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Abstract: Butternut squash (Cucurbita moschata) is recognized as a functional food due to its abundant
content of health-promoting compounds, including carotenoids and polyphenols. The aim of this
study was to examine the impact of industrial freezing stages on the bioaccessibility of carotenoids
and polyphenols in organic Butternut squash supplied for baby food. Identification and quantification
of bioactive compounds were carried out using UPLC-ESI-MS/MS and HPLC-PDA, respectively. The
results revealed that industrial freezing of squash did not cause a significant change in bioaccessibility
of α- and β-carotene. On the other hand, frozen squash was found to contain higher levels of
bioaccessible epicatechin (main flavonoid) (117.5 mg/kg) and syringic acid (main phenolic acid)
(32.0 mg/kg) compared to fresh internal fruit. Moreover, the levels of bioaccessible epicatechin
and syringic acid were found to be the highest in discarded pomace and seed sample (454.0 and
132.4 mg/kg, respectively). Overall, this study emphasized that industrial freezing could be an
effective strategy for preserving carotenoid bioaccessibility in organic Butternut squash, while also
enhancing the levels of bioaccessible polyphenols. In addition, we also demonstrated that pomace
and seed, which are discarded as waste, have significant potential to be utilized as a food source rich
in bioactive compounds.

Keywords: Cucurbita moschata var. Butternut; individual quick freezing; industrial waste; in vitro
digestion; β-carotene; epicatechin; syringic acid; UPLC-ESI-MS/MS; HPLC-PDA

1. Introduction

Cucurbita species are recognized for their significant health-promoting activities at-
tributed to the bioactive properties of the compounds they contain. The most well-known
biological activities of the Cucurbita species include antioxidant [1], antimicrobial [2], an-
tidiabetic [3], and anticarcinogenic [4] effects. Butternut squash (Cucurbita moschata), a
subspecies of the Cucurbita genus, is acknowledged as a functional food due to its abundant
content of health-promoting compounds, including vitamins, minerals, and phytochem-
icals [5]. Among the phytochemical compounds in Butternut squash, carotenoids and
polyphenols are acknowledged as the primary contributors that have a beneficial effects
on health.

According to the most recent data of the Food and Agriculture Organization (FAO),
global squash production, including pumpkins and gourds, has reached approximately
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24 million tons. Türkiye holds the sixth position among the world’s top-producing coun-
tries with an annual production of 771,651 tons [6]. The produced squash, especially the
Butternut variety obtained through organic farming, has various industrial applications
including commercial baby food production. The lasting impact of nutrition during the
initial thousand days of life is widely acknowledged. The phase of complementary feeding
represents a crucial period where environmental factors, including feeding practices, can
influence infant development, exerting long-term effects that may extend into adulthood. In
industrialized countries, the rise in employed mothers and evolving lifestyles has led to the
development of various commercial baby foods [7]. The nutritional quality of commercial
baby foods is of utmost importance for infant’s health.

Butternut squash used as an ingredient in commercial baby food is commonly supplied
from industrial food processors after having undergone peeling, dicing, and freezing
processes. Individual quick freezing (IQF) is widely employed in the industry as a technique
that rapidly freezes products, reducing ice crystal size and effectively preserving the
nutritional content of fruits and vegetables [8]. During the IQF process of Butternut
squash, various waste products are generated, including peels, pomace, and seeds. The
disposal of such waste products in the industry not only has the potential to create adverse
environmental impacts but also poses a significant cost for the industry. On the other
hand, multiple studies have indicated that some industrial food wastes can be utilized as
sources of bioactive compounds including carotenoids and polyphenols [9–11]. Moreover,
pumpkin seed, belonging to the same family as squash, may be consumed fresh or roasted
as appetizers, and is quite popular in Türkiye with the production of 42.000 tons per
year [12,13]. One of the 17 sustainable development goals set by the United Nations to be
achieved by 2030 involves promoting waste reduction among industries, businesses, and
consumers [14]. Therefore, exploring the potential utilization of industrial waste products
is of great importance.

The beneficial effects of carotenoids and polyphenols on health greatly rely on their
bioaccessibility within the gastrointestinal tract. In vitro gastrointestinal digestion models
have been developed to explore the bioaccessibility of carotenoids and polyphenols from
various food sources. These models offer the benefits of being quick, cost-effective, and
free from ethical constraints encountered in human studies [15]. Despite the presence
of a limited number of papers examining the changes in the bioaccessibility of bioactive
compounds as a result of industrial freezing process [16–18], to the best of our knowledge
no previous study investigated the changes in the bioaccessibility of carotenoids and
polyphenols in organic Butternut squash at different stages of the industrial freezing
process. Similarly, although there are several studies in the literature that have applied
in vitro gastrointestinal digestion models directly to fruit and vegetable wastes [19–22],
this study stands out as the first to investigate the bioaccessibility of carotenoids and
polyphenols from squash wastes.

Given the above considerations, this study aimed to examine the impact of indus-
trial freezing stages on the bioaccessibility of carotenoids and polyphenols in organic
Butternut squash supplied for baby food. Identification and quantification of bioactive
compounds were achieved using UPLC-ESI-MS/MS and HPLC-PDA, respectively. Fur-
thermore, spectrophotometric assays for total phenolic and flavonoid content, along with
total antioxidant capacity, were also employed to assess changes during the simulation of
in vitro gastrointestinal digestion.

2. Materials and Methods
2.1. Materials

The organic Butternut squash (Cucurbita moschata), harvested at a commercially mature
stage in the Polatli district of Ankara, was transported to the food processing facility
(Mevsim Gida Co., Salihli, Manisa, Türkiye), where they were subjected to an industrial
freezing process using the individual quick freezing (IQF) (Frigoscandia FloFreeze® MX,
Helsingborg, Sweden) technique according to the flow chart provided in Figure 1. The
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cutting procedure employed prior to freezing process refers to obtaining 10 × 10 mm
pieces using an industrial food cutter (Urschel DiversaCut Sprint® Dicer, Chesterton, IN,
USA). The final product is supplied as raw material to a renowned baby food manufacturer.
Within the scope of this study, samples collected on three different production days from
six points indicated in the flowchart were transferred to the laboratory with a cold chain
to minimize quality loss. The collected samples were ground into a fine powder using a
grinder (Büchi Mixer B-400, Flawil, Switzerland) and stored in a −80 ◦C freezer (Ultra-Low
Temperature Freezer MDF-U5386S, Panasonic Co., Osaka, Japan) until analysis.
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Figure 1. The flowchart summarizing the stages involved in the industrial freezing process of organic
butternut squash (Cucurbita moschata). 1: Raw material, 2: Skin, 3: Pomace and seeds, 4: Raw material
without skin and seeds (internal fruit), 5: Cutting, 6: Individual quick freezing (IQF).

2.2. Chemicals

For the simulation of in vitro gastrointestinal digestion potassium chloride, sodium
bicarbonate (Isolab, Istanbul, Türkiye), monopotassium phosphate (Honeywell, Charlotte,
NC, USA), magnesium chloride hexahydrate, hydrochloric acid, sodium hydroxide (Merck,
Darmstadt, Germany), calcium chloride (Tekkim, Bursa, Türkiye), sodium chloride, am-
monium carbonate, α-amylase, pepsin, pancreatin, and bile (Sigma-Aldrich, Steinheim,
Germany) were used.

For the extraction of carotenoids and polyphenols, analytical grade hexane, acetone,
ethanol, tetrahydrofuran, methanol and formic acid (Merck) were used, and for their
chromatographic analysis, liquid chromatography grade methanol, acetonitrile (Merck)
and trifluoroacetic acid (Sigma-Aldrich) were used. The following analytical standards
were used for the quantification of carotenoids and polyphenols: α-carotene (≥97%), β-
carotene (≥95%), gallic acid (≥98.0%) (Sigma-Aldrich), chlorogenic acid, syringic acid,
ferulic acid, epigallocatechin, epicatechin, luteolin 7-O-glucoside, quercetin 3-O-galactoside,
quercetin 3-O-glucuronide (TRC, Ontario, Canada), and naringin (90.5%) (Dr. Ehrenstorfer,
Augsburg, Germany).

For the determination of total phenolic and flavonoid contents and total antiox-
idant capacity, Folin–Ciocalteu reagent, sodium carbonate, sodium nitrite, aluminum
chloride (Merck), 2,2–azinobis(3–ethylbenzothiazoline–6–sulfonic acid diammonium salt)
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(ABTS), neocuproine, 2,4,6–tripyridyl–s–triazine (TPTZ), iron (III) chloride, 2,2-diphenyl-
1-picrylhydrazyl (DPPH) (Sigma-Aldrich), rutin, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox®) (Acros Organics, Fair Lawn, NJ, USA), monopotassium phos-
phate, dipotassium phosphate (Carlo Erba, Milan, Italy) and ammonium acetate (Isolab)
were used.

2.3. In Vitro Gastrointestinal Digestion

A three-stage in vitro gastrointestinal digestion model, simulating oral, gastric, and
intestinal digestion, was applied to determine the bioaccessibility of carotenoids and
polyphenols in organic Butternut squash. The oral, gastric, and intestinal electrolyte
solutions were prepared as specified in the protocol [23,24].

To simulate oral digestion, 10.00 ± 0.01 g of the sample was mixed with 7 mL of oral
electrolyte solution, 1 mL of α-amylase (1500 U/mL), 0.05 mL of 0.3 M calcium chloride,
and 1.95 mL of distilled water. The mixture was placed in a shaking water bath (Nüve ST
30, Ankara, Türkiye) and incubated at 37 ◦C for 2 min. After completing oral digestion,
4 mL of aliquot was taken for each sample.

To simulate gastric digestion, 12 mL of gastric electrolyte solution, 2.56 mL of pepsin
(25,000 U/mL), and 0.008 mL of 0.3 M calcium chloride were added to the remaining
solution. The pH was adjusted to 3 using 1 M of hydrochloric acid. Then, the total volume
was completed to 16 mL with the addition of distilled water, and the mixture was incubated
in a shaking water bath at 37 ◦C for 2 h. After completing gastric digestion, 4 mL of aliquot
was taken for each sample.

To simulate intestinal digestion, the remaining mixture was combined with 15.4 mL of
intestinal electrolyte solution, 7 mL of pancreatin (800 U/mL), 3.5 mL of 160 mM bile, and
0.056 mL of 0.3 M calcium chloride. The pH was adjusted to 7 using 1 M sodium hydroxide.
Then, distilled water was added to achieve a total volume of 28 mL, and the mixture was
incubated in a shaking water bath at 37 ◦C for an additional 2 h. After completing intestinal
digestion, 4 mL of aliquot was again taken for each sample.

In addition to the above, incubations were performed under the same conditions
without adding organic Butternut squash samples, and the collected blank aliquots were
used to correct for interactions arising from digestion fluids.

2.4. Carotenoids
2.4.1. Extraction

The extraction procedure of carotenoids was carried out by modifying the method
previously described in the literature [25]. An amount of 2.00 ± 0.01 g of the undigested and
digested sample was mixed with 2 mL hexane:acetone:ethanol (50:25:25, v/v/v) and shaken
roughly. After shaking, the mixture was centrifuged at 10,000× g for 10 min at 4 ◦C (Hitachi
CF15RN, Tokyo, Japan). The upper phase was transferred to a clean tube, evaporated
under nitrogen, and stored at −20 ◦C until analysis. Prior to chromatographic analysis, the
residue remaining at the bottom of the tube was dissolved in tetrahydrofuran:methanol
(50:50, v/v).

2.4.2. Identification and Quantification Using High Performance Liquid
Chromatography-Photodiode Array Detector (HPLC-PDA)

For the identification and quantification of carotenoids, all samples were filtered
through 0.45 µm membrane filters and injected into the HPLC-PDA (Shimadzu LC-2030
C, Tokyo, Japan) equipped with a C18 column (25 cm × 4.6 mm, 5 µm; Macherey-Nagel,
Düren, Germany) as previously described in the literature [25]. The flow rate for spectral
measurement at 475 nm with a PDA detector was set at 1 mL/min, and the injection volume
was 10 µL. Methanol:acetonitrile (90:10, v/v) was used as the mobile phase. The column
temperature was maintained at 30 ◦C, and the program duration was 35 min. Retention
times and characteristic spectra were considered for the identification of carotenoids. The
carotenoids were quantified using external standards. The calibration curves showed good



Foods 2024, 13, 239 5 of 18

linearity (R2 > 0.999) within the determined range (1–200 mg/L). Limit of detection (LOD)
and limit of quantification (LOQ) were 0.3 and 1.0 mg/L, respectively. The results were
expressed as mg/kg.

2.5. Polyphenols
2.5.1. Extraction

The extraction procedure of polyphenols was conducted as previously described in
the literature [16]. A total of 2.00 ± 0.01 g of undigested sample was mixed with 5 mL of a
75% methanol solution containing 0.1% formic acid and kept in a cooled ultrasonic bath for
15 min (Elma LC30H, Darmstadt, Germany). Subsequently, the mixture was centrifuged at
10,000× g for 10 min at 4 ◦C. The upper phase was transferred to a clean tube, and the same
procedure was repeated once more. The two upper phases were combined, and the final
volume was adjusted to 10 mL. Digested samples were stabilized by adjusting the pH to 2
with formic acid and centrifuged at 20,000× g and 4 ◦C for 10 min, and the supernatants
were injected into UPLC-ESI-MS/MS and HPLC-PDA for identification and quantification,
respectively. The prepared extracts were stored in a −20 ◦C freezer until analysis.

2.5.2. Identification Using Ultra High Performance Liquid Chromatography-Electrospray
Ionization-Tandem Mass Spectrometry (UPLC-ESI-MS/MS)

For the identification of polyphenols, all samples were filtered through 0.22 µm
membrane filters and injected into the UPLC-ESI-MS/MS (Shimadzu LC–MS/MS 8060,
Kyoto, Japan) equipped with a C18 column (10 cm × 3 mm, 3 µm; GL Sciences, Tokyo,
Japan) as previously described in the literature [26]. The flow rate was set at 0.4 mL/min and
the injection volume was 10 µL. MQ water with formic acid (1000:1, v/v) and acetonitrile
with formic acid (1000:1, v/v) were used as mobile phase A and B, respectively. The gradient
was as the following: 0 min, 20% B; 0.0–0.5 min, 20% B, isocratic; 0.5–7.0 min, 20–50% B,
linear; 7.0–12.0 min, 50–95% B, linear; 12.0–12.1 min, 95–20% B, linear; 12.1–15.0 min, 20%
B, isocratic. The column and autosampler temperatures were maintained at 40 ◦C and
10 ◦C, respectively. The instrument parameters were the following: nebulizing gas (N2)
flow at 3.0 L/min, drying gas (N2) flow at 10.0 L/min, interface voltage set to 4.0 kV,
desolvation line temperature maintained at 250 ◦C, interface temperature set at 300 ◦C, and
the heat block temperature at 400 ◦C. The MS/MS system was operated in both negative
and positive ion modes with multiple reaction monitoring (MRM) using the ESI source.

2.5.3. Quantification Using HPLC-PDA

For the quantification of polyphenols, all samples were filtered through 0.45 µm mem-
brane filters and injected into the HPLC-PDA equipped with a C18 column (25 cm × 4.6 mm,
5 µm; MZ-Analysentechnik, Mainz, Germany) as previously described in the literature [16].
The flow rate for spectral measurements at 280, 312 and 360 nm with a PDA detector was
set at 1 mL/min, and the injection volume was 10 µL. MQ water with trifluoroacetic acid
(1000:1, v/v) and acetonitrile with trifluoroacetic acid (1000:1, v/v) were used as mobile
phase A and B, respectively. The gradient was the following: 0 min, 5% B; 0–45 min, 35% B;
45–47 min, 75% B; 47–49 min, 35% B; 50 min, 5% B. The column and autosampler tempera-
tures were maintained at 40 ◦C and 10 ◦C, respectively. Retention times and characteristic
spectra were considered for the identification of polyphenols. The polyphenols were quan-
tified using external standards. Table S1 in Supplementary Materials shows the analytical
parameters of the polyphenol standards within the determined range (LOQ-100 mg/L).
The results were expressed as mg/kg.

2.6. Total Phenolic Content

The total phenolic content was determined as previously described in the literature [27].
After adding 0.75 mL of Folin–Ciocalteu reagent to 100 µL of the extract, the mixture was
incubated at room temperature for 5 min. Following incubation, 0.75 mL of 6% sodium
carbonate solution was added, and the mixture was kept at room temperature for 90 min.
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Subsequently, absorbance at 725 nm was measured using the UV-Vis spectrophotometer
(Agilent Cary 60, Santa Clara, CA, USA). The total phenolic content of the samples was
determined using a gallic acid standard curve (linear range: 10–600 mg/L, R2 = 0.999), and
the results were expressed as mg gallic acid equivalent (GAE)/100 g of sample.

2.7. Total Flavonoid Content

The total flavonoid content was determined as previously described in the litera-
ture [28]. After adding 0.3 mL of 5% sodium nitrite solution to 1 mL of the extract, the
mixture was incubated at room temperature for 5 min. Following incubation, 0.3 mL of 10%
aluminum chloride solution was added, and 1 min later, 2 mL of 1 M sodium hydroxide was
added to the mixture. Subsequently, 2.4 mL of distilled water was added, and absorbance
was measured at 510 nm using the UV-Vis spectrophotometer. The total flavonoid content
of the samples was determined using a rutin standard curve (linear range: 1–800 mg/L,
R2 = 0.997), and the results were expressed as mg rutin equivalent (RE)/100 g sample.

2.8. Total Antioxidant Capacity
2.8.1. ABTS Assay

The ABTS assay was applied as previously described in the literature [29]. The ABTS
stock solution was diluted to an absorbance of 0.90 ± 0.05 at 734 nm in 50 mM pH 8
potassium phosphate buffer. Subsequently, 100 µL of the extract was mixed with 1 mL of
the ABTS working solution, and after 1 min of incubation, absorbance was measured at
734 nm using the UV-Vis spectrophotometer. The total antioxidant capacity of the samples
was determined using a Trolox® standard curve (linear range: 1–60 mg/L, R2 = 0.998), and
the results were expressed as mg Trolox® equivalent (TE)/100 g sample.

2.8.2. Cupric Ion Reducing Antioxidant Capacity (CUPRAC) Assay

The CUPRAC assay was applied as previously described in the literature [30]. A
total of 100 µL of the extract was sequentially mixed with 1 mL of 10 mM copper (II)
chloride, 1 mL of 7.5 mM neocuproine, 1 mL of 1 M ammonium acetate, and 1 mL of
distilled water to reach a final volume of 4.1 mL. After incubation at room temperature for
30 min, absorbance was measured at 450 nm using the UV-Vis spectrophotometer. The total
antioxidant capacity of the samples was determined using a Trolox® standard curve (linear
range: 10–800 mg/L, R2 = 0.999), and the results were expressed as mg Trolox® equivalent
(TE)/100 g sample.

2.8.3. Ferric Ion Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was applied as previously described in the literature [31]. A total of
100 µL of the extract was mixed with 900 µL of FRAP reagent (a mixture of pH 3.6 acetate
buffer, 10 mM TPTZ solution, and 20 mM iron (III) chloride in a ratio of 10:1:1, v/v/v). After
4 min of incubation at room temperature, absorbance was measured at 593 nm using the
UV-Vis spectrophotometer. The total antioxidant capacity of the samples was determined
using a Trolox® standard curve (linear range: 1–200 mg/L, R2 = 0.999), and the results were
expressed as mg Trolox® equivalent (TE)/100 g sample.

2.8.4. DPPH Assay

The DPPH assay was applied as previously described in the literature [32]. A total of
100 µL of the extract was mixed with 2 mL of 0.1 mM DPPH reagent dissolved in methanol.
After 30 min of incubation at room temperature, absorbance was measured at 517 nm
using the UV-Vis spectrophotometer. The total antioxidant capacity of the samples was
determined using a Trolox® standard curve (linear range: 10–100 mg/L, R2 = 0.996), and
the results were expressed as mg Trolox® equivalent (TE)/100 g sample.
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2.9. Statistical Analysis

All analyses were conducted by performing three measurements on each of the sam-
ples obtained in triplicate, and the results were expressed as mean ± standard deviation.
The data were subjected to one-way analysis of variance (ANOVA) using SPSS 24.0 software
(IBM, Chicago, IL, USA), and Tukey’s test was used to determine differences between the
samples (p < 0.05).

3. Results and Discussion
3.1. Carotenoids

The main carotenoids detected in samples collected from six different stages during
the industrial freezing process of organic Butternut squash (Cucurbita moschata) were α- and
β-carotene (Figure 2). This finding is consistent with some previous studies on Butternut
squash in the literature [33]; however, in other studies, in addition to α- and β-carotene,
lutein and violaxanthin have also been detected [34]. The variation observed among
these studies may be attributed to differences in factors, such as fruit ripeness, applied
agricultural practices, storage conditions including temperature, duration from harvesting
to processing, and the presence of factors like oxygen or light.

The levels of α- and β-carotene in the undigested raw material were determined as
42 and 65 mg/kg, respectively. Studies in the literature have reported similar results to
these values (24–67 mg/kg) [35]. Generally, the concentration of β-carotene was higher
than that of α-carotene, as found in this study. The carotenoid content in the skin was
significantly lower compared to the internal fruit (by 73% and 80% for α- and β-carotene,
respectively) (p < 0.05). In their study, Hussain et al. [36] also found that the skin of
Butternut squash had a lower level of β-carotene compared to the internal fruit. Pomace
and seed, which are discarded as waste, have been found as the richest samples in terms of
carotenoids, with α- and β-carotene contents of 94 and 171 mg/kg, respectively. Although
the cutting process has reduced the α- and β-carotene content (by 54% and 58%, respectively)
(p < 0.05), statistically, no significant difference was observed in terms of carotenoid content
between the undigested final IQF product and the internal fruit (p > 0.05). Similarly,
studies conducted with carrots [37] and apricots [38] also reported that the freezing process
preserves the content of α- and β-carotene.

Figure 2 illustrates the changes in the bioaccessibility of carotenoids in organic Butter-
nut squash at six stages of the industrial freezing process. Generally, concentrations of α-
and β-carotene determined after oral digestion were statistically significantly lower than
those found in undigested samples (84–96%) (p < 0.05). After gastric digestion, despite
detecting 1–16 mg/kg higher amounts of α- and β-carotene compared to the oral digestion
(p < 0.05), the levels of α- and β-carotene remained statistically significantly lower than
those in undigested samples (68–90%) (p < 0.05). Following the completion of intestinal
digestion, the levels of α- and β-carotene were generally not statistically different from
the data observed after gastric digestion (p > 0.05). The bioaccessibility values obtained
after completing digestion ranged between 11 and 50%. The highest bioaccessibility values
were determined in the waste product consisting of pomace and seed for both α- and
β-carotene (14 and 19 mg/kg, respectively). The obtained bioaccessible carotenoid levels
were statistically significantly higher compared to the raw material (64–72%) (p < 0.05). On
the other hand, no difference was observed in terms of carotenoid bioaccessibility between
the internal fruit, samples obtained after cutting, and the final IQF product (p > 0.05). This
indicates that the industrial freezing process did not cause a statistically significant change
in carotenoid bioaccessibility.

As indicated above, the levels of released carotenoids after oral digestion were quite
low. Similar findings were reported in a carotenoid bioaccessibility study conducted with
mandarin [39]. After gastric digestion, low levels of carotenoids were determined again
compared to undigested samples. A previous study examining the bioaccessibility of
carotenoids in mango suggested that after gastric digestion, fruit cells and vascular fibers
remained intact, continuing to encapsulate carotenoids. This means that acid hydrolysis
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may not play a significant role in breaking down the cell wall and releasing carotenoids [40].
The bioaccessibility values obtained for the raw material after intestinal digestion (17–21%)
are consistent with the bioaccessibility values of α- and β-carotene previously reported in a
study conducted with Butternut squash (16–18%) [34]. Additionally, the bioaccessibility
values determined for α- and β-carotene in other fruits and vegetables, such as carrot
(20–22%), mango (32–33%), papaya (49%), sweet potato (14%), tomato (16%), and water-
melon (30%) [34,40], also fall within a similar range to the bioaccessibility values found in
the current study (11–50%).
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The low bioaccessibility of carotenoids during digestion may result from the oxidation
of these compounds [41]. Indeed, under in vivo conditions, carotenoids can undergo trans-
formations as they pass through the gastrointestinal system. For instance, β-carotene can
be cleaved in the intestinal mucosa to produce vitamin A. In this study, no new metabo-
lites were identified after completing gastrointestinal digestion. Previous studies have
suggested that in vitro digestion conditions might generate low molecular weight colorless



Foods 2024, 13, 239 9 of 18

degradation compounds [39]. It is possible that these compounds were undetectable at the
wavelength measured in this study (475 nm).

The bioaccessibility of carotenoids is influenced by several factors, one of which is the
variety of the product subjected to digestion. Studies on mango [42] and mandarin [39]
concluded that the bioaccessibility of β-carotene varies within the ranges of 16–36% and
25–39%, respectively, for different varieties or genotypes. Another factor affecting carotenoid
bioaccessibility is particle size. For instance, when mango is consumed in puree form, the
bioaccessibility of β-carotene has been observed to increase from 33% to 67% [40]. Likewise,
in case of carrots, the bioaccessibility of β-carotene was 3%, while for carrot juice, it was
determined to be 14% [43]. The food matrix is yet another factor influencing the bioaccessi-
bility of carotenoids. It is suggested that dietary fibers present in the food matrix can disrupt
the formation of micelles during intestinal digestion by separating bile salts. In the study by
Aschoff et al. [44], the bioaccessibility of carotenoids found in fresh orange slices (11%) was
lower than the value observed for fruit juice (29–30%), and this difference was attributed to
the high fiber content of the fruit. Similarly, in our study, the bioaccessibility of carotenoids
determined for pomace and seed (11–15%) was lower than the values determined for other
samples (15–50%).

Food processing is a major factor that influences carotenoid bioaccessibility. There
are several studies in the literature suggesting that heat treatment leads to increased
micellization, thereby enhancing the bioaccessibility of carotenoids. For instance, the
bioaccessible β-carotene detected in cooked carrots (52%) was significantly higher than
the value found for raw carrots (29%) [45]. Similarly, the bioaccessibility of β-carotene in
certain red pepper varieties was determined to be higher after boiling compared to the
raw material [46]. On the other hand, the bioaccessibility of carotenoids in frozen peppers
was found to be similar to that in unprocessed peppers [47]. Confirming this finding, in
this study we also observed that the industrial freezing process did not cause a significant
change in carotenoid bioaccessibility.

3.2. Polyphenols

The UPLC–ESI–MS/MS analysis of organic Butternut squash samples led to the identi-
fication of 10 major polyphenols including six flavonoids and four phenolic acids (Table 1).
Most of the polyphenols were detected in negative mode, with the exception of epigallocate-
chin, which is identified in positive mode. The identification process involved consideration
of MS, fragmentation patterns, and comparison with existing literature [48–54].

Table 1. Identification of the polyphenols detected in organic Butternut squash (Cucurbita moschata)
samples by UPLC–ESI–MS/MS.

Retention
Time

Ionization
Mode

Mass
(m/z)

MS2 Main
Fragment (m/z)

Other Fragmental
Ions (m/z) Tentative Identification Reference(s)

Flavonoids

1.85 ESI+ 306.9 139.0 289.0 Epigallocatechin [52,53]
2.44 ESI- 289.1 245.1 205.1 Epicatechin [49–53]

3.37 ESI- 447.1 285.0 256.0 Luteolin 7-O-glucoside
(Cynaroside) [48]

3.38 ESI- 463.1 300.1 301.1 Quercetin 3-O-galactoside
(Hyperoside) [48]

3.43 ESI- 477.1 301.0 151.1 Quercetin 3-O-glucuronide
(Quercituron) [51]

3.81 ESI- 578.9 271.1 459.2 Naringin [48,49]

Phenolic acids

1.74 ESI- 168.9 125.1 79.0 Gallic acid [49,51–53]
2.01 ESI- 353.1 191.1 110.9 Chlorogenic acid [49,52–54]
2.74 ESI- 197.0 123.1 121.1 Syringic acid [48,51,54]
3.79 ESI- 192.9 134.1 178.1 Ferulic acid [48,51–54]
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3.2.1. Flavonoids

In undigested samples, the major compounds, representing 86–99% of total flavonoids,
were identified as epicatechin and epigallocatechin (Table 2). Consistent with this finding,
Mansour et al. [53] also identified epicatechin and epigallocatechin as the predominant
polyphenols in pumpkin byproducts. In contrast to carotenoids, the undigested skin
exhibited a significantly higher flavonoid content than the internal fruit (25%) (p < 0.05).
Notably, the pomace and seed demonstrated the highest flavonoid content among the
analyzed samples (465.7 mg/kg) (p < 0.05). The cutting process led to a reduction in
flavonoid levels (53%), and furthermore, the undigested final IQF product contained lower
levels of flavonoids compared to the internal fruit (49%) (p < 0.05). In fact, some of the minor
flavonoids, including luteolin 7-O-glucoside, quercetin 3-O-galactoside and quercetin 3-O-
glucuronide, vanished after the cutting step of the industrial freezing process. The loss of
these glycosylated flavonoids may also be attributed to their cleavage to aglycones [55]. The
detrimental effect of industrial freezing on glycosylated flavonoids has been documented
in previous studies, particularly in oranges, wherein narirutin and rutin levels exhibited a
significant reduction after industrial freezing (53–65%) (p < 0.05) [18].

Table 2. Changes in the bioaccessibility of flavonoids in organic Butternut squash (Cucurbita moschata)
at six different stages of industrial freezing process.

Sample Undigested Oral Digestion Gastric Digestion Intestinal Digestion Bioaccessibility (%)

Epigallocatechin (mg/kg)

Raw material 58.7 ± 2.7 BC,a 14.4 ± 3.0 C,c 33.3 ± 6.9 B,bc 45.2 ± 9.3 A,ab 77
Skin 74.2 ± 6.0 B,a 21.2 ± 0.3 B,c 35.0 ± 1.6 B,b 43.4 ± 3.5 A,b 58
Pomace and seed 169.5 ± 10.2 A,a 29.7 ± 0.1 A,c 69.6 ± 12.6 A,b 47.8 ± 6.9 A,bc 28
Internal fruit 53.5 ± 1.6 CD <LOQ <LOQ <LOQ n/a
Cutting 40.2 ± 3.5 D <LOQ <LOQ <LOQ n/a
IQF 37.3 ± 1.1 D <LOQ <LOQ <LOQ n/a

Epicatechin (mg/kg)

Raw material 178.4 ± 5.8 BC,b 49.5 ± 5.0 A,c 58.2 ± 10.8 AB,c 284.1 ± 51.9 B,a 159
Skin 181.7 ± 6.0 B,a 43.5 ± 3.8 AB,b 73.5 ± 11.9 A,b 173.2 ± 24.6 BC,a 95
Pomace and seed 269.7 ± 19.7 A,b 32.9 ± 5.8 BC,c 71.1 ± 12.9 A,c 454.0 ± 87.1 A,a 168
Internal fruit 148.2 ± 3.2 C,a 23.6 ± 6.0 CD,c 27.6 ± 1.5 C,c 105.8 ± 20.3 C,b 71
Cutting 62.6 ± 1.4 D,a 13.3 ± 2.7 D,b 33.2 ± 5.5 BC,b 80.3 ± 16.9 C,a 128
IQF 74.8 ± 4.1 D,b 14.6 ± 3.3 D,c 24.8 ± 4.1 C,c 117.5 ± 21.5 C,a 157

Luteolin 7-O-glucoside (mg/kg)

Raw material 5.1 ± 0.4 B <LOQ <LOQ <LOQ n/a
Skin 6.3 ± 0.3 A <LOQ <LOQ <LOQ n/a
Pomace and seed <LOQ <LOQ <LOQ <LOQ n/a
Internal fruit 5.0 ± 0.1 B <LOQ <LOQ <LOQ n/a
Cutting <LOQ <LOQ <LOQ <LOQ n/a
IQF <LOQ <LOQ <LOQ <LOQ n/a

Quercetin 3-O-galactoside (mg/kg)

Raw material 18.0 ± 1.2 A <LOQ <LOQ <LOQ n/a
Skin 16.4 ± 2.8 A <LOQ <LOQ <LOQ n/a
Pomace and seed 13.3 ± 0.1 A <LOQ <LOQ <LOQ n/a
Internal fruit 13.2 ± 0.1 A <LOQ <LOQ <LOQ n/a
Cutting <LOQ <LOQ <LOQ <LOQ n/a
IQF <LOQ <LOQ <LOQ <LOQ n/a



Foods 2024, 13, 239 11 of 18

Table 2. Cont.

Sample Undigested Oral Digestion Gastric Digestion Intestinal Digestion Bioaccessibility (%)

Quercetin 3-O-glucuronide (mg/kg)

Raw material 15.5 ± 0.8 A,b 4.7 ± 1.2 A,c 12.6 ± 2.1 A,b 24.1 ± 1.8 A,a 155
Skin 16.9 ± 0.1 A,ab 3.1 ± 0.03 AB,c 11.5 ± 2.8 A,b 22.8 ± 3.0 A,a 135
Pomace and seed 12.0 ± 0.1 B,b 2.5 ± 0.01 B,d 9.1 ± 0.1 A,c 21.0 ± 0.6 A,a 175
Internal fruit <LOQ <LOQ <LOQ <LOQ n/a
Cutting <LOQ <LOQ <LOQ <LOQ n/a
IQF <LOQ <LOQ <LOQ <LOQ n/a

Naringin (mg/kg)

Raw material 1.4 ± 0.04 B <LOQ <LOQ <LOQ n/a
Skin <LOQ <LOQ <LOQ <LOQ n/a
Pomace and seed 1.2 ± 0.04 C <LOQ <LOQ <LOQ n/a
Internal fruit 1.6 ± 0.04 A <LOQ <LOQ <LOQ n/a
Cutting 1.4 ± 0.02 B <LOQ <LOQ <LOQ n/a
IQF 1.1 ± 0.01 C <LOQ <LOQ <LOQ n/a

The values presented in this table are the mean values ± standard deviation obtained from three separate batches
(n = 3). Statistically significant variations are indicated by uppercase letters in the columns and lowercase letters
in the rows (p < 0.05). LOQ: Limit of quantification; n/a: not applicable.

The alterations in flavonoid bioaccessibility in organic Butternut squash throughout
various stages of the industrial freezing process are outlined in Table 2. The levels of
flavonoids determined following oral digestion were significantly lower compared to those
observed in undigested samples (75–89%) (p < 0.05). Luteolin 7-O-glucoside, quercetin 3-O-
galactoside and naringin were absent in all samples at all stages of in vitro gastrointestinal
digestion. Similarly, epigallocatechin was undetectable for digested internal fruit, cut and
IQF samples, which could be related to its cleavage to epicatechin. In fact, the levels of
epicatechin increased during gastric and intestinal digestion, ultimately reaching signifi-
cantly higher levels than those in undigested samples for the majority of the samples (up to
68%). Likewise, quercetin 3-O-glucuronide levels were also significantly higher in digested
raw material, skin and pomace and seed, as compared to their undigested counterparts
(35–75%). The enhanced level of some flavonoids following intestinal digestion may also be
attributed to the prolonged contact time of food material with intestinal fluids, facilitating
the release of these flavonoids by intestinal enzymes.

The bioaccessibility of epicatechin and quercetin 3-O-glucuronide were found to be
the highest in the discarded pomace and seed sample (168% and 175%, respectively).
Moreover, the IQF sample contained higher bioaccessible epicatechin compared to internal
fruit (157% and 71%, respectively). The development of ice crystals during the freezing
process causes damage to the food structure, potentially leading to the breakdown of cell
walls. These modifications in the matrix may enhance the release of flavonoids during
in vitro gastrointestinal digestion. The positive impact of the industrial freezing process
on the bioaccessibility of flavonoids also has been observed in previous studies involving
strawberry [16] and lemon peel [9].

3.2.2. Phenolic Acids

The major phenolic acids present in undigested samples were identified as syringic
and gallic acids, accounting for 70–94% of total phenolic acids (Table 3). Similarly, Stryjecka
et al. [54] also detected syringic acid as the main phenolic acid in five different pumpkin
species including Butternut squash. Confirming the findings obtained for flavonoids,
undigested skin contained higher levels of phenolic acids compared to internal fruit
(23%) (p < 0.05) and pomace and seed had the highest concentration of phenolic acids
(180.1 mg/kg) (p < 0.05). Although the total phenolic acid content decreased after the
cutting treatment (33%) (p < 0.05), there was statistically no significant difference in the phe-
nolic acid content of IQF and cut samples (p > 0.05). The reduction in phenolic compounds
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following cutting process may be related to the fact that cutting could activate biochemical
defense mechanisms, causing phenolic substrates in the vacuole to interact with enzymes,
resulting in browning. Furthermore, this process may accelerate ripening biochemistry,
leading to the softening of the texture [56]. Nevertheless, Yang et al. [51] also could not
detect syringic acid in pumpkins subjected to the cooking process.

Table 3. Changes in the bioaccessibility of phenolic acids in organic Butternut squash (Cucurbita
moschata) at six different stages of industrial freezing process.

Sample Undigested Oral Digestion Gastric Digestion Intestinal Digestion Bioaccessibility (%)

Gallic acid (mg/kg)

Raw material 30.5 ± 1.1 B,a 6.4 ± 2.0 A,b 5.6 ± 1.3 A,b <LOQ n/a
Skin 5.2 ± 0.3 C,a 0.9 ± 0.2 B,c 2.4 ± 0.3 B,b <LOQ n/a
Pomace and seed 107.1 ± 4.2 A,a 3.3 ± 0.2 B,c 5.5 ± 1.1 A,bc 12.7 ± 2.8 b 12
Internal fruit 3.2 ± 0.1 C,a 0.9 ± 0.2 B,b <LOQ <LOQ n/a
Cutting 3.9 ± 0.1 C,a 0.5 ± 0.04 B,b <LOQ <LOQ n/a
IQF 1.7 ± 0.03 C,a 0.6 ± 0.2 B,b <LOQ <LOQ n/a

Chlorogenic acid (mg/kg)

Raw material 5.2 ± 0.3 B <LOQ <LOQ <LOQ n/a
Skin 4.0 ± 0.02 C <LOQ <LOQ <LOQ n/a
Pomace and seed 6.0 ± 0.2 A,b 1.7 ± 0.2 c 5.1 ± 0.5 b 8.1 ± 0.7 a 135
Internal fruit 4.3 ± 0.02 C,a 1.0 ± 0.1 b <LOQ <LOQ n/a
Cutting 5.5 ± 0.2 AB,a 1.7 ± 0.1 b <LOQ <LOQ n/a
IQF 4.3 ± 0.02 C,a 1.1 ± 0.1 b <LOQ <LOQ n/a

Syringic acid (mg/kg)

Raw material 43.7 ± 2.1 BC,a 11.6 ± 1.1 d 17.8 ± 2.1 A,c 37.0 ± 1.6 B,b 85
Skin 48.9 ± 3.8 B,a 10.3 ± 0.8 b 11.3 ± 0.8 B,b 44.3 ± 8.1 B,a 91
Pomace and seed 63.0 ± 4.4 A,b 8.0 ± 1.3 c 15.8 ± 2.0 A,c 132.4 ± 20.1 A,a 210
Internal fruit 36.2 ± 0.7 C,a 5.9 ± 1.4 b 8.6 ± 0.3 B,b 29.4 ± 5.2 B,a 81
Cutting 18.4 ± 1.8 D,ab <LOQ 8.9 ± 0.6 B,b 27.5 ± 5.4 B,a 149
IQF 20.0 ± 0.9 D,b <LOQ 11.4 ± 0.3 B,b 32.0 ± 5.9 B,a 160

Ferulic acid (mg/kg)

Raw material 5.3 ± 0.4 A <LOQ <LOQ <LOQ n/a
Skin 3.8 ± 0.1 B <LOQ <LOQ <LOQ n/a
Pomace and seed 4.1 ± 0.03 B <LOQ <LOQ <LOQ n/a
Internal fruit 3.8 ± 0.1 B <LOQ <LOQ <LOQ n/a
Cutting 4.1 ± 0.1 B <LOQ <LOQ <LOQ n/a
IQF 4.3 ± 0.1 B <LOQ <LOQ <LOQ n/a

The values presented in this table are the mean values ± standard deviation obtained from three separate batches
(n = 3). Statistically significant variations are indicated by uppercase letters in the columns and lowercase letters
in the rows (p < 0.05). LOQ: Limit of quantification; n/a: not applicable.

Table 3 presents the changes in the bioaccessibility of phenolic acids in organic Butter-
nut squash throughout six different stages of the industrial freezing process. Similar to the
results obtained for flavonoids, the levels of phenolic acids determined following oral diges-
tion were significantly lower compared to those observed in undigested samples (79–93%)
(p < 0.05). Minor phenolic acids, i.e., ferulic and chlorogenic acids, were either undetected or
found in low amounts during the entire in vitro gastrointestinal digestion process. Gastric
digestion increased syringic acid levels compared to oral digestion, with further release
observed during intestinal digestion. As indicated above for flavonoids, the enhanced level
of syringic acid following digestion may also be related to the increased contact time of
squash with intestinal fluids, enabling the release of bioactive compounds by intestinal
enzymes. Among the analyzed samples, the pomace and seed sample exhibited the highest
levels of bioaccessible syringic acid (210%). Similarly, the only sample demonstrating the
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presence of bioaccessible gallic and chlorogenic acids was pomace and seed (12% and 135%,
respectively). Furthermore, similar to the result obtained for flavonoid epicatechin, the IQF
sample contained higher bioaccessible syringic acid compared to internal fruit (160% and
81%, respectively).

3.3. Total Phenolics, Flavonoids and Antioxidant Capacity

The total phenolic contents determined for the undigested raw material and peel
(Table 4) were higher than the values previously reported in the literature [57,58]. As
indicted above for carotenoids, these differences may be related to variations in factors, such
as fruit ripeness, applied agricultural practices, storage conditions including temperature,
duration from harvesting to processing, and the presence of factors like oxygen or light.
The peel exhibited a higher total flavonoid content compared to the internal fruit. Similarly,
in their study with pumpkins, Singh et al. [59] also observed that the total flavonoid content
in the fruit peel was higher compared to the internal fruit. Among the analyzed samples,
pomace and seed contained the highest levels of total phenolics, flavonoids and antioxidant
capacity, which is consistent with the findings reported in previous studies [50,51]. The
cutting process reduced the total phenolics, flavonoids and antioxidant capacity (4–80%),
and frozen squash was found to contain lower levels of total phenolics, flavonoids and
antioxidant capacity compared to internal fruit (7–46%). The reduction in phenolics and
other antioxidants observed after cutting can be attributed to oxidative stress on the fruit,
resulting in membrane damage. Furthermore, the formation of ice crystals during the
freezing process may lead to a loss of turgor pressure in cells and damage to the cell wall
structure. The decline in total phenolics and antioxidants observed during the freezing step
may be linked to this phenomenon [60].

The changes in the bioaccessibility of total phenolics, flavonoids and antioxidant
capacity in organic Butternut squash throughout different stages of the industrial freezing
process are presented in Table 4. As in chromatographic polyphenol analysis, the levels
of total phenolics, flavonoids and antioxidant capacity after oral digestion were generally
significantly lower compared to those observed in undigested samples (p < 0.05). The
limited release of phenolics, flavonoids and other antioxidants during oral digestion may
be attributed to the brief contact time (2 min) with the enzyme [61]. In fact, following
gastric and intestinal digestion levels of total phenolics, flavonoids and antioxidant capacity
increased, reaching to even higher levels than of undigested samples. These increases may
be attributed to the prolonged extraction time (2 h each) and/or the impact of intestinal
digestive enzymes on the complex food matrix, promoting the release of phenolics bound
within the matrix [62]. Moreover, breakdown of phenolic compounds may form new
metabolites with higher antioxidant potential [63]. The shift from low to neutral pH during
gastrointestinal digestion may also contribute to enhanced antioxidant activity [64]. There
was statistically no significant difference between frozen squash and internal fruit in terms
of total phenolic and flavonoid contents and total antioxidant capacity (p > 0.05).

In this study, four different antioxidant capacity measurement assays (ABTS, CUPRAC,
DPPH, and FRAP) were applied to determine the changes in the total antioxidant capacity
of organic Butternut squash samples during the industrial freezing process. The highest
total antioxidant capacity values were obtained with the ABTS assay, followed by the
CUPRAC, FRAP, and DPPH assays, respectively. The observed pattern could be attributed
to the capability of the ABTS and CUPRAC assays to detect both hydrophilic and lipophilic
antioxidants in foods. In contrast, the FRAP assay can exclusively detect hydrophilic antiox-
idants, while the DPPH assay is specific to lipophilic antioxidants [65]. The data obtained
in this study suggest that applying multiple antioxidant capacity measurement assays with
different mechanisms is necessary to reveal the complete capacity of an antioxidant.
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Table 4. Changes in the bioaccessibility of total phenolics, flavonoids and antioxidant capacity in
organic Butternut squash (Cucurbita moschata) at six different stages of industrial freezing process.

Sample Undigested Oral Digestion Gastric Digestion Intestinal Digestion Bioaccessibility (%)

Total phenolic content (mg GAE/100 g)

Raw material 57.9 ± 2.6 AB,b 24.5 ± 1.9 B,c 92.0 ± 2.4 B,a 98.3 ± 9.7 AB,a 170
Skin 49.6 ± 6.9 BC,b 24.0 ± 0.2 B,c 63.3 ± 3.5 CD,b 85.2 ± 11.3 AB,a 172
Pomace and seed 63.0 ± 6.0 A,b 30.4 ± 1.9 A,c 114.6 ± 6.4 A,a 116.3 ± 22.0 A,a 185
Internal fruit 44.8 ± 0.8 C,b 19.4 ± 1.9 C,c 68.6 ± 5.3 C,a 74.1 ± 13.7 B,a 165
Cutting 30.5 ± 1.3 D,bc 14.9 ± 0.6 D,c 47.8 ± 1.1 E,ab 61.9 ± 17.1 B,a 203
IQF 29.1 ± 5.1 D,b 17.0 ± 0.7 CD,c 53.9 ± 7.2 DE,a 60.7 ± 2.0 B,a 209

Total flavonoid content (mg RE/100 g)

Raw material 7.6 ± 1.8 BC,bc 3.8 ± 0.7 C,c 9.5 ± 1.0 CD,b 45.9 ± 2.8 B,a 604
Skin 10.6 ± 0.8 AB,b 6.7 ± 0.6 B,c 22.0 ± 1.6 B,a 13.3 ± 1.5 C,b 125
Pomace and seed 13.1 ± 1.8 A,b 10.5 ± 1.3 A,b 30.1 ± 1.7 A,b 122.4 ± 15.2 A,a 934
Internal fruit 7.1 ± 1.1 BC,b 2.6 ± 0.4 C,c 12.7 ± 0.8 C,a 8.6 ± 1.2 C,b 121
Cutting 6.9 ± 1.5 BC,a 2.2 ± 0.7 C,b 5.7 ± 1.0 D,a 8.1 ± 1.2 C,a 117
IQF 6.6 ± 1.1 C,a 2.3 ± 0.8 C,b 9.5 ± 2.6 CD,a 8.1 ± 1.1 C,a 123

Total antioxidant capacity (mg TE/100 g)

ABTS assay

Raw material 55.1 ± 0.2 B,a 10.8 ± 0.2 B,c 35.0 ± 1.7 B,b 62.6 ± 12.8 B,a 114
Skin 44.1 ± 1.9 C,a 9.5 ± 0.1 CD,c 31.0 ± 2.9 BC,b 42.2 ± 2.9 BC,a 96
Pomace and seed 77.2 ± 1.4 A,b 24.9 ± 0.2 A,c 76.4 ± 0.1 A,b 140.4 ± 8.0 A,a 182
Internal fruit 44.4 ± 1.1 C,a 10.0 ± 0.3 C,c 27.2 ± 3.5 BC,b 38.1 ± 4.3 C,a 86
Cutting 35.4 ± 1.4 D,a 9.7 ± 0.4 C,c 23.4 ± 1.3 C,b 28.2 ± 7.2 C,ab 80
IQF 37.3 ± 1.0 D,a 8.9 ± 0.5 D,c 25.9 ± 6.5 BC,ab 25.3 ± 5.7 C,b 68

CUPRAC assay

Raw material 36.5 ± 3.2 B,b 15.3 ± 0.8 B,c 40.6 ± 5.3 B,b 64.1 ± 8.4 B,a 176
Skin 24.3 ± 2.5 CD,bc 11.5 ± 2.4 B,c 41.6 ± 6.1 B,ab 53.9 ± 12.0 B,a 222
Pomace and seed 56.2 ± 6.1 A,b 27.0 ± 5.8 A,b 63.5 ± 11.9 A,b 166.4 ± 43.6 A,a 296
Internal fruit 25.4 ± 3.4 C,bc 16.3 ± 1.4 B,c 27.2 ± 2.1 B,b 46.6 ± 7.0 B,a 183
Cutting 16.6 ± 0.1 CD,b 9.9 ± 0.8 B,c 27.6 ± 2.8 B,a 32.6 ± 3.3 B,a 196
IQF 15.2 ± 2.1 D,b 9.9 ± 3.3 B,b 26.7 ± 4.0 B,a 23.9 ± 2.2 B,a 157

FRAP assay

Raw material 11.6 ± 0.4 B,b 2.6 ± 0.1 B,d 8.0 ± 0.3 B,c 31.3 ± 0.2 B,a 270
Skin 5.4 ± 0.03 C,b 1.7 ± 0.03 C,c 7.7 ± 0.6 B,a 7.3 ± 1.0 C,a 135
Pomace and seed 26.9 ± 1.5 A,b 4.0 ± 0.2 A,c 20.7 ± 1.5 A,b 91.8 ± 10.4 A,a 341
Internal fruit 4.1 ± 0.3 CD,b 2.7 ± 0.1 B,c 5.4 ± 0.3 C,a 5.6 ± 0.2 C,a 137
Cutting 3.1 ± 0.3 D,a 1.2 ± 0.1 D,c 3.7 ± 0.2 CD,a 2.3 ± 0.5 C,b 74
IQF 2.2 ± 0.2 D,a 0.9 ± 0.1 D,c 2.8 ± 0.1 D,a 1.5 ± 0.4 C,b 68

DPPH assay

Raw material 7.9 ± 1.3 B,b 2.5 ± 0.2 B,c 6.2 ± 0.8 B,b 11.9 ± 0.1 B,a 151
Skin 1.4 ± 0.1 C,b 1.8 ± 0.6 BC,b 1.3 ± 0.2 C,b 7.6 ± 1.6 BC,a 543
Pomace and seed 17.2 ± 1.6 A,b 6.8 ± 0.7 A,c 17.9 ± 3.8 A,b 29.5 ± 5.7 A,a 172
Internal fruit 2.5 ± 0.4 C,c 1.9 ± 0.1 BC,c 4.2 ± 0.5 BC,b 7.2 ± 0.8 BC,a 288
Cutting 0.5 ± 0.1 C,b 1.8 ± 0.5 BC,ab 2.2 ± 0.03 BC,a 3.1 ± 1.0 C,a 620
IQF 2.3 ± 0.7 C,b 1.1 ± 0.1 C,b 2.8 ± 1.2 BC,b 7.0 ± 0.6 BC,a 304

The values presented in this table are the mean values ± standard deviation obtained from three separate batches
(n = 3). Statistically significant variations are indicated by uppercase letters in the columns and lowercase letters
in the rows (p < 0.05).

In summary, the goal of this study was to examine alterations in the bioaccessibility of
carotenoids and polyphenols in organic Butternut squash throughout the industrial freezing
process. Monitoring changes during the processing stages is crucial to elucidate at which
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stage the alteration in the final product originates. Thus, undesired changes occurring in
the bioactive compounds of the product can be eliminated/reduced through optimization
of the processing parameters. This approach would enable the production of final products
with a high content of bioactive compounds on an industrial scale. To do so, we collected
samples of organic Butternut squash from six different stages during the industrial freezing
process. Assuming that washing and selection applied for a short time would not have a
significant effect on the digestion of carotenoids and polyphenols, we did not take samples
immediately before freezing. This may be a limiting factor to consider in future studies.
Moreover, it is important to highlight that the procedures employed in this study yield
semi-raw materials, which will undergo additional processing to reach the final product.
Therefore, although this study offers valuable insights into the transformations during the
production of industrially frozen squash, further research is necessary to comprehend the
processing of these semi-raw materials into final baby food products. Another limitation of
this study is the use of the adult digestion model. Considering the fact that some samples
examined in this study (e.g., peel, pomace) may not be suitable for the consumption of
infants as such, here we applied the standard adult digestion model. However, future
studies should also consider the digestive conditions of infants and young children for the
simulation of in vitro gastrointestinal digestion.

4. Conclusions

To the best of our knowledge, this study is the first to investigate the changes in the
bioaccessibility of carotenoids and polyphenols in organic Butternut squash at different
stages of the industrial freezing process. Overall, this study emphasized that industrial
freezing could be an effective strategy for preserving the carotenoid bioaccessibility in
organic Butternut squash, while also enhancing the levels of bioaccessible polyphenols.
However, it is crucial to emphasize that the treatments employed in this study yield semi-
raw materials to be processed further for final products. Therefore, future research should
investigate the continual changes in the carotenoids and polyphenols of squash as they
advance towards the production of the final baby food product. Moreover, this research
focused exclusively on the impact of the freezing process, while it is also important to
examine the changes in squash carotenoids and polyphenols during frozen storage. In
addition, we also demonstrated that pomace and seed, which are discarded as waste,
have significant potential to be utilized as a food source rich in bioactive compounds.
However, additional research on toxicological data and the effect of the food matrix is
necessary before these materials can be utilized as food ingredients. Finally, although often
ignored, the consumer acceptance of food products containing waste materials also needs
to be investigated.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods13020239/s1, Table S1: Standards used for the quan-
tification of polyphenols with HPLC-PDA.
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Digestion on Composition, Bioaccessibility and Antioxidant Activity of Food Polyphenols—A Non-Systematic Review. Nutrients
2020, 12, 1401. [CrossRef]

16. Kamiloglu, S. Effect of Different Freezing Methods on the Bioaccessibility of Strawberry Polyphenols. Int. J. Food Sci. Technol.
2019, 54, 2652–2660. [CrossRef]

17. Kamiloglu, S. Industrial Freezing Effects on the Content and Bioaccessibility of Spinach (Spinacia oleracea L.) Polyphenols. J. Sci.
Food Agric. 2020, 100, 4190–4198. [CrossRef] [PubMed]

18. Ozdemirli, N.; Kamiloglu, S. Changes in the Bioaccessibility of Citrus Polyphenols during Industrial Freezing Process. Int. J. Food
Sci. Technol. 2023, 58, 5819–5828. [CrossRef]

19. Vaz, A.A.; Odriozola-Serrano, I.; Oms-Oliu, G.; Martín-Belloso, O. Physicochemical Properties and Bioaccessibility of Phenolic
Compounds of Dietary Fibre Concentrates from Vegetable By-Products. Foods 2022, 11, 2578. [CrossRef]

20. Cangussu, L.B.; Melo, J.C.; Franca, A.S.; Oliveira, L.S. Chemical Characterization of Coffee Husks, a By-Product of Coffea Arabica
Production. Foods 2021, 10, 3125. [CrossRef]

21. Inada, K.O.P.; Silva, T.B.R.; Lobo, L.A.; Domingues, R.M.C.P.; Perrone, D.; Monteiro, M. Bioaccessibility of Phenolic Compounds
of Jaboticaba (Plinia jaboticaba) Peel and Seed after Simulated Gastrointestinal Digestion and Gut Microbiota Fermentation. J.
Funct. Foods 2020, 67, 103851. [CrossRef]

22. Soares Carneiro, T.; da Conceição Prudêncio Dutra, M.; Andrade Lima, D.; Júlia de Brito Araújo, A.; Lessa Constant, P.B.;
dos Santos Lima, M. Phenolic Compounds in Peel, Seed and Cold Pressed Pink Pepper (Schinus terebinthifolia R.) Oil and
Bioaccessibility of Peel Using a Digestion Model with Intestinal Barrier Simulation. Food Biosci. 2022, 49, 101930. [CrossRef]

https://doi.org/10.3390/su12041305
https://doi.org/10.3390/molecules26123623
https://doi.org/10.3390/molecules27113440
https://www.ncbi.nlm.nih.gov/pubmed/35684376
https://doi.org/10.1186/s12967-022-03828-3
https://doi.org/10.3390/app9163387
http://www.fao.org/faostat/en/#data/qc/visualize
http://www.fao.org/faostat/en/#data/qc/visualize
https://doi.org/10.3390/nu14183722
https://doi.org/10.1111/1750-3841.16810
https://www.ncbi.nlm.nih.gov/pubmed/37872804
https://doi.org/10.1002/jsfa.13101
https://doi.org/10.1016/j.lwt.2021.112285
https://doi.org/10.3390/molecules24152837
https://doi.org/10.1080/00103624.2021.2017960
https://www.un-page.org/page-and-sustainable-development-goals
https://www.un-page.org/page-and-sustainable-development-goals
https://doi.org/10.3390/nu12051401
https://doi.org/10.1111/ijfs.14249
https://doi.org/10.1002/jsfa.10458
https://www.ncbi.nlm.nih.gov/pubmed/32378227
https://doi.org/10.1111/ijfs.16685
https://doi.org/10.3390/foods11172578
https://doi.org/10.3390/foods10123125
https://doi.org/10.1016/j.jff.2020.103851
https://doi.org/10.1016/j.fbio.2022.101930


Foods 2024, 13, 239 17 of 18

23. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Carrière, F.; Boutrou, R.; Corredig, M.; Dupont, D.; et al.
A Standardised Static In Vitro Digestion Method Suitable for Food—An International Consensus. Food Funct. 2014, 5, 1113–1124.
[CrossRef]

24. Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assunção, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R.; Carrière,
F.; et al. INFOGEST Static In Vitro Simulation of Gastrointestinal Food Digestion. Nat. Protoc. 2019, 14, 991–1014. [CrossRef]
[PubMed]

25. Barba, A.I.O.; Hurtado, M.C.; Mata, M.C.S.; Ruiz, V.F.; Tejada, M.L.S. de Application of a UV–Vis Detection-HPLC Method for a
Rapid Determination of Lycopene and β-Carotene in Vegetables. Food Chem. 2006, 95, 328–336. [CrossRef]

26. Akpinar Bayizit, A.; Bekar, E.; Unal, T.T.; Celik, M.A.; Acoglu Celik, B.; Koc Alibasoglu, E.; Sahin Dilmenler, P.; Yolci Omeroglu,
P.; Copur, O.U.; Kamiloglu, S. Investigating the Effect of Harvest Season on the Bioaccessibility of Bee Pollen Polyphenols by
Ultra-High Performance Liquid Chromatography Tandem Mass Spectrometry. Eur. Food Res. Technol. 2023, 249, 2529–2542.
[CrossRef]

27. Velioglu, Y.S.; Mazza, G.; Gao, L.; Oomah, B.D. Antioxidant Activity and Total Phenolics in Selected Fruits, Vegetables, and Grain
Products. J. Agric. Food Chem. 1998, 46, 4113–4117. [CrossRef]

28. Kim, D.-O.; Jeong, S.W.; Lee, C.Y. Antioxidant Capacity of Phenolic Phytochemicals from Various Cultivars of Plums. Food Chem.
2003, 81, 321–326. [CrossRef]

29. Miller, N.J.; Rice-Evans, C.A. Factors Influencing the Antioxidant Activity Determined by the ABTS•+ Radical Cation Assay. Free
Radic. Res. 1997, 26, 195–199. [CrossRef]

30. Apak, R.; Güçlü, K.; Özyürek, M.; Karademir, S.E. Novel Total Antioxidant Capacity Index for Dietary Polyphenols and Vitamins
C and E, Using Their Cupric Ion Reducing Capability in the Presence of Neocuproine: CUPRAC Method. J. Agric. Food Chem.
2004, 52, 7970–7981. [CrossRef]

31. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70–76. [CrossRef]

32. Kumaran, A.; Karunakaran, R.J. Antioxidant and Free Radical Scavenging Activity of an Aqueous Extract of Coleus Aromaticus.
Food Chem. 2006, 97, 109–114. [CrossRef]

33. Zaccari, F.; Galietta, G. α-Carotene and β-Carotene Content in Raw and Cooked Pulp of Three Mature Stage Winter Squash “Type
Butternut. ” Foods 2015, 4, 477–486. [CrossRef] [PubMed]

34. Jeffery, J.L.; Turner, N.D.; King, S.R. Carotenoid Bioaccessibility from Nine Raw Carotenoid-storing Fruits and Vegetables Using
an In Vitro Model. J. Sci. Food Agric. 2012, 92, 2603–2610. [CrossRef] [PubMed]

35. Azevedo-Meleiro, C.H.; Rodriguez-Amaya, D.B. Qualitative and Quantitative Differences in Carotenoid Composition among
Cucurbita Moschata, Cucurbita Maxima, and Cucurbita Pepo. J. Agric. Food Chem. 2007, 55, 4027–4033. [CrossRef]

36. Hussain, A.; Kausar, T.; Din, A.; Murtaza, M.A.; Jamil, M.A.; Noreen, S.; ur Rehman, H.; Shabbir, H.; Ramzan, M.A. Determination
of Total Phenolic, Flavonoid, Carotenoid, and Mineral Contents in Peel, Flesh, and Seeds of Pumpkin (Cucurbita maxima). J. Food
Process Preserv. 2021, 45, e15542. [CrossRef]

37. Behsnilian, D.; Mayer-Miebach, E. Impact of Blanching, Freezing and Frozen Storage on the Carotenoid Profile of Carrot Slices
(Daucus carota L. Cv. Nutri Red). Food Control 2017, 73, 761–767. [CrossRef]

38. Wani, S.M.; Masoodi, F.A.; Haq, E.; Ahmad, M.; Ganai, S.A. Influence of Processing Methods and Storage on Phenolic Compounds
and Carotenoids of Apricots. LWT 2020, 132, 109846. [CrossRef]

39. Petry, F.C.; Mercadante, A.Z. Impact of In Vitro Digestion Phases on the Stability and Bioaccessibility of Carotenoids and Their
Esters in Mandarin Pulps. Food Funct. 2017, 8, 3951–3963. [CrossRef]

40. Low, D.Y.; D’Arcy, B.; Gidley, M.J. Mastication Effects on Carotenoid Bioaccessibility from Mango Fruit Tissue. Food Res. Int. 2015,
67, 238–246. [CrossRef]

41. Kopec, R.E.; Gleize, B.; Borel, P.; Desmarchelier, C.; Caris-Veyrat, C. Are Lutein, Lycopene, and β-Carotene Lost through the
Digestive Process? Food Funct. 2017, 8, 1494–1503. [CrossRef]

42. Veda, S.; Platel, K.; Srinivasan, K. Varietal Differences in the Bioaccessibility of β-Carotene from Mango (Mangifera Indica) and
Papaya (Carica papaya) Fruits. J. Agric. Food Chem. 2007, 55, 7931–7935. [CrossRef]

43. Reboul, E.; Richelle, M.; Perrot, E.; Desmoulins-Malezet, C.; Pirisi, V.; Borel, P. Bioaccessibility of Carotenoids and Vitamin E from
Their Main Dietary Sources. J. Agric. Food Chem. 2006, 54, 8749–8755. [CrossRef] [PubMed]

44. Aschoff, J.K.; Kaufmann, S.; Kalkan, O.; Neidhart, S.; Carle, R.; Schweiggert, R.M. In Vitro Bioaccessibility of Carotenoids,
Flavonoids, and Vitamin C from Differently Processed Oranges and Orange Juices [Citrus sinensis (L.) Osbeck]. J. Agric. Food
Chem. 2015, 63, 578–587. [CrossRef] [PubMed]

45. Hornero-Méndez, D.; Mínguez-Mosquera, M.I. Bioaccessibility of Carotenes from Carrots: Effect of Cooking and Addition of Oil.
Innov. Food Sci. Emerg. Technol. 2007, 8, 407–412. [CrossRef]

46. Pugliese, A.; O’Callaghan, Y.; Tundis, R.; Galvin, K.; Menichini, F.; O’Brien, N.; Loizzo, M.R. In Vitro Investigation of the
Bioaccessibility of Carotenoids from Raw, Frozen and Boiled Red Chili Peppers (Capsicum annuum). Eur. J. Nutr. 2014, 53, 501–510.
[CrossRef]

47. Pugliese, A.; Loizzo, M.R.; Tundis, R.; O’Callaghan, Y.; Galvin, K.; Menichini, F.; O’Brien, N. The Effect of Domestic Processing
on the Content and Bioaccessibility of Carotenoids from Chili Peppers (Capsicum Species). Food Chem. 2013, 141, 2606–2613.
[CrossRef] [PubMed]

https://doi.org/10.1039/C3FO60702J
https://doi.org/10.1038/s41596-018-0119-1
https://www.ncbi.nlm.nih.gov/pubmed/30886367
https://doi.org/10.1016/j.foodchem.2005.02.028
https://doi.org/10.1007/s00217-023-04316-8
https://doi.org/10.1021/jf9801973
https://doi.org/10.1016/S0308-8146(02)00423-5
https://doi.org/10.3109/10715769709097799
https://doi.org/10.1021/jf048741x
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/j.foodchem.2005.03.032
https://doi.org/10.3390/foods4030477
https://www.ncbi.nlm.nih.gov/pubmed/28231218
https://doi.org/10.1002/jsfa.5768
https://www.ncbi.nlm.nih.gov/pubmed/22806183
https://doi.org/10.1021/jf063413d
https://doi.org/10.1111/jfpp.15542
https://doi.org/10.1016/j.foodcont.2016.09.045
https://doi.org/10.1016/j.lwt.2020.109846
https://doi.org/10.1039/C7FO01075C
https://doi.org/10.1016/j.foodres.2014.11.013
https://doi.org/10.1039/C7FO00021A
https://doi.org/10.1021/jf0712604
https://doi.org/10.1021/jf061818s
https://www.ncbi.nlm.nih.gov/pubmed/17090117
https://doi.org/10.1021/jf505297t
https://www.ncbi.nlm.nih.gov/pubmed/25539394
https://doi.org/10.1016/j.ifset.2007.03.014
https://doi.org/10.1007/s00394-013-0555-1
https://doi.org/10.1016/j.foodchem.2013.05.046
https://www.ncbi.nlm.nih.gov/pubmed/23871001


Foods 2024, 13, 239 18 of 18

48. Enneb, S.; Drine, S.; Bagues, M.; Triki, T.; Boussora, F.; Guasmi, F.; Nagaz, K.; Ferchichi, A. Phytochemical Profiles and Nutritional
Composition of Squash (Cucurbita moschata D.) from Tunisia. S. Afr. J. Bot. 2020, 130, 165–171. [CrossRef]

49. Abdelkhalek, A.; Király, L.; Al-Mansori, A.-N.A.; Younes, H.A.; Zeid, A.; Elsharkawy, M.M.; Behiry, S.I. Defense Responses
and Metabolic Changes Involving Phenylpropanoid Pathway and PR Genes in Squash (Cucurbita pepo L.) Following Cucumber
Mosaic Virus Infection. Plants 2022, 11, 1908. [CrossRef]

50. Leichtweis, M.G.; Molina, A.K.; Pires, T.C.S.; Dias, M.I.; Calhelha, R.; Bachari, K.; Ziani, B.E.C.; Oliveira, M.B.P.P.; Pereira, C.;
Barros, L. Biological Activity of Pumpkin Byproducts: Antimicrobial and Antioxidant Properties. Molecules 2022, 27, 8366.
[CrossRef]

51. Yang, Z.; Shi, L.; Qi, Y.; Xie, C.; Zhao, W.; Barrow, C.J.; Dunshea, F.R.; Suleria, H.A.R. Effect of Processing on Polyphenols in
Butternut Pumpkin (Cucurbita moschata). Food Biosci. 2022, 49, 101925. [CrossRef]

52. Mansour, R.B.; Falleh, H.; Nefzi, N.; Dakhlaoui, S.; Selmi, S.; Hammami, M.; Barros, L.; Petropoulos, S.A.; Tarchoun, N.; Ksouri,
R. Improved Recovery of Antioxidant Compounds from Refined Pumpkin Peel Extract: A Mixture Design Method Approach.
Horticulturae 2023, 9, 1111. [CrossRef]

53. Mansour, R.B.; Falleh, H.; Hammami, M.; Barros, L.; Petropoulos, S.A.; Tarchoun, N.; Ksouri, R. The Use of Response Surface
Methodology to Optimize Assisted Extraction of Bioactive Compounds from Cucurbita Maxima Fruit By-Products. Processes
2023, 11, 1726. [CrossRef]

54. Stryjecka, M.; Krochmal-Marczak, B.; Cebulak, T.; Kiełtyka-Dadasiewicz, A. Assessment of Phenolic Acid Content and Antioxidant
Properties of the Pulp of Five Pumpkin Species Cultivated in Southeastern Poland. Int. J. Mol. Sci. 2023, 24, 8621. [CrossRef]
[PubMed]

55. Ng, Z.X.; See, A.N. Effect of in Vitro Digestion on the Total Polyphenol and Flavonoid, Antioxidant Activity and Carbohydrate
Hydrolyzing Enzymes Inhibitory Potential of Selected Functional Plant-based Foods. J. Food Process Preserv. 2019, 43, e13903.
[CrossRef]

56. van der Sman, R.G.M. Impact of Processing Factors on Quality of Frozen Vegetables and Fruits. Food Eng. Rev. 2020, 12, 399–420.
[CrossRef]

57. Armesto, J.; Rocchetti, G.; Senizza, B.; Pateiro, M.; Barba, F.J.; Domínguez, R.; Lucini, L.; Lorenzo, J.M. Nutritional Characterization
of Butternut Squash (Cucurbita moschata D.): Effect of Variety (Ariel vs. Pluto) and Farming Type (Conventional vs. Organic). Food
Res. Int. 2020, 132, 109052. [CrossRef] [PubMed]

58. Li, H. Evaluation of Bioactivity of Butternut Squash (Cucurbita moschata D.) Seeds and Skin. Food Sci. Nutr. 2020, 8, 3252–3261.
[CrossRef]

59. Singh, J.; Singh, V.; Shukla, S.; Rai, A.K. Phenolic Content and Antioxidant Capacity of Selected Cucurbit Fruits Extracted with
Different Solvents. J. Nutr. Food Sci. 2016, 6, 1000565. [CrossRef]

60. Loncaric, A.; Dugalic, K.; Mihaljevic, I.; Jakobek, L.; Pilizota, V. Effects of Sugar Addition on Total Polyphenol Content and
Antioxidant Activity of Frozen and Freeze-Dried Apple Purée. J. Agric. Food Chem. 2014, 62, 1674–1682. [CrossRef]

61. Ketnawa, S.; Reginio, F.C., Jr.; Thuengtung, S.; Ogawa, Y. Changes in Bioactive Compounds and Antioxidant Activity of
Plant-Based Foods by Gastrointestinal Digestion: A Review. Crit. Rev. Food Sci. Nutr. 2022, 62, 4684–4705. [CrossRef]

62. Chen, Y.; Lin, H.; Lin, M.; Zheng, Y.; Chen, J. Effect of Roasting and in Vitro Digestion on Phenolic Profiles and Antioxidant
Activity of Water-Soluble Extracts from Sesame. Food Chem. Toxicol. 2020, 139, 111239. [CrossRef]

63. Tarko, T.; Duda-Chodak, A.; Soszka, A. Changes in Phenolic Compounds and Antioxidant Activity of Fruit Musts and Fruit
Wines during Simulated Digestion. Molecules 2020, 25, 5574. [CrossRef] [PubMed]

64. Caponio, G.; Noviello, M.; Calabrese, F.; Gambacorta, G.; Giannelli, G.; De Angelis, M. Effects of Grape Pomace Polyphenols
and In Vitro Gastrointestinal Digestion on Antimicrobial Activity: Recovery of Bioactive Compounds. Antioxidants 2022, 11, 567.
[CrossRef] [PubMed]

65. Capanoglu, E.; Kamiloglu, S.; Cekic, S.D.; Baskan, K.S.; Avan, A.N.; Uzunboy, S.; Apak, R. Antioxidant Activity and Capacity
Measurement. In Plant Antioxidants and Health; Ekiert, H.M., Ramawa, K.G., Arora, J., Eds.; Springer: Berlin/Heidelberg, Germany,
2022; pp. 709–773.

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/j.sajb.2019.12.011
https://doi.org/10.3390/plants11151908
https://doi.org/10.3390/molecules27238366
https://doi.org/10.1016/j.fbio.2022.101925
https://doi.org/10.3390/horticulturae9101111
https://doi.org/10.3390/pr11061726
https://doi.org/10.3390/ijms24108621
https://www.ncbi.nlm.nih.gov/pubmed/37239966
https://doi.org/10.1111/jfpp.13903
https://doi.org/10.1007/s12393-020-09216-1
https://doi.org/10.1016/j.foodres.2020.109052
https://www.ncbi.nlm.nih.gov/pubmed/32331650
https://doi.org/10.1002/fsn3.1602
https://doi.org/10.4172/2155-9600.1000565
https://doi.org/10.1021/jf405003u
https://doi.org/10.1080/10408398.2021.1878100
https://doi.org/10.1016/j.fct.2020.111239
https://doi.org/10.3390/molecules25235574
https://www.ncbi.nlm.nih.gov/pubmed/33260996
https://doi.org/10.3390/antiox11030567
https://www.ncbi.nlm.nih.gov/pubmed/35326217

	Introduction 
	Materials and Methods 
	Materials 
	Chemicals 
	In Vitro Gastrointestinal Digestion 
	Carotenoids 
	Extraction 
	Identification and Quantification Using High Performance Liquid Chromatography-Photodiode Array Detector (HPLC-PDA) 

	Polyphenols 
	Extraction 
	Identification Using Ultra High Performance Liquid Chromatography-Electrospray Ionization-Tandem Mass Spectrometry (UPLC-ESI-MS/MS) 
	Quantification Using HPLC-PDA 

	Total Phenolic Content 
	Total Flavonoid Content 
	Total Antioxidant Capacity 
	ABTS Assay 
	Cupric Ion Reducing Antioxidant Capacity (CUPRAC) Assay 
	Ferric Ion Reducing Antioxidant Power (FRAP) Assay 
	DPPH Assay 

	Statistical Analysis 

	Results and Discussion 
	Carotenoids 
	Polyphenols 
	Flavonoids 
	Phenolic Acids 

	Total Phenolics, Flavonoids and Antioxidant Capacity 

	Conclusions 
	References

