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Abstract: Chestnut processing has increasingly grown in recent years. All the processes involved in
the chestnut supply chain are characterized by the production of high levels of by-products that cause
several environmental and disposal issues. The Castanea spp. fruit production is related to a high
number of chestnut episperm. This underutilized agricultural by-product may be evaluated as a good
resource for the extraction of health-promoting natural molecules, such as phenolics. This preliminary
study aimed to develop and optimize, using a multivariate statistical approach, a sustainable protocol
for the ultrasound-assisted extraction (UAE) of the main phenolics from chestnut episperm (cv
Marsol, C. sativa × C. crenata). A design of experiment (DoE) approach was employed. This approach
focused on the two quantitative UAE process factors: the extraction time (X1), within a timeframe
ranging from 10 to 30 min, and the sample-to-solvent (w/v) ratio (X2), ranging from 1/30 to 1/10.
These variables were investigated to determine their impact on phenol extraction yield. Exploratory
analysis, in particular principal component analysis (PCA) and multiple linear regression (MLR),
were carried out on the studied responses. The phenolic characterization of ten different extracts was
also performed using high-performance liquid chromatography (HPLC), both to define the levels
of specific phenolics selected for their health-promoting properties and to evaluate some important
features, such as the total antioxidant capacity. The values of total polyphenolic content (TPC)
obtained in the different experiments ranged between 97 (extract 4) and 142 (extract 6) mg GAE/g
of dried weight (DW). Moreover, results from the ferric reducing antioxidant power (FRAP) test
confirmed the high TPC values, highlighting that all the ultrasound extracts contained excellent levels
of molecules with good antioxidant properties. In particular, extracts 2 and 3 showed the highest AOC
values (about 490–505 mmol Fe2+/Kg of dried weight). The proposed optimized protocol allowed
for obtaining formulations characterized by high levels of tannins, phenolic acids, and catechins.
Indeed, episperm extracts contained high levels of chlorogenic acid (15–25 mg/100 g DW), ferulic acid
(80–120 mg/100 g DW), castalagin (20–80 mg/100 g DW), and vescalagin (40–75 mg/100 g). Finally,
in this research study, the potential of chestnut episperm as a source of polyphenolic molecules to be
extracted by green technologies and used in several food and/or pharmaceutical applications was
evaluated to valorize a sustainable reuse strategy of agri-food processing by-products, also reducing
the environmental impact of this waste derived from chestnut processing.

Keywords: agri-food by-products; Castanea spp.; ultrasound-assisted extraction; phenolic composi-
tion; HPLC; DoE; principal component analysis
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1. Introduction

The “linear economy” model is still the main scenario in the world. It is based on the
production, use, and elimination of materials by incinerators or landfills, recycling only a
low waste percentage (about 12%). The “circular economy” is an alternative system based on
the minimum material consumption and waste production, reusing and recycling the residues
for the production of new materials. In this framework, waste is turned into a resource
with many benefits in the sustainability of processes and raw materials [1,2]. Moreover, the
emergent needs of modern society are associated with the safety of people’s health and
lifestyle-related diseases (e.g., cancer, diabetes, neurological issues, and cardiovascular
pathologies) together with the sustainability topics in relation to agri-food waste and
efforts for the disposal of industrial and agricultural residues [3]. For this reason, agri-food
companies were encouraged to improve their production supply chain and design new
eco-sustainable applications and formulations with bioactive molecules, such as phenolics,
recovered from natural resources [4].

Agri-food industries generate very high levels of processing residues (about 30% of
the total production). For example, stems, leaves, seeds, and peels are the main wastes
generated in the different industrial steps involved in fruit and vegetable production [5].
Specific applications include the use of these residues as animal feed, soil fertilizers, or
biomass to produce fuels or energy [1,6]. Moreover, the agri-food industry by-products
are rich in several health-promoting substances and components, such as phenolics, that
provide excellent health-positive effects [4]. Polyphenols are free-radical scavengers; these
radicals are produced by aerobic metabolism, and they cause oxidative stress in living
organisms. Several studies showed that phenolics are useful against cancer, aging-related
issues, and neurological and cardiovascular diseases, mainly because of their high antiox-
idant capacity [7]. For this reason, agri-food processing wastes are an excellent natural
source of phenolic compounds (circular economy), particularly for food, cosmetic, and phar-
maceutical companies, following the United Nations Sustainable Development Goals [1].

Among the several applications in the agri-food sector, the recovery of phytochemicals
(such as phenolics) from processing wastes is very important to valorize the industrial
processes involved in the chestnut supply chain, improving its sustainability [3]. Even if
most of the Castanea spp. nuts are consumed fresh, boiled, or roasted [7,8], and several
techniques are used to obtain different chestnut-derived products such as flours, jams,
bakery products, purées, and marron-glacés [9,10]. All these products are also important
for celiac patients due to the gluten-free nature of chestnut flours [11].

Chestnut processing has increasingly grown in recent years. All the processes involved
in the chestnut supply chain are characterized by the production of high levels of by-
products that cause several environmental and disposal issues [3]. In any case, in recent
years, by-products derived from chestnut production have gained increasing interest as a
low-cost natural source useful to extract bioactive compounds and develop added-value
innovative products with high antioxidant power [12]. Moreover, the management of
chestnut waste is important as a strategy to improve the economic sustainability and
competitiveness of the chestnut supply chain, reducing its environmental impact [13]. The
Castanea spp. fruit production is related to a high number of chestnut shells, underutilized
forestry, and agricultural by-products that may be evaluated as a good resource for the
extraction of health-promoting natural molecules. Chestnuts are covered by a shell (i.e.,
about 20% of the total nut weight) that is removed during the industrial processes [13]. The
removal of the chestnut shell, which is composed of the pericarp, integument, and episperm,
produces several agricultural wastes that may be studied for the extraction of health-
positive bioactive molecules to be re-used in many applications [14,15]. In particular, wastes
derived from chestnut episperm (i.e., about 6–7% of the total nut weight) may be a very
good source of active substances recognized for their health-promoting effects on humans
as tannins (both hydrolyzable and condensed), phenolic acids (cinnamic acids, gallic and
ellagic acids), flavonols (rutin and quercetin), and catechins (epicatechin and catechin) [3].
Few studies have been performed on the phenolic composition of chestnut episperm,
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but high variability in polyphenol content was reported (about 2 to 6%). Many factors
seem to influence this percentage, such as genotype (cultivar and species), harvest time,
pedoclimatic conditions, and extraction conditions [16]. The abundance of antioxidants and
bioactive substances increases the value of the chestnut processing wastes as episperm and
valorizes the potential benefits derived from the design of health-promoting products with
effective applications in pharmaceutical, cosmeceutical, and nutraceutical sectors, recycling
and simultaneously providing innovative economic resources [13].

The implementation and development of eco-sustainable and effective extraction
protocols is an important challenge for industries to valorize the processing wastes and
agri-food residues as chestnut episperm [3,13]. Phytochemical extraction is the first critical
step in the isolation and purification of bioactive substances. The environmental and eco-
nomic sustainability of agri-food processes is becoming one of the main issues for research
institutions and industries, including not only solvents, reagents, and chemicals used to
extract the health-promoting agents but also the extraction procedure and technique [17].
Conventional extraction techniques (e.g., maceration) are often applied for the recovery
of phytochemicals, such as phenolics, from natural sources, but these common method-
ologies showed several problems (e.g., high levels of used solvents, low efficiency for the
extraction, utilization of high energy) [17,18]. In the literature, many studies reported sev-
eral alternative technologies for greener extraction, such as ultrasound-assisted extraction
(UAE), microwave-assisted extraction, subcritical water extraction, and supercritical fluid
extraction with CO2; in particular, UAE has been developed to achieve a more effective and
sustainable extraction and recovery of health-promoting compounds obtaining low-cost
and high-quality products overcoming the limits of traditional extraction methods [19]. In
recent years, ultrasound technologies have been used as a simple, reproducible, and cheap
alternative technique with a high industrial relevance to improve the extraction of bioactive
molecules from food applications. The effects of ultrasounds on liquid matrices are related
to the cavitation phenomena. UAE applied in food processing is very interesting because it
allows an increase both in the extraction rate and yield, reducing the extraction time and
obtaining a higher throughput [20,21]. Each mechanical effect involved in the extraction
processes by ultrasounds may accelerate the internal diffusion and eddy, allowing a higher
mass transfer if compared with traditional extraction methods and better penetration of
solvent into the food matrix [22,23]. If the food substrate was previously dried, ultrasounds
may then be used to facilitate hydration and swelling, causing an enlargement of cell wall
pores. Additional positive effects and benefits derived from the break of the biological
cell walls during cavitation induced by ultrasounds to facilitate the molecule release [24].
Moreover, the common operating conditions usually applied in UAE present no significant
changes in the molecular and structural functionality and properties of most bioactive
substances, such as phenolics, making this technology useful in the case of heat-sensitive
molecules in food matrices [25].

Currently, the UAE technology is also widely used by food, pharmaceutical, or nu-
traceutical industries to improve the isolation of health-promoting agents from renewable
agri-food processing wastes [26,27]. The current industrial strategy is to apply green tech-
nologies and design sustainable processes aimed to significantly reduce or eliminate the
generation and use of unsafe substances, avoiding negative health and environmental
impacts. For these reasons, in recent years, the characterization (extraction, purification,
identification, and quantification) of phenolic compounds from agri-food wastes of indus-
trial processes has stimulated an increasing commercial and scientific interest [28]. In this
scenario, the optimization of the extraction and analysis protocols for the phytochemical
study of agri-food processing wastes represents the first main step for an effective val-
orization of resources, increasing production sustainability and promoting an industrial
economic circularity.

This preliminary study aimed to develop and optimize a sustainable protocol for the
UAE of the main phenolics from chestnut episperm (cv Marsol, C. sativa × C. crenata), an im-
portant by-product derived from nut industrial processing. The phenolic characterization of
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the different extracts was also performed using high-performance liquid chromatography,
both to define the levels of specific phenolics selected for their health-promoting properties
and to evaluate some important features, such as the total antioxidant capacity. In this
study, an eco-sustainable strategy for the valorization of chestnut episperm was performed
through the optimization and efficiency validation of an extraction process by ultrasounds
followed by a phytochemical characterization of the obtained extracts. This integrated
approach allowed us to separate, identify, and quantify several classes of bioactive com-
pounds (e.g., phenolic acids, tannins, flavonols, catechins) from dried chestnut episperm.
The extraction protocol was studied to obtain high levels of phenolics using an eco-friendly
process. Finally, in this research study, the potential of chestnut episperm as a source of
polyphenolic molecules to be extracted by green technologies and used in several food
and/or pharmaceutical applications was evaluated to valorize a sustainable reuse strategy
of agri-food processing by-products, also reducing the environmental impact of this waste
derived from chestnut processing.

2. Materials and Methods
2.1. Plant Material

Euro–Japanese hybrid nuts were collected during the seasonal harvest (2022 Autumn)
from the germplasm repository of the Chestnut R&D Center—Piemonte (Chiusa di Pesio,
Cuneo Province, Italy). Three representative plants were considered, and 1 kg of fruits
(‘Marsol’ cv) for each tree was randomly picked up, transferred to the laboratory of the
University of Turin (Department of Agriculture, Forestry and Food Science), and stored
at 2 ◦C. The selected chestnut cultivar was composed of 82.7% of nut, 8.3% of pericarp,
2.1% of integument, and 6.9% of episperm (dried weight; N = 100 nuts). This cultivar was
selected as a reference to optimize a model for the phenolic extraction from the episperm
of the Euro–Japanese hybrids; these genotypes, characterized by high productivity, were
considered in this study for their high levels of by-products to be used as alternative sources
of phenolics.

2.2. Preparation of Chestnut Samples

This study was performed on nut episperm. Three replications of mature nuts (N = 3)
were considered. After collecting, fresh chestnuts were first oven-roasted in an electric
oven (WIPA, Stadtlohn, Germany) for 30 min at 180 ◦C. After processing, chestnuts were
manually peeled to separate the kernel and the shell; then, the pericarp was manually
separated from the episperm. Chestnut episperm samples were then immediately moved
to the Food Chemistry laboratory at the University of Genoa (Department of Pharmacy)
and stored at room temperature and controlled humidity for a few days until the phenolic
extraction. The use of these procedures (e.g., working on dry material, storage at controlled
temperature and humidity, minimizing the time before extraction) was intended to reduce
the effects of the storage time on the inference process.

2.3. Optimisation of the Extraction Protocol

UAE was conducted using a sonicator (Hielscher Ultrasonics UP200 St, Teltow, Ger-
many) operating at a frequency of 26 kHz and an effective output of 200 W. It was equipped
with a 7 mm titanium (internal diameter) sonotrode suitable for the solvent volumes
employed [29].

The extraction operations were carried out in pulsed mode (pulsed ultrasound-assisted
extraction, PUAE) with the following set parameters: an 80% duty cycle, indicating the
total “on time” in seconds per 10 s of the total cycle time, and a 50% ultrasound amplitude.
Ethanol 70% served as the extraction solvent, and the temperature was maintained below
60 ± 1 ◦C using an ice bath. In fact, by using an ice bath, it is possible to lower the tempera-
ture, avoiding excessive increases due to the acoustic cavitation process and minimizing
the thermal degradation of the samples treated with the probe. The choice of ethanol 70%
as the extraction solvent was driven by its eco-friendly and non-toxic characteristics. It is
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also generally recognized as safe (GRAS) by the Food and Drug Administration (FDA),
ensuring both safety and minimizing adverse effects [30].

In the context of studying the effects and optimizing UAE conditions, a design of
experiment (DoE) approach was employed. The DoE approach was valuable in identifying
the process conditions for optimizing the extraction of the aforementioned beneficial
compounds from chestnut episperm. This approach focused on the two quantitative UAE
process factors: the extraction time (X1), within a timeframe ranging from 10 to 30 min, and
the sample-to-solvent (w/v) ratio (X2), ranging from 1/30 to 1/10. These variables were
investigated to determine their impact on phenol extraction yield, with each variable tested
at three levels (+1, 0, −1) to explore potential quadratic effects on the different responses.
The levels are detailed in Table 1.

Table 1. Factors and the respective levels involved in the process.

Extraction Parameters Experimental CCD Matrix

Extraction Time (min)
ID Code: x1

Sample/Solvent Ratio (w/v)
ID Code: x2

Levels

10 1/30 −1

20 1/20 0

30 1/10 +1
CCD = Central Composite Design.

To optimize the process conditions, a central composite design (CCD) was employed.
The postulated model of MLR is a second-order full quadratic model with an intercept,
which includes two linear terms, one interaction term, and two quadratic terms, as follows:

y = b0 + b1x1 + b2x2 + b12x1x2 + b11x1
2 + b22x2

2

In fact, with the experiments selected through the CCD, it is possible to estimate a
constant term (b0), the two linear terms (b1 and b2), the two-term interaction (b12), and the
two quadratic terms (b11 and b22). To estimate the mentioned coefficients, the CCD requires
nine experiments. Furthermore, the central point was replicated to assess experimental
variability, albeit with just one degree of freedom, resulting in a total of ten experiments.
The postulated model includes a total of six coefficients, estimated with four degrees of
freedom. Table 2 illustrates the experimental matrix (and plan). The experiments were
conducted in random order to avoid introducing unwanted systematic effects.

Table 2. Experimental values of the considered extraction factors (extraction time and sample/solvent
ratio) and respective CCD matrix levels for each analyzed extract.

Extraction Time (min) Sample/Solvent Ratio (w/v)

Extract ID Code Experimental
Values

CCD Matrix
Levels

Experimental
Values

CCD Matrix
Levels

1 10 −1 1/30 −1

2 20 0 1/30 −1

3 30 1 1/30 −1

4 10 −1 1/20 0

5 20 0 1/20 0

6 30 1 1/20 0

7 10 −1 1/10 1

8 20 0 1/10 1
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Table 2. Cont.

Extraction Time (min) Sample/Solvent Ratio (w/v)

Extract ID Code Experimental
Values

CCD Matrix
Levels

Experimental
Values

CCD Matrix
Levels

9 30 1 1/10 1

10 20 0 1/20 0
CCD: Central Composite Design.

2.4. Spectrophotometric Analysis

The Folin–Ciocalteu colorimetric method [31] was applied to assess the total polyphe-
nolic content (TPC), using mg of gallic acid equivalents (GAE) per g of dried weight (DW)
as the expression of the results (N = 3).

The FRAP test (ferric reducing antioxidant power assay) [32] was utilized for the
measurement of the antioxidant capacity (AOC), using mmol of Fe2+ equivalents per
kilogram of DW as the expression of the results (N = 3).

Absorbance was measured by a UV/Vis spectrophotometer (1600-PC, VWR Interna-
tional, Milano, Italy) at 760 nm for TPC and 595 nm for AOC.

2.5. Chromatographic Analysis

A high-performance liquid chromatograph—HPLC (Agilent 1200 series, Agilent Tech-
nologies, Santa Clara, CA, USA) was coupled to a UV-Vis diode array detector for the
chromatographic analysis.

Separation of polyphenolic markers was performed using a Kinetex—C18 column
(4.6 × 150 mm, 5 µm, Phenomenex, Torrance, CA, USA). Two methods were performed to
analyze the chestnut episperm extracts under the chromatographic conditions validated in
other studies [33], with some modifications. The external standard calibration was applied
for quantitative phenolic determination. All the results were expressed as mg·100 g−1 of
DW. The HPLC conditions are detailed in Table S1 (Supplementary Materials).

2.6. Principal Component Analysis (PCA)

For a better data evaluation, a PCA was initially performed on 18 variables (i.e., 15 sin-
gle phenolic markers, total phenolics by HPLC, total phenolic content by Folin–Ciocalteu,
and antioxidant capacity) were tested, but only the most relevant ones were then selected
for extraction modeling. Therefore, six response variables are studied: total phenolic con-
tent (Y1 = TPC, evaluated using the Folin–Ciocalteu spectrophotometric method described
in paragraph 2.4), total phenolics via HPLC (Y2 = TPs HPLC, described in paragraph 2.5),
antioxidant capacity (Y3 = AOC, determined using the FRAP test described in paragraph 2.4),
ellagic acid content (Y4), castalagin content (Y5), and vescalagin content (Y6), which are
chromatographically determined and they represent the marker compounds of Castanea spp.

2.7. Data Analysis

Results were reported as mean values ± standard deviation. A one-way analysis of
variance (ANOVA) was performed on these experimental data to compare the different
phenolic profiles of the extracts. Tukey’s HSD post hoc comparison test (N = 3) was applied
to define significant statistical differences among mean values at the 5% level [34]. IBM SPSS
Statistics 22.0 (IBM, Armonk, NY, USA) was utilized for ANOVA. Exploratory Analysis, in
particular principal component analysis (PCA) and multiple linear regression (MLR), were
carried out on the studied responses. The elaborations were performed using the open-
source CAT software (Chemometric Agile Tool, updated version, 2 November 2023) [35].
The software CAT is a tool based on the R environment (R Core Team, Vienna, Austria).
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3. Results and Discussion
3.1. Total Polyphenolic Content and Antioxidant Capacity

Despite the health-positive potential of these extracts derived from chestnut episperm,
few studies showed their phenolic profile and antioxidant properties by high-level analyti-
cal techniques, such as spectrophotometry and liquid chromatography, as performed in
the present research study. Moreover, in this study, an eco-sustainable technology, such
as pulsed ultrasounds, was applied to recover phenolics from chestnut episperm. Table 3
reports the results obtained using spectroscopic analysis.

Table 3. Total polyphenolic content (TPC) by Folin–Ciocalteu assay and antioxidant capacity (AOC)
using the FRAP test of the considered ultrasound extracts.

TPC AOC
Extract ID Code (mg GAE/g DW) (mmol Fe2+/Kg DW)

1 101.45 ± 0.09 c 459.30 ± 57.96 c

2 119.63 ± 1.86 e 490.68 ± 72.72 c

3 132.53 ± 0.73 g 505.12 ± 57.38 c

4 96.93 ± 1.10 b 356.36 ± 28.07 b

5 122.35 ± 0.13 f 351.81 ± 35.72 b

6 142.04 ± 1.12 h 342.10 ± 46.03 b

7 90.88 ± 1.31 a 162.95 ± 44.90 a

8 113.92 ± 0.17 d 173.97 ± 46.70 a

9 124.84 ± 0.53 fg 206.92 ± 46.01 a

10 128.40 ± 0.39 fg 340.45 ± 59.69 b

Results were reported as mean values ± standard deviation. Different letters indicate significant statistical
differences (p < 0.05) among all the considered extracts (N = 3). DW = dried weight; GAE = gallic acid equivalent.

Concerning the TPC, the values obtained in the different experiments ranged between
97 (extract 4) and 142 (extract 6) mg GAE/g of dried weight (DW), as shown in Table 3.
A previous study carried out by Ferrara et al. [13] on Castanea sativa ‘Verdole’ cv, an
autochthonous variety of the Campania region (Italy), showed comparable TPC values,
which ranged between 70.19 mg GAE/g DW in the inner shell and 227.43 mg GAE/g
DW in the episperm. Instead, Squillaci et al. [36] reported TPC values of about 11 and
3 mg GAE/g dry matter in inner and outer chestnut shells extracted in boiling water,
respectively. Moreover, results from the FRAP test (Table 3) confirmed the high TPC values,
highlighting that all the ultrasound extracts contained excellent levels of molecules with
good antioxidant properties, in accordance with other studies [4,13], but slightly lower
than those reported by Rodrigues et al. [37] (about 800 mmol Fe2+/Kg of dried weight). In
particular, extracts 2 and 3 showed the highest AOC values (about 490–505 mmol Fe2+/Kg
of dried weight), as shown in Table 3, even if these extracts did not present the highest
TPC values. This no-correlation between TPC-AOC may be due to the extract phenolic
composition; indeed, some studies reported that different phenolic compounds showed
differences in their specific AOC levels [38]. In this case, the extracts with high levels of
ellagic acid (about 20–30 mg/100 g DW), one of the main antioxidant compound along with
some vitamins as α-tocopherol and ascorbic acid [39], showed the highest AOC values.

3.2. Phenolic Composition by HPLC

According to several studies [14,40,41], chestnut episperm is a good source of bioac-
tive substances, in particular phenolic compounds such as phenolic acids, ellagitannins,
flavonoids, and condensed tannins, that present health-promoting properties against dis-
eases and disorders related to oxidative stress. Moreover, the recovery of phenolic com-
pounds from chestnut wastes (e.g., episperm) may be very useful to valorize the sustainabil-
ity of chestnut processing [3]. In this study, eco-sustainable technologies (ultrasounds) were
used for the recovery of polyphenolic substances from chestnut episperm. Table 4 reports
the obtained results by the chromatographic analysis in relation to the main phenolic classes.
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The amounts of all the selected phenolic markers are reported in Supplementary Material
(Table S2).

Table 4. Polyphenolic fingerprint and total phenolics (TPs) from the HPLC analysis of the considered
ultrasound extracts.

Cinnamic Acids Flavonols Benzoic Acids Catechins Tannins TPs
Extract ID

Code (mg/100 g DW) (mg/100 g DW) (mg/100 g DW) (mg/100 g DW) (mg/100 g DW) (mg/100 g DW)

1 137.80 ± 4.69 d 38.28 ± 1.27 a 12.61 ± 1.25 a 76.07 ± 6.58 b 92.60 ± 6.42 ab 357.35 ± 6.40 ab

2 101.77 ± 6.73 a 44.73 ± 1.67 b 29.37 ± 1.19 c 89.50 ± 3.55 d 130.54 ± 3.03 bc 395.92 ± 9.86 d

3 137.59 ± 4.62 d 42.41 ± 2.05 b 35.96 ± 1.30 d 81.56 ± 6.44 bc 82.01 ± 6.42 a 379.53 ± 9.74 c

4 129.72 ± 4.03 c 52.09 ± 1.80 c 29.31 ± 1.68 c 86.75 ± 5.94 c 85.96 ± 7.92 ab 383.83 ± 5.24 c

5 129.49 ± 5.00 c 67.00 ± 1.75 d 17.07 ± 1.21 b 87.66 ± 5.34 c 140.00 ± 6.51 c 441.21 ± 8.73 e

6 136.49 ± 5.95 d 60.47 ± 1.72 cd 20.19 ± 1.16 b 69.61 ± 4.44 a 137.10 ± 7.43 c 423.87 ± 5.14 e

7 103.60 ± 5.08 ab 41.42 ± 2.17 b 14.33 ± 1.32 a 73.06 ± 5.54 b 86.43 ± 7.04 ab 318.84 ± 5.78 a

8 111.67 ± 5.98 b 57.09 ± 3.13 cd 20.16 ± 1.31 b 70.01 ± 4.56 a 111.33 ± 7.00 b 370.26 ± 6.38 b

9 115.44 ± 5.33 b 51.94 ± 2.35 c 19.90 ± 1.23 b 84.18 ± 6.64 c 130.51 ± 5.50 bc 401.98 ± 8.05 d

10 131.29 ± 3.53 c 50.25 ± 4.64 c 24.76 ± 0.57 bc 85.99 ± 3.96 c 129.57 ± 5.04 bc 421.86 ± 10.64 e

Results were reported as mean values ± standard deviation. Different letters indicate significant statistical
differences (p < 0.05) among all the considered extracts (N = 3). DW = dried weight.

Phenolics, such as tannins and benzoic acids (i.e., gallic and ellagic acids), extracted
by chestnut episperm and used as additives in food applications, may provide specific
organoleptic properties (e.g., astringency, bitterness, color) and simultaneously protect
the materials from oxidative stress after production and during conservation [9,42]. In
this study, the total levels of phenolics in chestnut episperm, identified by HPLC, ranged
from 300 to 450 mg/100 g DW, according to other studies [13,36]. Cinnamic acids and
tannins were the main phenolic classes (about 25–35% and 35–45% of the total pheno-
lics, respectively), as shown in Table 4, slightly less than other previous works [40,43].
Indeed, Squillaci et al. [36] reported that tannins represented the main phenolic class,
accounting for between 60% and 80% of the total phenolic compounds. In particu-
lar, episperm extracts contained high levels of chlorogenic acid (15–25 mg/100 g DW),
ferulic acid (80–120 mg/100 g DW), castalagin (20–80 mg/100 g DW), and vescalagin
(40–75 mg/100 g DW) (Table S2), as shown in other similar studies [4,40]. These molecules
show low toxicity, important cholesterol-lowering and free-radical scavenging capac-
ities, and chemo-preventive effects on heart disorders, together with anti-aging and
anti-inflammatory activities [44]. Other phenolics (benzoic acids), such as ellagic acid
(10–30 mg/100 g DW) and gallic acid (2–10 mg/100 g DW) (Table S2), were also detected
and quantified (4–10% of the total phenolics). Other studies reported higher amounts
of gallic acid (about 50–60 mg/100 DW) and ellagic acid (about 60–80 mg/100 DW) [36].
The difference in the levels of gallic and ellagic acids between this research study and
other studies may be due to a different starting level of tannins among the considered
chestnut genotype. Indeed, some studies reported that ellagic acid and other metabolites
derive from tannins after a drying process [45]. Benzoic acids are important in nutrition
for their many biological effects on humans, including anti-inflammatory activity and
antioxidant capacity [46]. Catechins (catechin and epicatechin) and flavonols (isoquercitrin)
were also present in good amounts (about 15–25% and 10–15% of the total phenolics, re-
spectively), as shown in Table 4. In particular, episperm extracts contained good levels
of catechin (15–50 mg/100 g DW), epicatechin (25–70 mg/100 g DW), and isoquercitrin
(35–70 mg/100 g) (Table S2), as reported in other previous studies [4,13]. Squillaci et al. [36]
reported similar amounts for catechin and epicatechin (about 30–70 mg/100 g DW). Cate-
chins are considered important for the inhibition of lipid peroxidation, while flavonols are
useful for the inhibition of in vitro oxidation of low-density lipoproteins [9].
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3.3. Multivariate Approach

In this study, the DoE approach aiming for the estimation of quadratic terms (CCD)
was applied to optimize the extraction process conditions of phenolic compounds from the
chestnut episperm. To better visualize the sample dispersion and understand the correlation
structure, a PCA was performed on six more relevant studied responses (Figure 1). The
following response variables have been studied: total phenolic content (Y1 = TPC, evaluated
using the Folin–Ciocalteu spectrophotometric method), total phenolics via HPLC (Y2 = TPs
HPLC), AOC (Y3 = antioxidant capacity), ellagic acid content (Y4), castalagin content (Y5),
and vescalagin content (Y6), which represent the main marker compounds of Castanea spp.
The results of the PCA performed on the set of variables have been added as supplementary
material (Figure S1).
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Figure 1. Loading plot (a) and score plot (b) are presented for the first two components (PC1-PC2,
which explain 73% of the total variance. In the score plot, the red segment connects the replicates,
emphasizing the significantly smaller experimental variability compared with the induced variability.
The overlapping between ellagic acid and AOC (on the top of Figure 1a) and the overlapping between
TPC and TPs HPLC (on the right of Figure 1a) can be observed.

Due to the multivariate statistical approach used, as an initial result, it was observed
that across all the examined responses, the replicates exhibited low experimental variability,
which is lower than the variability induced in the system by the experimental design
itself. Notably, the responses for total phenolic content (Y1 = TPC, assessed using the
Folin–Ciocalteu method) and total phenolics via HPLC (Y2 = TPs HPLC) demonstrated a
strong positive correlation (r = 0.750; p < 0.05). This correlation has suggested the potential
for leveraging the faster and cheaper analytical method, and particularly for this matrix,
the colorimetric Folin–Ciocalteu test demonstrated to be useful and accurate in estimating
the polyphenolic content of the obtained extracts.

The loading plot, displayed on the PC1-PC2 plane (Figure 1a), showed the correlation
structure among the studied responses. PC1 primarily explained the variation in TPC
and HPLC-based TP responses, confirming the positive correlation between them. These
responses were also partially positively correlated with castalagin but exhibited no correla-
tion with ellagic acid and antioxidant capacity (AOC). PC2, on the other hand, explained
the antioxidant capacity, with ellagic acid directly correlated while exhibiting a partial
inverse relationship with castalagin. These data confirmed that the antioxidant capacity
is not always only correlated with the total amount of phenolic compounds but strongly
depends on the presence of specific phenolics (i.e., ellagic acid), as previously discussed.
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The score plot (Figure 1b), presented in the PC1-PC2 plane, illustrated the dispersion of
the 10 experiments. Notably, the red segment connecting the replicates of the central point
(5, 10) highlighted low experimental variability compared with the global induced variabil-
ity through the DoE strategy. The positioning of the replicates at the domain boundaries
suggested a potential quadratic behavior in the responses. Moreover, experiments 2, 6, and
9, along with the replicates at the central point, showed positive scores on PC1, indicating
elevated values, particularly for TPC and HPLC-based TPs. In contrast, experiments 1, 2,
3, and 4, characterized by positive scores on PC2, exhibited superior antioxidant capacity
and a higher ellagic acid content. To precisely quantify the factor effects on the system and
thoroughly study the curvature of the responses, it was imperative to perform the models’
calculation. Based on the planned experiments, the following full quadratic models have
been obtained and reported in Table 5.

Table 5. Coefficients of the MLR models for each response with the corresponding p-value and the
significance indicators (i.e., * for p < 0.05, ** for p < 0.01, and *** for p < 0.001).

MLR
Model

TPC
y1

TPs HPLC
y2

AOC
y3

Castalagin
y5

Vescalagin
y6

Term coeff. p-value coeff. p-value coeff. p-value coeff. p-value coeff. p-value
b0 124.9 429.0 346.7 70.5 64.2
ET 18.4 0.00 *** 24.2 0.00 ** 12.6 0.17 13.9 0.12 0.2 0.91

S/S R −4.0 0.09 −7.0 0.16 −151.9 0.00 *** 7.6 0.34 −3.8 0.15
ET × S/S R 0.7 0.76 15.2 0.04 * −0.5 0.96 −1.5 0.87 15.2 0.00 **

ETˆ2 −5.0 0.15 −22.5 0.03 * 2.0 0.87 −19.9 0.15 −3.3 0.39
S/S Rˆ2 −7.7 0.05 −43.3 0.00 ** −14.9 0.29 −11.8 0.36 −1.9 0.60
E.V.% 92.9 92.5 97.8 35.5 79.2

SD of the
residuals 4.4 9.9 18.4 17.3 5.2

MLR = Multiple Linear Regression; ET = Extraction Time; S/S R = Sample/Solvent Ratio; ET × S/S R = Extraction
Time × Sample/Solvent Ratio; ETˆ2 = Extraction Timeˆ2; S/S Rˆ2 = Sample/Solvent Ratioˆ2; E.V.% = explained
variance percentage; SD of the residuals = standard deviation of residuals.

Generally, the models explained a high variance and presented an acceptable variance
in prediction, apart from ellagic acid (Y4), which results in a negative explained variance,
and for this reason, the model is not reported (E.V.% = −9.72). The standard deviations
of the residuals for the responses aligned with the experimental variability observed at
the center point, indicating the absence of any lack of fit. The significance levels of the
coefficients are denoted in accordance with the common convention: * for p < 0.05, ** for
p < 0.01, and *** for p < 0.001.

The models and response surfaces were discussed, and these surfaces are illustrated
in Figure 2. In detail, for the TPC response (Y1), only the extraction time was significant.
The linear and quadratic terms related to the sample/solvent ratio were close to statistical
significance. It is observed that, for the TPC response, working at longer extraction times
with intermediate sample/solvent ratios was crucial. The coefficient profile for the HPLC-
based TP response (Y2) was analogous to the TPC response. The information was nearly
identical: it is better to operate at longer extraction times with intermediate sample/solvent
ratios. Regarding the antioxidant capacity (AOC, Y3), in this case, the only significant
variable was the sample/solvent ratio. Lower ratios favored higher AOC. The response
surface was, therefore, a plane (with no interaction or curvature). Lower ratios were
preferred in this case. For castalagin (Y5), the variance explained by the model was not high,
so the model was more qualitative than purely predictive. No significant coefficients were
observed, but the absolute values of the coefficients related to time were high. A curvature
was observed for the time variable, with a peak around medium to high values. For the
vescalagin response (Y6), the interaction term was the only significant one. To interpret
it, a response surface was studied, in which the effect of the extraction time depends on
the level of the sample/solvent ratio. In this case, there was a reversal of effects: at short
extraction times, increasing ratios led to reduced extraction, while at longer times, higher
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ratios favored vescalagin extraction. Conversely, better results were achieved at low ratios
and short times, while at higher ratios, longer times were preferred.
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Figure 2. Isoresponse surfaces, each accompanied by the respective semi-amplitude of the confidence
interval of the prediction.

To achieve a good compromise between responses, it was sufficient to work at longer
times (30 min) and intermediate ratios (1/20).
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4. Conclusions

In this study, the valorization of the chestnut episperm, an underutilized industrial
by-product, has been defined as a good opportunity to improve the sustainability of the
transformation processes involved in the chestnut supply chain in terms of recovery of
good levels of health-promoting molecules, such as phenolics, reducing the disposal of
agri-food wastes.

Moreover, in this work, the effectiveness of an eco-friendly and low-cost extraction
system based on ultrasounds and food-grade solvent (ethanol 70%) has also been investi-
gated for the extraction of several phenolic markers from chestnut episperm. The proposed
optimized protocol allowed for obtaining formulations characterized by high levels of
tannins, phenolic acids, and catechins. Indeed, episperm extracts contained high levels of
chlorogenic acid, ferulic acid, castalagin, and vescalagin. Particularly, thanks to a multi-
variate statistical approach, it was possible to underline the best compromise between the
studied responses, highlighting that it was sufficient to sonicate at longer times (30 min) and
intermediate sample/solvent ratios (1/20) to maximize the phenolic extraction. Moreover,
the results highlighted that the targeted HPLC analysis and the colorimetric Folin–Ciocalteu
method used to evaluate the total phenolic content showed a strong positive correlation,
also confirmed by principal component analysis, suggesting that, for this plant matrix,
the rapid and cheaper spectroscopic analytical method could be useful to estimate the
polyphenolic content of the extracts.

These extracts, enriched in phenolic compounds, may be used for cosmeceutical
and food applications, but further chemical and pharmacological studies are necessary.
The use of these extracts in innovative applications is potentially a very important goal,
considering the increasing demand for natural bioactive molecules. Chestnut companies
may improve their incomes and obtain further economic advantages by the extraction
of bioactive molecules from processing wastes as episperm and the selling of these ad-
ditional preparations in the market, also avoiding spending financial resources for the
by-product disposal.

Finally, this study may be important to contribute to the effective valorization of
by-products from chestnut processing in terms of reducing environmental wastes and
recycling them for innovative uses.
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