1.162 × (X2 × X2) + 0.539 × (X3 × X3) − 0.452 × (X1 ×
X2) − 0.530 × (X1 × X3) + 0.350 × (X2 × X3)

(endocarp) Y PPT = 15.570 -0.922 × X1 − 1.907 × (X1 × X1) − 1.240 × (X2 × X2) − 1.740 × (X3 × X3) − 1.740 × (X1
× X3)

(seeds) Y PPT = 14.641 + 0.817 × X1 + 0.050 × X2 + 0.030 × X3 - 1.858 × (X1 × X1) − 1.061 × (X2 × X2) − 0.936 ×
(X3 × X3) − 0.249 × (X1 × X2) + 0.807 × (X1 × X3) − 0.454 × (X2 × X3)

Table 1 summarizes the yields of TPC (YTPC) from all of the experiments, and these
data were used to perform multiple linear regression analysis using a quadratic polynomial
model. As presented in Table 3, analysis of variance (ANOVA) of total phenolic compound
content showed that the contribution of the quadratic model was significant. Indeed,
according to Fisher’s F-test, the recorded F value coefficients were superior to the tabulated
values (Fobserved = 52.3732 > Ftabulated = 3.68, Fobserved = 8.3155 > Ftabulated = 3.68, and
Fobserved = 31.52 > Ftabulated = 3.68 for peels, endocarp, and seeds, respectively), indicating
that the experimental data fitted well with the model. In agreement with literature reports,
temperature was a pivotal factor for phenolic compound extraction [39]. Based on our
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results, the variable that had the most significant influence on phenol compound extraction
yield was temperature, while the maximum yield for the three by-products of squash was
obtained when the extraction temperature exceeded 35 ◦C. An increase in the extraction
temperature at a 10% ethanol concentration significantly increased the TPC extraction yield
in peels, while an increase in ethanol concentration to 30% significantly improved the TPC
extraction yield in endocarp. On the other hand, in the case of seeds, the interaction of
ethanol concentration (X1) and extraction time (X2) was a less influential factor, as evidenced
in Table 3. The results shown below in Table 4 also demonstrated that the experimental
and predicted values of TPC extraction yield fitted with each other, concluding that the
optimal extraction conditions were achieved at the abovementioned conditions.

Table 4. Predicted and experimental values of the responses obtained under optimal conditions.

Process Variables Experimental Value a Predicted Value

Run Time (min)
X1

% Alcohol
X2

Temp (◦C)
X3

DPPH
Scavenging TPC (mg/g) DPPH

Scavenging TPC (mg/g)

Peels 11.23 12.17 55.15 75 ± 0.31 17.5 ± 0.27 75.37 17.88
Seeds 22.5 20.00 60.00 53.5 ± 0.22 14.5 ± 0.38 53.90 14.64

Endocarp 10.54 28.45 36.88 65.9 ± 0.44 16 ± 0.32 66.79 15.57
a Mean ± standard deviation (n = 3). TPC: total phenolic compound content.

3.1.3. Optimization of Extraction Parameters

Response surface methodology (RSM) is a widely used method to efficiently optimize
complex extraction procedures [40]. Briefly, RSM is a collection of mathematical and statisti-
cal techniques based on the fit of a polynomial equation to the experimental data. This can
be efficiently employed when a response or a set of responses of interest are influenced by
multiple parameters and the aim is to optimize the responses by the experimental design.
This method has been widely recommended as RSM significantly reduces the number of
experimental runs, cost, and time while providing accurate results [41]. Generally, for the
two tested responses in peels, the optimum point was marked in the area corresponding
to the following conditions: ethanol concentration: 12%; extraction time: 11 min; and
extraction temperature: 55 ◦C. Under these optimal extraction conditions, the experimental
values of DPPH free radical scavenging activity (IP) and total phenolic compound content
were 75% of inhibition and 17.5 mg GAE/g E, respectively. For seeds, these conditions
were 20% ethanol concentration, extraction time: 22.5 min, and extraction temperature:
60 ◦C, which resulted in IP of DPPH of 54% and 15 mg GAE/g E, respectively. Interestingly,
the DPPH scavenging abilities of squash by-product extracts evaluated in this study were
higher than those obtained in other reports. In particular, Singh et al. [42] assessed differ-
ent parts of cucurbit fruits with different solvents to determine their DPPH free radical
scavenging activity, and the antioxidant activity for 70% methanolic extracts of squash
peel was limited to only 44%. Asif et al. [20], who conducted research to investigate the
antioxidant activity of 65%, 80%, and 99.9% methanolic extracts of squash peels using
the DPPH free radical scavenging assay, suggested that squash peel extracts exhibited
antioxidant activity of only 69%. On the other hand, Kulczyński et al. [17] reported that
squash (Cucurbita pepo) seed extracts exhibited 20.5% and 18.9% inhibition when extracted
with 70% ethanol and 70% methanol, respectively. Another report of Valenzuela et al. [43],
who worked on seeds from various squash species, indicated that the highest total polyphe-
nol content in C. mixta Pangalo species was limited to 275 µmol GAE/g E. Moreover,
according to Kiat et al. [44], lower total polyphenol content levels were detected in the
seeds of C. maxima Duchense (212.87 µmol GAE/g E) and C. moschata (Duchense ex Lam.)
species (118.79 µmol GAE/g E). This variability in antioxidant activities and total phenolic
compound content in the Cucurbita genus could be explained by various factors, such as
the origin of plants and the growing conditions, the particular species, and the extrac-
tion conditions [6,45,46]. According to the literature, great variability in the recovery of
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polyphenols from bio-residues is expected, depending on the extraction protocol, while the
ultrasound-assisted method was suggested as the most efficient protocol compared with
conventional solid-to-liquid extraction and microwave-assisted extraction protocols [47].
To date, there have been limited studies on the antioxidant activity of squash by-products,
including seeds, flowers, and leaves, but not the endocarp. To the best of our knowledge,
the antioxidant activity of endocarp tissues has not been thoroughly investigated so far and
our results could provide important information regarding this squash by-product.

3.2. RSM Extraction and Comparison to Conventional High-Energy Extraction

The selection of the most appropriate extraction technique is crucial and is based
on the benefits and drawbacks of the various available methods. This selection should
take into account many factors such as safety, complexity of the manufacturing process,
effectiveness of the obtained extract, and environmental friendliness [23]. The total phenolic
compound content and antiradical activity from squash by-products determined by RSM
and one of the most frequently used extraction methods, e.g., maceration combined with
ultrasonication (MUS), are shown in Table 5. These results show that TPC was clearly
higher when ultrasounds were also used for the extraction. In fact, TPC ranged between 58
and 121 mg GAE/g E (for endocarp and seeds, respectively) for the ultrasound-assisted
extraction, while it was limited to 17 mg GAE/g E when only maceration was applied.
Intriguingly, the antiradical activity values showed exactly the opposite trends, as IP values
were undoubtedly more efficient with the low-energy extraction than the high-energy
extraction. IC50 values over 340 µg/mL in the case of MUS extraction were reduced to
17.5 µg/mL in the RSM extraction. This result should be highlighted as it underlines that
the phenolic composition impacted the efficiency of the extracts to a greater extent than
the phenolic quantity. In this context, it seems that RSM extraction was oriented to select
the most active phenolic compounds in terms of antiradical activity, rather than randomly
extracting all of the polyphenols. According to Dahmoune et al. [48], microwave-assisted
extraction was more efficient than the ultrasound-assisted and conventional extraction
protocols in Pistacia lentiscus leaves, while similar results were reported by Nayak et al. [49]
in the case of Citrus sinensis peels. On the other hand, Da Porto and Natolino [47] indicated
the prevalence of ultrasound-assisted methods over microwave-assisted and conventional
methods. These differences highlight the importance of proper selection of the extraction
method depending on the plant matrix in order to increase the extraction efficiency and im-
prove the added value of crop residues. Moreover, the contribution of phenolic compounds
to radical scavenging activity of natural matrices may also point out the necessity of high
extraction yields of polyphenols from plant residues [50]. Another point that should be
discussed is that, although the same solvent and liquid-to-solid ratio were used in all of
the extraction processes, the energy consumed during the ultrasound-assisted process was
dramatically reduced in the RSM optimization, thus increasing the extraction efficiency
of total phenolic compound content and the antiradical activity of the extracts. Therefore,
our findings confirmed that the extraction process seems to be one of the most important
factors for the variation in bioactive compound content and antioxidant capacity obtained
from the extracts of other plant matrices [51,52].

Table 5. Total phenolic compound content (TPC, expressed as mg GAE/g E) and antiradical activity
(DPPH test, expressed as inhibition concentration at 50% or IC50) of squash by-product extracts
obtained with maceration combined with ultrasonication (MUS) and after mathematical optimization
(response surface methodology, RSM).

By-Products Peel Seeds Endocarp

MUS RSM MUS RSM MUS RSM

TPC 76 ± 1.5 a 17.5 ± 0.3 121.2 ± 3.5 14.5 ± 0.4 57.6 ± 0.2 16 ± 0.3
DPPH Test 650 ± 10.7 75 ± 2.3 340 ± 7.2 53.5 ± 0.2 730 ± 0.8 65.9 ± 0.4

a Mean ± standard deviation (n = 3). Ethanol 80%: 30 min.
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3.3. Phenolic Compounds’ Identification

Table 6 presents the phenolic compounds’ identification in each by-products’ ethanolic
extract. According to this table, important qualitative and quantitative differences were
observed between the three studied by-products. First, the three presumed squash wastes
exhibited interesting phenolic contents that reached 38 mg/g of extract (E), with a particular
fingerprint for each sample. Moreover, thirteen phenolic compounds were successfully
identified in the different squash by-products, including five flavonoids (catechin gallate,
epigallocatechin, epicatechin, rutin, and myrecitin) and four phenolic acids (vanillic, gallic,
chlorogenic, and ferulic acids). The identification was based on the retention time of each
compound, the spectral characteristics of their peaks compared with those of standards, as
well as by spiking the sample with standards. The obtained data highlighted the particular
richness of the endocarp in phenolic compounds (37.8 mg/g E), followed by peel extracts
and seeds (13.1 mg/g E and 7.7 mg/g E, respectively). The total phenolic compound content
mainly comprises the flavonoids family, in particular the flavan-3-ols group, while phenolic
acids are less representative or were detected in low amounts. Likewise, phytochemical
investigation allowed us to depict epigallocatechin and epicatechin as the major flavonoids
in the endocarp extract, with amounts of 22.4 mg/g E and 9.8 mg/g E, respectively. For
peel extracts, the main compound was epicatechin (4.2 mg/g E), while catechin gallate
and epicatechin were distinguished as the major compounds in seeds (2.2 mg/g E and
2.3 mg/g E, respectively).

On the other hand, HPLC analysis showed that the detected phenolic acids and their
concentrations changed depending on the by-product as well. Chlorogenic acid was the
most abundant phenolic acid in seeds, with a concentration of 0.7 mg/g E, while vanillic
acid was the only detected phenolic acid in peel extracts, accounting for 0.15 mg/g E. Vanil-
lic and chlorogenic acids were the main phenolic acids in the endocarp (0.8 mg/g E and
0.6 mg/g E, respectively). Similar results on the phenolic compound content in squash by-
products were recently reported. Leichtweis et al. [6] conducted a study of Portuguese and
Algerian C. maxima by-products (seeds, peels, and fibrous strands). According to these au-
thors, the peel of the Portuguese ‘Common Pumpkin’ had the most diversified phenolic pro-
file as well as the highest concentration of total phenolic compounds (9.4 mg/g E), followed
by the fiber of ‘kabocha squash’ (4.8 mg/g E), with considerable concentrations of (−)-
epicatechin. Interestingly, these values were clearly different and lower than those recorded
in the present work (13.1 mg/g E and 37.8 mg/g E for peels and endocarp, respectively),
a finding that could be probably attributed to differences in the genotypes tested and the
growing conditions or to the extraction protocols and the analytical equipment [16,17,19,53].
Moreover, the ripeness stage may also affect the chemical profile of phenolic compounds,
with the flavonoid content being higher in young and mature fruit of C. moschata, whereas
phenolic acids are the most abundant compounds at the ripening stage [54]. This abundance
of flavonoids in squash by-products was previously cited in Australian C. moschata samples,
when HPLC-PDA quantification revealed epicatechin (6.6 µg/g) and catechin (6.1 µg/g)
as the major components in pumpkins’ seeds and skins, while other compounds such
as protocatechuic, caffeic and cumaric acid, and quercetin-3-glucuronide and epicatechin
gallate were also detected in significant amounts [55]. Similarly, and in accordance with
our results, Busuioc et al. [46] reported that flavonoids were the most abundant phenolic
category as compared with hydrocinnamic acids in a Cucurbitaceae variety ‘Momordica
caranthia’, whereas gallic acid was the most abundant compound. Extracts from this variety
displayed high levels of phenolic compounds, including catechin and (−)-epicatechin.
Indeed, several works have mentioned the flavonoids family as the most abundant in terms
of the number and quantity of compounds detected, suggesting O-glycosylated derivatives
of flavonoids as the major compounds [56,57], while the polyphenol compound content is
associated with the bioactive properties of natural matrices [50].
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Table 6. RP-HPLC/UV phenolic compounds from squash by-products’ extracts. Values are expressed as milligrams per gram of extract (mg/g E). Recovery is
expressed in percentage. RT: retention time, LOD: limit of detection; LOQ: limit of quantification. Values with different superscripts within a line are significantly
different at p < 0.05, according to Duncan’s multiple range test (DMRT).

Compounds RT (min)
Content (mg g−1)

R2 Standard Curve
(Regression Equation) Recovery (%) LOD (µg/mL) LOQ (µg/mL)

Seeds Peels Endocarp

1 Vanillic acid 5.12 ± 0.07 0.177 ± 0.02 b 0.152 ± 0.09 b 0.801 ± 0.01 a 1 y = 22.285x + 1.68 98.7 ± 2.13 1.23 4.33

2 Gallic acid 6.1 ± 0.03 0.035 ± 0.01 a - - 1 y = 22.28x + 1.68 100.2 ± 3.13 1.50 5.1

3 Catechin gallate 7.3 ± 0.10 2.18 ± 0.14 a 1.69 ± 0.03 b 2.003 ± 0.03 a 1 y = 3.63x + 1.8 100 ± 3.04 0.27 0.87

4 Hydroxytyrosol 9.15 ± 0.21 - 2.71 ± 0.22 a 1.7 ± 0.31 b 0.95 y = 9.878x − 4.308 100 ± 1.84 0.97 3.88

5 Epigallocatechin 10.6 ± 0.71 1.129 ± 0.12 c 2.92 ± 0.11 b 22.42 ± 1.12 a 1 y = 3.63x + 1.8 97.7 ± 1.20 0.21 1.13

6 Resorcinol 11.5 ± 0.1 - 0.198 ± 0.07 a - 0.99 y = 9.878x − 4.308 99.6 ± 5.12 0.07 0.84

7 Chlorogenic acid 11.6 ± 0.09 0.657 ± 0.03 a - 0.576 ± 0.02 a 0.99 y = 9.02x − 1.55 97.2 ± 0.83 0.15 1.09

8 Epicatechin 13.8 ± 0.12 2.296 ± 0.15 c 4.243 ± 0.51 b 9.78 ± 0.05 a 1 y = 3.63x + 1.8 97.1 ± 1.51 1.08 4.67

9 Rutin 16.44 ± 0.5 0.480 ± 0.04 a 0.240 ± 0.03 b 0.511 ± 0.0 a 1 y = 9.58x − 7.41 95.9 ± 2.74 1.49 4.51

10 Ferulic acid 18.87 ± 0.23 0.198 ± 0.03 a - - 1 y = 20.50x − 8.72 100.6 ± 4.08 0.42 1.26

12 Myrecitin 22.50 ± 0.07 - 0.050 ± 0.02 a - 0.99 y = 67.91x − 35.35 99.8 ± 1.01 0.09 0.77

13 Resveratrol 24.5 ± 0.47 0.538 ± 0.03 b 0.908 ± 0.05 a - 0.99 y = 9.87x − 4.308 99.2 ± 0.99 0.4 1.30

Total 7.69 c 13.10 b 37.79 a
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3.4. Antioxidant and Phenolic Composition Statistical Interactions

A correlation matrix is a table that displays the pairwise correlations between two
or more variables. In this study context, a correlation matrix was used to evaluate the
relationship between total (TPC) and individual phenolic compounds with the antioxidant
properties, as measured by the DPPH test, of pumpkin by-products. Note that, as a lower
IC50 corresponds to higher activity, some correlation signs are expected to be “negative” as
IC50 and TPC were inversely proportional. According to the correlation matrix in Figure 3,
the antioxidant activity was highly correlated with the total phenolic compound content
(TPC), with a correlation coefficient of −0.996. Moreover, statistical correlation coefficients
of individual phenolic compounds vary, with some showing positive correlations, such
as chlorogenic acid (0.953) and rutin (0.999), while others exhibit negative correlations,
such as resorcinol (−0.981), resveratrol (−0.907), and myrecitin (−0.981). These data were
consistent with previous studies that had found a strong correlation between DPPH activity
and TPC [58]. However, it is important to note that the determination of antioxidant activity
using chromogen radicals, such as DPPH, had some methodological limitations that should
be taken into account when interpreting the results [59]. These limitations included the fact
that the chromogen radicals may not have been representative of the complex biological
environment in which antioxidants acted. With this respect, de Camargo et al. [60] criticized
the use of total phenolics and antioxidant screening methods, arguing that these tests may
not reflect the true biological effects of phenolic compounds. In summary, while the
correlation matrix provided valuable information about the relationship between phenolic
compounds (total and individually) and their antioxidant properties, it is important to
consider the limitations of the methods used to measure these properties.
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3.5. Antimicrobial and Antifungal Activities

Data concerning the antibacterial activities of squash by-products against different bac-
terial species (P. aeruginosa, S. typhimurium, and S. aureus) and one fungal strain (C. albicans)
are presented in Figure 4. It is important to highlight that all of the studied samples ex-
hibited interesting antimicrobial power, as the weakest recorded activity was estimated at
31% (seeds) growth inhibition, while peels and endocarp extracts succeeded in completely
inhibiting pathogen growth, with 100% growth inhibition. Squash peel extract exhibited the
best overall performance (growth inhibition of 100%, 100%, and 85% against P. aeruginosa,
S. aureus, and S. typhimurium, respectively) as compared with seed and endocarp extracts.
The same trend was recorded for the antifungal activity, with pumpkin peels being the most
efficient in inhibiting C. albicans growth (80% growth inhibition), followed by endocarp
extracts (31% growth inhibition), whereas seed extracts did not show any efficacy against
this pathogen (0% growth inhibition).
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differences (p < 0.01), according to Duncan’s multiple range test (DMRT).

In accordance with our results, Leichtweis et al. [6] reported that hydroethanolic
extracts of squash by-products from Portuguese and Algerian fruit samples were able to
inhibit eight bacterial strains (E. cloacae, S. enterica, Y. enterocolitica, B. cereus, L. monocytogenes
P. aeruginosa, E. coli, and S. aureus) at a concentration ranging from 2.5 to 10 mg/mL. At this
point, it is important to underline that flavonoids and phenolic acids, largely represented
in squash by-products, have been reported as powerful antimicrobial agents [6,61]. Indeed,
the antibacterial activities of phenolic compounds have been related to the reaction of these
compounds with cellular compounds, resulting in the leakage of nucleotides and proteina-
ceous material into extracellular areas [59]. Considering this approach, the inhibitory effect
of the extracts might be due to particular flavonoids and phenolic acids present in pumpkin
by-products’ extracts. In fact, catechin and its derivatives, massively present in squash
by-products, have been proven to exert antibacterial effects by reducing the antioxidant
capacity of food-borne pathogens such as Escherichia coli and Salmonella. A study conducted
by Ma et al. [61] showed that the minimum inhibitory concentration (MIC) of catechins
against E. coli and Salmonella was between 6 and 50 mg/mL. The same authors confirmed
that catechins can regulate the composition of intestinal microbes to improve intestinal
immunity and promote intestinal health, thereby controlling foodborne pathogens [62]. In
this context, Levy et al. [63] also reported that the MIC of catechin extracted from grape
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seed against S. Typhimurium was 46 ppm, while the MIC of catechin extract of peanut
endothelial cells against the same strain was 61 ppm. Indeed, Xiong et al. [64] showed
that catechins can increase the content of reactive oxygen species (ROS) in bacterial cells
and cause endogenous oxidative stress in E. coli, applying antibacterial effects by reducing
the antioxidant activity of the bacteria [64]. Yen et al. [65] also reported that the catechin
content in the fiber of C. moschata was 0.39 mg/100 g DW. Consequently, this component
is of high importance in human health care; it has been frequently used as a natural and
nontoxic antioxidant agent in oils, as well as an antibacterial agent in food stuffs. Regarding
antifungal activity, Hsu et al. [66] reported that the main components in 186 different plant
extracts with proven antifungal activities were phenolic compounds such as flavonoids (es-
pecially catechin), gallic acid, and thymol. Kabbashi et al. [67] conducted an in vitro study
to prove the antifungal effects of C. maxima seeds’ ethanolic extracts against two fungal
strains. At a concentration of 12.5 mg/mL, pumpkin seeds’ ethanolic extracts exhibited a
zone of inhibition of 15 mm against C. albicans.

4. Conclusions

In this present study, response surface methodology employing the Box–Behnken de-
sign was successfully applied to optimize the extraction process from by-products obtained
from C. maxima seeds, peels, and endocarp. The total phenolic compound content and
antiradical activity were significantly influenced by the various levels of the extraction
conditions (e.g., solvent, time, and temperature of the extraction process) implemented as
well as by their interaction. The experimental results adequately fitted with second-order
polynomial models and showed significant linear, quadratic, and interaction effects of the
independent variables. Moreover, the recorded values of regression coefficients (R2) re-
vealed good correlations between responses and independent variables. The selected range
of each independent variable and the obtained results of optimum extraction conditions
depending on the plant by-product showed the adequacy of the model, while revealing
that the experimental values are in agreement with the predicted values. The results also
showed that C. maxima by-products contain valuable phenolic compounds (mostly epicate-
chin, epigallocatechin, hydroxytyrosol, and catechin gallate) with promising antioxidant
activities, making them beneficial for human health. These by-products could also be
used for the scaled-up recovery of bioactive compounds, with potential uses in the food
processing industry for the production of high added value products, aiming to decrease
the environmental footprint of crop production within the context of the circular economy.
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Abbreviations

DPPH: 2,2-diphenyl-1-picrylhydrazyl; TPC: total phenolic compound content; RSM: response
surface methodology; IC50: concentration of sample required to scavenge 50% of 2,2-diphenyl-
1-picrylhydrazyl free radical; X1: extraction time (min); X2: solvent concentration (v/v, %); X3:
extraction temperature (◦C); YIP50: 2,2-diphenyl-1-picrylhydrazyl free radical scavenging activity
response; YTPC: total phenolic compound content response; ANOVA: analysis of variance; Fregression:
Fisher’s F-test value of regression; Ftabulated: tabulated value of Fisher’s F-test; mg GAE/g E: mil-
ligram of gallic acid equivalents per gram of extract.
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