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Abstract
Abstract
The cashew agroindustry generates substantial by-products that are often improperly used.
Cashew nut testa shell (CNTS) has attracted interest due to its elevated fatty acid contents and phenolic
compounds, raising the relevance of environmentally friendly extraction techniques for its recovery. CNTS
was submitted to high-pressure (Supercritical Fluid Extraction – SFE; Pressurized Liquid Extraction – PLE;
and Subcritical Water Extraction – SWE) methods compared to traditional low-pressure (Soxhlet and
maceration) techniques. Supercritical fluid extraction with CO2 as solvent was selective to recover fatty
acids, such as palmitate (12.63 mg g-1), stearic (26.65 mg g-1), and oleic ( 25.61 mg g-1) acids, as well
as behenic (46.42 mg g-1) and erucic (28.00 mg g-1), quantified by GC-MS. In contrast, the ethanolic and
aqueous extracts, by pressurized liquid and subcritical water extraction, presented polyphenols like
catechin, epicatechin, and procyanidin identified by UPLC-PDA-ESI-QDa, known for their high antioxidant
potential and biological activities. In addition, fractions of proteins and sugars were also recovered.
Considering the different compounds in the raw material, sequential extraction routes were conducted to
fractionate the CNTS and provide different products from an underestimated raw material, a novelty that
increased the value of the cashew processing chain.

1. Introduction
The cashew nut industry generates significant amounts of by-products that are usually discarded as
waste, leading to environmental concerns and economic losses. Cashew nut testa shell (CNTS) is a by-
product (3% of the weight of cashew nuts) of the cashew nut processing industry (Sharma et al. 2020),
and recent studies have demonstrated that CNTS contains valuable fatty acids and phenolic compounds,
with potential uses across different industrial sectors, such as food, cosmetics, and pharmaceuticals.(J.
da Silva et al. 2022).

Fatty acids, especially stearic, palmitic, oleic, linoleic and linolenic acids, represent vegetable oils' most
prevalent constituents (Kamatou and Viljoen 2017). Cashew nuts with testa shell are also abundant in
fatty acids, mainly oleic, linoleic, and palmitic acids (Trox et al. 2010). The fatty acids from natural
products are of particular interest because of their diverse biological activities and nutritional importance
to human health (Jamil et al. 2020). They play roles in numerous physiological processes, such as energy
metabolism, cell signaling, and membrane structure (Chandrasekara and Shahidi 2011a).

Phenolic compounds, found abundantly in plant tissues, are secondary metabolites with widespread
distribution. CNTS exhibit significant antioxidant activity due to the presence of radical-scavenging
polyphenols (Chandrasekara and Shahidi 2011b). Furthermore, CNTS has been reported to be a good
source of hydrolysable tannins (Rajini 2011) and abundant reservoir of phenolic compounds, such as
catechins, epicatechins, and procyanidins (Kannan et al. 2009; Sruthi et al. 2023; Trox et al. 2011). The
bioactive compounds and antioxidative properties associated with them have been reporteded to offer
various health advantages, including reducing the likelihood of chronic ailments like cancer, diabetes, and
cardiovascular disease (Kamath et al. 2008; Lee et al. 2020).
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However, extracting these compounds from CNTS is challenging due to their complex structure and
chemical composition. Traditional extraction methods for these compounds involve the use of organic
solvents, which are often toxic and present health and environmental risks. Moreover, these traditional
solvent extractions also result in the coextraction of unwanted compounds, leading to decreased purity
and increased processing costs.

Supercritical fluid (SFE), pressurized liquid (PLE), and subcritical water (SWE) extraction are modern
extraction methods widely used for the recovery of bioactive compounds from various plant materials
(Rebelatto et al. 2020). SFE using CO2 is an attractive alternative due to its ability to selectively extract
nonpolar and moderately polar compounds. Supercritical solvents, such as CO2 in the supercritical state,
exhibit gas-like properties and solvent-like behavior (Ray et al. 2023), which facilitates their penetration in
the sample matrix and dissolution of the target compounds.

The PLE process, in which ethanol and ethanol/water mixtures are used as solvents, maintains the
solvent in its liquid state by operating below the critical point. To improve the mass transfer rate, pressure
and temperature conditions are carefully selected to reduce the solvent's surface tension and viscosity
while increasing the solubility of the components. This helps the solvent permeate into the solid matrix,
thereby facilitating extraction (Krümmel et al. 2022; Mazzutti et al. 2018).

SWE uses water as a solvent in its subcritical region. Water is heated to high temperatures but maintains
its liquid state due to pressures higher than its vapor pressure (Essien et al. 2020). In this state, fluid
properties such as the dielectric constant and viscosity are changed to improve mass transfer and water
solubility (Gan and Baroutian 2022).

These high-pressure (SFE, PLE and SWE) extraction methods have advantages over conventional
extraction methods, such as higher efficiency, shorter processing time, and lower solvent and energy
consumption (Del Castillo-Llamosas et al. 2021). Moreover, these methods are considered
environmentally friendly because they use nontoxic solvents and result in less waste (Gil-Martín et al.
2022).

Recently, the simultaneous extraction of fatty acids and phenolic compounds from plant materials using
CO2 and ethanol and water has attracted increased interest. This is because these compounds are often
found in plant tissues and have been reported to have synergistic health effects. Moreover, using SFE,
PLE, and SWE allows for the extraction of a broader range of polyphenols. These methods are effective
and selective at extracting specific classes of compounds from plant materials and are important for
adding value to byproducts such as CNTS.

Therefore, this study aimed to investigate sequential extractions of fatty acids and polyphenols by SFE,
PLE and SWE, using solvents with different polarities in a biorefinery strategy for recovering valuable
fractions from the underestimated CNTS. The extracted compounds were characterized using various
analytical techniques, which includes gas chromatography-mass spectrometry (GC-MS) and high-
performance liquid chromatography coupled to diode array and mass spectrometry detectors (UPLC-PDA-
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ESI-QDa). The study also evaluated the antioxidant activity of the extracted compounds using in vitro
assays. This innovative sequential approach highlights the relevance of recovery different bioactive
fractions from CNTS, increasing the cashew chain value.

2. Materials and methods

2.1. Raw material
Cashew nut testa shells (CNTS) samples were obtained from Embrapa Tropical Agroindustry (Fortaleza,
CE, Brazil). This byproduct was spread on trays for drying at 45°C in an oven with circulation air (MS
Metalúrgica e Comércio, Canoinhas, SC, Brazil) for 24h. After drying, the CNTS were ground in a stainless-
steel knife mill and were kept in a freezer at -18°C until analysis.

2.2. Sample characterization
The sample's moisture content was assessed through the gravimetric method involved using a vacuum
oven at 70°C (method 926.12) (TECNAL, model TE-395, Brazil) (AOAC 1996). The Kjeldahl procedure was
used to evaluate the total protein content (TPC) (method 928.08) with a nitrogen-protein correspondence
factor of 6.25 (AOAC 2000). The ash content was determined employing a muffle furnace (QUIMIS,
Q318M24, São Paulo) at 550°C for 6 h (method 900.02) (AOAC, 2000). The crude fiber content was
estimated using an automatic fiber extraction system, “Fibra Plus” (FES 2 R TS, Pelican Equipment,
Chennai, India) (Prosky et al. 1984). The total fat content was estimated with the help of a Soxhlet
apparatus using n-hexane as a solvent at a boiling temperature of 60°C (method 920.39C) (AOAC 2005).
Carbohydrate content was quantified by difference.

2.3. Extraction procedure
Various extraction methods and techniques have been developed to obtain desired compounds from raw
materials. This section explores high-pressures equipment types (supercritical fluid (SFE), pressurized
liquid (PLE), and subcritical fluid (SWE) extraction), to compare with low-pressure methods (Soxhlet-SOX
and Maceration-MC). Each method uses different conditions and solvents to achieve the best results to
recover specific fractions from the raw material (CNTS).

Previous kinetic evaluation was performed to establish the extraction time for SFE, PLE, and SWE, where
samples were collected at pre-established time intervals. Based on the kinetics, the extraction time was
fixed for each method, representing the period of diffusion controlled by extraction. A piecewise empirical
model with three segments (Eq. 1) was fitted to the kinetic curves, and its performance was evaluated
applying the coefficient of determination (R2) and the root mean square error (RMSE).

y =

⎧⎪
⎨
⎪⎩

a1 + k1x (x < xi1)

yi1 + k2 (x < xi1) (xi1 ≤ x< xi2)

yi2 + k3 (x < xi2) (x ≥ xi2)
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1
This results in two equations (Eqs. 2 and 3):

2

3
where a1 = intercept, k1 = slope, xi1 = intersection, k2 = slope, xi2 = intersection, and k3 = slope.

2.3.1. High-pressure extractions
The schematic design of the high-pressure units used are shown in Fig. 1.

The SFE was performed in a unit adapted by Michielin et al. (2005) and Mazzutti et al. (2018) (Fig. 1a).
The extraction conditions were chosen according to studies carried out by Andrade et al. (2012) and
Mazzutti et al. (2018). The parameters for SFE conditions evaluated were 40 ºC, a flow of 1.2 kg h− 1, and
two pressure conditions (15 and 25 MPa), and the assays were coded as SFE1 and SFE2, respectively.
The extraction procedure involved placing 20 g of CNTS into a stainless-steel extraction vessel (329 mm
long, 20.42 mm internal diameter), which was completed with glass beads. The extracts were collected in
pre-weighed amber glass vials and stored at -18°C in a freezer. The solid residue obtained after
processing was collected and stored for later use.

The PLE and SWE assays were performed on a self-assembled apparatus (Fig. 1b) described by
Gonçalves Rodrigues et al. (2019) using ethanol and water as extraction solvents, respectively. Briefly, 5 g
of CNTS powder and glass beads were placed in a stainless-steel extraction cell (25 mm ID and 180 mm
height). An HPLC pump (Waters, model 515, USA) was used to pump the solvent, with the flow rate set at
4 mL min− 1. The cell pressure was controlled (10 MPa) by a needle valve (HiP, model 20–11LF4, NFA,
USA) for both methods, PLE, with ethanol as the solvent, and SWE, with water as the solvent. The
temperature for PLE was controlled at 40, 60, 80, 100, or 120°C, with the assays codifying as PLE1, PLE2,
PLE3, PLE4, or PLE5, respectively. For the SWE assays, the extraction temperatures were 80, 100, 120,
140, and 160°C, and the assays were codified as SWE1, SWE2, SWE3, SWE4, and SWE5, respectively. The
recovered PLE and SWE extracts were dried by rotary evaporation or lyophilized to remove the solvent and
stored at -18°C in the dark.

2.3.2. Low-pressure extractions
SOX extraction was performed according to the 920.39C method using hexane (Synth, São Paulo, Brazil)
(AOAC 2005). Briefly, 150 mL of solvent was added to a Soxhlet extractor with 5 g of dry CNTS sample
for 6 h. Maceration extraction (MC) was performed using ethanol (MCE) and water (MCW) as solvents
following the method of Reyes et al. (2014). Briefly, one gram of CNTS was mixed with 40 mL of the

yi1 = a1 + k1xi1

yi2 = yi1 + k2 (xi2 − xi1)
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solvent, containing 0.1% (w v− 1) butylated hydroxytoluene (BHT), and stirred for 24 h at 250 rpm and
37°C on an orbital shaker (DOS-20 L, Elmi Ltd., Riga, Latvia) (Kamath et al. 2008). The extracts obtained
by MCE or MCW were vacuum filtered, after which the CNTS residues were retained. The SOX and MCE
recovered extracts were rotary evaporated (Fisatom, model 801, São Paulo, Brazil). Extracts recovered by
MCW were lyophilized to remove the solvent and stored at -18°C in the dark.

2.3.3. Sequential extractions
The combination of high-pressure or low-pressure sequential extractions was conducted following six
routes (3 high-pressure and 3 low-pressure), as presented at Fig. S1. Initially, the CNTS underwent to the
removal of the nonpolar fraction (oily fraction) by SFE with CO2 or by SOX with hexane to recover the
fatty acids, representing the high-pressure, and the low-pressure routes, respectively. Then, the defatted
CNTS (after SFE or after SOX) was conducted to 3 routes each: (I) the phenolics recovery routes using
ethanol as solvent, represented by SFE-PLE or by SOX-MCE; (II) the water extraction routes, represented by
SFE-SWE or SOX-MCW; and finally, the tree steps routes (III), represented by SFE-PLE-SWE or by SOX-MCE-
MCW.

The primary goal of the sequential extractions was the CNTS compounds fractionation, as a function of
solvent and process used, providing different products: non-polar rich fractions (mostly fatty acids),
polyphenols (phenolic acids and flavonoids) rich fractions (sugar, polysaccharide, and protein
components), mainly the ethanolic extracts; and high-molecular weight rich fractions, the water extracts.

2.4. Extraction yield
The total extraction yield (Ey) was calculated as the percentage of the ratio between the extracted mass
(me) and the dry mass (md) of the CNTS (Eq. 4). The experiments were performed in duplicate.

4

2.5. Profiling of the extracted compounds

2.5.1. GC–MS analysis and fatty acid profile
GC‒MS analysis was performed for the oily samples recovered by SFE with CO2 and by SOX with hexane
and was conducted on an Agilent GC 7890A instrument coupled with an Agilent 5975C MS detector. The
HP-5MS (Agilent) fused silica capillary column (30 m length × 250 µm i.d. × 0.25 µm thick film composed
of 5% phenyl-95% methylpolysiloxane) was connected to an EI source (electron impact ionization)
operating at 70 eV with a quadrupole mass analyzer. The mass scan ranged from 30 to 550 m/z. Helium
5.0 (purity of 99.999%) was used as the carrier gas at a flow rate of 1.2 mL min− 1. The injector (split ratio
of 1:50) and transfer line temperatures were 300 ºC. The injection volume was 1.0 µL with an Agilent GC

Ey = × 100
me

md



Page 7/35

Sampler 80 autosampler equipped with a 10 µL syringe. The oven temperature program consisted of
ramping up from 60°C for 3 min, followed by a ramp from 4°C min− 1 to 270°C for 2 min and then from
30°C min− 1 to 300°C for 5 min with a 63.5 min runtime. The fatty acid (FA) composition was used to
evaluate the profile of the CNTS oil. The samples were prepared using the protocol reported by O’Fallon et
al. (2007). The fatty acid composition of the CNTS oil was expressed as g/g extract (F.A.M.E.). C4-C24
Supelco® (18919-1AMP) was mixed.

2.5.2. Total phenolic and flavonoid contents
The total phenolic content (TPC) and total flavonoid content (TFC) were evaluated for the extract
samples recovered by high-pressure (PLE and SWE) and by low-pressure methods (MCE and MCW), and
also from the sequential extractions (section 2.3.3). TPC was assessed using the Folin–Ciocalteu assay
(Singleton et al. 1999). The CNTS extracts were diluted to concentrations up to 10 mg mL− 1 and mixed
with a reaction mixture consisting of 10 µL of extract or solvent, 50 µL of Folin–Ciocalteu reagent (Sigma
Aldrich), 150 µL of 20% sodium carbonate (Lafan), and 790 µL of distilled water. The reaction took place
at room temperature in the absence of light. After 2 hours, the absorbance was assessed at 760 nm using
a spectrophotometer (Epoch, BioTek, São Paulo). The experiments were carried out in triplicate, and the
findings are presented in milligrams of gallic acid equivalent (GAE) per gram of dried CNTS extract (mg
GAE g− 1).

TFC was evaluated according to the methods of Zhishen et al. (1999) with modifications. A solution of
NaNO2 (0.5 mol L− 1), AlCl3 (0.3 mol L− 1) and NaNO (1 mol L− 1) was prepared. Briefly, the extract was
added along with water and NaNO2. After the 5 min reaction at 37°C, AlCl3 was introduced, and the
mixture was permitted to undergo a reaction in the dark. After 6 min, NaOH was added, the solution was
mixed well again, and the absorbance was measured at 510 nm with a spectrophotometer (Epoch,
BioTek, São Paulo). The experiments were performed in triplicate. The results are expressed in milligrams
of catechin equivalents (CAE) per gram of dried CNTS extract (mg CAE g− 1).

2.5.3. Chemical profile by UPLC-PDA-ESI-QDa analysis
Ultra-performance liquid chromatography (UPLC) analysis was used to determine the chemical profile of
the polar extracts recovered from CNTS. The evaluated extracts were selected as the processing
extraction conditions that provided higher performance in the recovery of polyphenols and antioxidant
components, according to results from section 3.4. The samples represented the high-pressure (PLE and
SWE) and the low-pressure (MCE and MCW) extraction routes. Briefly, approximately 4 mg of extract was
dissolved in 1 mL of a 50/50% methanol/water mixture. The material was filtered through a 0.22 µm
PTFE filter, placed in vials, and stored at − 80°C for analysis. The analyses were conducted employing an
Acquity UPLC (Waters, USA) system coupled to a PDA (210–600 nm) and a QDa mass spectrometer
(Quadrupole, Waters). A Waters Acquity BEH C18 column was used for separation (150 mm × 2.1 mm, 1.7
µm) at 40°C. An aliquot of each 5 µL extract was subjected to an exploratory gradient with a mobile
phase composed of deionized water (A) and acetonitrile (B), both of which contained formic acid (0.1%
v/v). The extracts were subjected to an exploratory gradient as follows: 2–100% B (22.0 min), 100% B
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(22.1–25.0 min), and 2% B (26.0–30 min) with a flow rate of 0.3 mL min− 1. Ionization was performed
employing an electrospray ionization source in negative mode in SIR mode using the following ions:
procyanidin B dimer, m/z 577; catechin/epi-catechin, m/z 289; catechin gallate, m/z 441; and the
procyanidin B trimer, m/z 865. The adjusted instrumental parameters were as follows: capillary voltage,
0.8 kV; cone voltage, 15 V; source temperature, 120°C; desolvation temperature, 350ºC; and desolvation
gas flow, 500 L h− 1 (G. S. da Silva et al. 2017; Rockenbach et al. 2012). The system was controlled using
Empower 3 software (Waters Corporation). The areas of each substance were exported to Morpheus
software and converted into a heatmap, and the samples were grouped using Euclidean distance and
mean linking.

2.5.4. Antioxidant capacity
The antioxidant potential of the CNTS extracts was investigated for the extracts obtained by high-
pressure methods (PLE and SWE), by low-pressure methods (MCE and MCW), and from the sequential
extractions (section 2.3.3). The antioxidant potential was analyzed by different methods, described
below.

FRAP assay

To measure the antioxidant capacity of the samples using ferric reducing antioxidant power (FRAP), a
protocol was described by Benzie & Strain (1996). The selected CNTS extracts were diluted in the
extraction solvent. The FRAP reagent was formulated by combining a 0.3 M sodium acetate buffer
solution (pH 3.6), a 20 mM ferric chloride solution (FeCl3.6H2O) and a diluted TPTZ solution (2,4,6-
tripidylstriazine) in a 40 mM hydrochloric acid solution. In preparing the reagent, 60 mL of sodium
acetate buffer solution was combined with 6 mL of TPTZ solution and 6 mL of ferric chloride solution.
Subsequently, the solution was diluted and incubated for 30 min at room temperature in darkness. The
absorbance at 593 nm was measured utilizing a spectrophotometer (Epoch, BioTek, São Paulo). The
results are expressed as millimoles of Trolox equivalent (mmol TE) per gram of dried CNTS extract (mmol
TE g− 1).

DPPH assay

To assess antioxidant capacity, the free radical DPPH (2,2-diphenyl-1-picrylhydrazyl) was used following
the protocol established by Mensor et al. (2001). The selected CNTS extracts were diluted in the
extraction solvent. Subsequently, the DPPH radical solution was introduced, and the mixture was
homogenized. The samples were left to react for 30 min at room temperature without light. A
spectrophotometer (Epoch, BioTek, São Paulo) was used to measure the samples at a wavelength of 517
nm. The results are presented in millimoles of Trolox equivalent (mmol TE) per gram of dried CNTS
extract (mmol TE g− 1).

ABTS assay
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The antioxidant capacity of the selected extracts of CNTS was analyzed via 2,2′-azinobis-3-
ethylbenzothiazoline-6-sulfonic acid according to the protocol described by Re et al. (1999). The ABTS
radical was generated by mixing 2.45 mM potassium persulfate with 7 mM ABTS (2,2′-azinobis-3-
ethylbenzothiazoline-6-sulfonic acid) in the dark at room temperature for 16 h prior to the execution of the
method. Subsequently, the generated ABTS radical was diluted in 5 mM PBS (phosphate-buffered saline)
at pH 7.4 to achieve an absorbance of 0.7 (± 0.2) at 734 nm. The diluted CNTS extracts were mixed with
the ABTS solution and allowed to react for 30 min in the dark. After the reaction, the absorbance was read
at 734 nm in a spectrophotometer (Epoch, BioTek, São Paulo). The results are presented in millimoles of
Trolox equivalent (mmol TE) per gram of dried CNTS extract (mmol TE g− 1).

2.5.5. Reducing and total sugars
The quantification of reducing (RS) and total (TS) sugars present in the polar extracts was investigated
for the samples obtained by high-pressure methods (PLE and SWE), by low-pressure methods (MCE and
MCW), and from the sequential extractions (section 2.3.3) performed based on the methods of Miller
(1959), with modifications. Briefly, 2.5 g of 3,5-dinitrosalicylic acid (DNS) was added to 50 mL of sodium
hydroxide (NaOH: 2 mol/L) and 125 mL of distilled water to prepare the solution. The solution was stirred
until completely dissolved. Subsequently, 75 g of tetrahydrate potassium sodium tartrate
(KNaC4H4O6·4H2O) was added, and the mixture was adjusted to a volume of 250 mL. For the
determination of TS, hydrolysis was performed on the sample. In summary, a reaction was performed
with the sample and hydrochloric acid (HCl: 2 mol/L) for 10 minutes at 100°C, following sodium
hydroxide (NaOH − 2 mol/L) was added at a 1:1:1 (v/v/v). The DNS reaction occurred at a 1:1
(sample:DNS solution) ratio, then the mixture was subject to heating in a water bath at 100°C for 5
minutes. The solution was chilled using an ice bath, after which the absorbance was read on a
spectrophotometer (Epoch, BioTek, São Paulo) at 540 nm. The contents of total and reducing sugars
were expressed as glucose equivalents (GLU) per gram of dried CNTS extract (mg GLU g− 1).

2.5.6. Protein content
The protein content of the CNTS extract samples was determined for the extracts obtained by high-
pressure methods (PLE and SWE), by low-pressure methods (MCE and MCW), and from the sequential
extractions (section 2.3.3) performed based on the methods of Miller according to method 928.08 (AOAC,
2005) for the polar fractions (ethanolic and water extracts) recovered by different methods. Briefly, the
procedure consisted of digesting the extracts together with a catalyst (copper sulfate (CuSO4): sodium
sulfate (K2SO4) − 1:10 n m-1) using sulfuric acid (98% P.A.) in tubes through a digester block (TECNAL,
model N1040, Brazil). After digestion, the mixture was distilled through a nitrogen distiller (TECNAL,
model TE-0364, Brazil) using a 40% m v− 1 sodium hydroxide solution. The distillate was gathered in a
boric acid solution (4%) and titrated with a standardized hydrochloric acid solution (0.1 mol L− 1). The
protein percentage was calculated according to the nitrogen-protein correspondence factor of 6.25.
Analyses were performed in duplicate.

2.6. Statistical analysis
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The results were statistically analyzed using Statistica 13.5 software (TibCo, USA) through analysis of
variance (ANOVA). Multiple mean comparisons were performed utilizing the Tukey test, with a confidence
level of 95%.

3. Results and discussion

3.1. Centesimal composition content
The centesimal composition of the CNTS is shown in Table 1. The values detected in the present work
were compared with those from da Costa (2019) for the essential oil from CNTS and from Oliveira (2016),
who studied the isolation of CNTS constituents and evaluated its potential as a natural antioxidant,
which results are also presented at Table 1. The values observed for the centesimal composition of the
CNTS were similar to those in the literature, with variation possibly due to the analysis method used,
seasonality, soil, cultivation and variety (Schiassi et al. 2018).

 
Table 1

Centesimal composition of CNTS
Centesimal composition Present work (%) Literature data (%)

Oliveira (2016) da Costa (2019)

Moisture 4.86 ± 0.16 9.50 7.05

Fat 21.00 ± 1.88 20.10 15.82

Ash 1.71 ± 0.01 2.02 1.72

Fiber 9.67 ± 0.55 10.30 14.89

Protein 11.71 ± 0.17 19.00 10.47

Carbohydrate 51.05 ± 2.77 39.08 50.03

CNTS has high lipid content (21.00%), which a valuable fatty acid profile can benefit to human health
(see section 3.4.1, profile rich in unsaturated fatty acids). The high percentage of carbohydrates
suggested a relevant content of natural sugars (Nagaraja 2000). The ash and protein contents of CNTS
and shelled nuts, in general, are analogous, showing that the family groups (nuts) have similar chemical
compositions in some aspects. Tunçil (2020) evaluated the dietary fiber profiles of hazelnuts and
obtained a composition of 2.66% for ash and 7.5% for protein present in hazelnut skin. Muñoz-Arrieta et
al. (2021) evaluated the nutritional and bioactive composition of peanut skin (Virginia) and obtained
values of ash (2.13%) and protein (12.7%). Although present in smaller amounts than other protein
sources, they are important for several metabolic functions. CNTS contains compounds that contribute to
its nutritional characteristics (Sruthi and Naidu 2023). Although this composition is variable due to
seasonality, this by-product has the potential to be used for the recovery of value-added compounds.
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3.2. Kinetics extraction
The kinetic curves for the SFE, PLE, and SWE techniques are presented in Fig. S2. The mass transfer
mechanisms were evaluated from kinetic curves consisting of three periods: constant extraction rate
(CER), falling extraction rate (FER), and diffusion-controlled rate (DCR), as presented by Weinhold et al.
(2008).

The kinetics behavior was adjusted and described by the piecewise model. Mathematical modeling is
important for interpreting extraction behavior and mass transfer mechanisms to obtain parameters that
help improve the economic viability of these processes on an industrial scale (Murugesh et al. 2018).
Table S1 shows that the parameters of the piecewise model fit the experimental data well, with R2 values
above 0.99 and RMSEs below 0.06. Kinetic modeling makes it possible to precisely determine the total
extraction time required for each process. It is possible to observe the three mass transfer periods via
piecewise adjustment. The CER period was conducted at rates of 10.0327 (SFE1), 0.0651 (SFE2), 0.5133
(PLE3), and 0.1018 (g min− 1) (SWE3), and the end of the CER period was detected at 73.68, 36.30, 2.67,
and 7.86 min, respectively. This period (CER) is represented by the first fitted line, in which the extraction
of soluble material available on the surface of the plant matrix occurs (Mezzomo et al. 2009).

The FER periods occurring at rates of 0.0062 (SFE1), 0.0125 (SFE2), 0.0727 (PLE3), and 0.0169 g min− 1

(SEW3) were identified between 73.68 and 154.27, 36.30 and 71.44, 2.67 and 7.54, and 7.86 and 46.93
min, respectively. This period is characterized by convection and diffusion mechanisms due to the partial
exhaustion of solute from the surface of the particles, which causes a decrease in the extraction rate
(Sovová 1994). DCRs occurring at rates of 0.011 (SFE1), 0.0016 (SFE2), 0.086 (PLE3), and 0.043 (SWE3)
(g min− 1) are presented for times (154.27), (71.44), (7.54), and (46.93 min), respectively. During the DCR
period, the diffusion mechanism controls the mass transfer of the process. Additionally, it is possible to
observe that the extraction rate decreases due to solute exhaustion from the particle surface (Ferreira and
Meireles 2002). The extraction time is defined by achieving DCR period, characterized by low (almost
negligible) extraction rate, where the process yields are above 90%. This analysis result in extraction
times defined as 180, 100, 10, and 50 min for SFE1, SFE2, PLE3, and SWE3, respectively.

3.3. Extraction yield
Figure 2 shows the extraction yield (Ey) for the extraction assays conducted at high-pressure and low-
pressure methods applied to the raw material (CNTS) at different process conditions.

The behavior of the solvents with different polarities (CO2, hexane, ethanol, and water) suggested a wide
variety of compounds present in the CNTS. The results indicate high contents of non-polar components
(rich in fatty acids – the oily fraction) and polar components (polyphenols, antioxidants, and sugars).

The oily fraction yields recovered by SFE with CO2 were 12.31% (SFE1) and 14.46% (SFE2), increasing
with the pressure increase at constant temperature. These results were lower than obtained by SOX with
n-hexane (20.38%), as compared at Fig. 2a. However, despite its widespread use and various applications,
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the SOX technique has notable drawbacks compared to SFE. SOX extraction is time-consuming (6 h),
leading to significant energy consumption, while the SFE method was conducted up to 180 min of
extraction (section 3.2). Moreover, SOX method uses considerable amount of solvent (hexane), which
requires further evaporation or concentration steps afterward (Torres et al. 2022). Additionally, thermal
degradation of compounds occurs due to the extended exposure to high temperature at the solvent
boiling point. As a result, SFE has emerged as a more efficient alternative with improved performance and
reduced environmental impact.

The polar fraction recovery by PLE2 and SWE1, with ethanol and water respectively, showed yield
performance with no significant difference in Ey compared to MCE and MCW respectively (p < 0.05), as
presented at Fig. 2b. From the ethanolic fractions, the increase in PLE temperature (from 40 to 120ºC)
significantly increased the Ey compared to MCE (p < 0.05). The same behavior was observed for SWE2,
SWE3, SWE4, and SWE5 compared to that of MCW. The best yield value was from SWE5 (Ey of 48.99%), a
water extraction at 160ºC, and significantly different than other assays (p < 0.05) (Fig. 2b). An increase in
temperature decreases the density, viscosity, and surface tension of water in the subcritical state,
increasing the mass transfer and favoring the extraction yield (Plaza and Marina 2019). The yield of the
assays PLE3, PLE4, PLE5, SWE2, SWE3, and SWE4 were statistically similar, with values higher than that
obtained by MCE and MCW (p < 0.05) (Fig. 2b). Similar to SWE, the temperature influence on PLE assays
also contribute to an increase in the solubility of the compounds, enhancing the extraction yield due to
higher solvent diffusivity, and reduced viscosity, which increases solvent penetration in the solid matrix
enhancing the mass transfer (Gonçalves Rodrigues et al. 2019). Notably, PLE (10 min) and SWE (50 min)
methods expend lower time and energy compared to MCE or MCW (24 h), respectively, contributing to
indicate the high-pressure methods as viable alternatives to improve the value of the cashew nut
processing chain.

3.4. Profiling of the extracted compounds
This section will discuss the findings concerning the profile of the extracts, both polar and non-polar,
acquired through high and low-pressure extraction methods.

3.4.1. GC-MS analysis and fatty acid profile
Fatty acids are the main elements of cashew nut oils and are predominantly composed of stearic,
palmitic, oleic, linoleic, and linolenic acids (Leal et al. 2023). Figure 3 shows the profile of fatty acids
extracted from CNTS by SFE with CO2 (SFE1 and SFE2) and by Soxhlet with n-hexane (SOX).

The samples recovered by SFE1, SFE2, and SOX assays revealed, respectively, the presence of: saturated
fatty acids (SFAs) of 53.88, 65.36, and 60.36%; monounsaturated fatty acids (MUFAs) of 32.69, 38.41,
and 26.14%; and polyunsaturated fatty acids (PUFAs) of 13.43, 17.07, and 13.80%. High SFA content is
crucial for the stability of CNTS oil, and it has been stated that SFA plays an important role in the
antioxidant stability of lipids (Shahidi and Zhong 2010).
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SFE2 was more selective to the acids palmitic (12.63 mg g− 1), oleic (29.65 mg g− 1), linolenic (25.61 mg
g− 1), behenic (46.42mg g− 1), and erucic (28.00 mg g− 1), compared to SFE1 and SOX (p < 0.05). CNTS oil
also contained considerable concentrations of stearic acid (39.09 mg g− 1). An increase in pressure
improved the selectivity of this compound; however, no significant difference was detected compared to
SOX sample (p < 0.05). The increase in pressure contributes to fatty acids recovery, where CO2 is a viable
solvent compared to hexane (Soxhlet), which is undesirable to health and environment (Arturo-Perdomo
et al. 2021).

High concentration of SFA on the oily fraction has cardioprotective effects, mainly attributed to oleic acid
(Nishi et al. 2014). Then, the CNTS oily fraction presented good lipid quality, with high content of MUFAs,
especially oleic acid with high oxidative stability (Reis Ribeiro et al. 2020). Frigolet & Gutiérrez-Aguilar
(2017) reported that methyl palmitate and oleic acid are beneficial for treating diabetes, obesity,
autoinflammatory diseases, cancer, and cardiovascular disease.

In the recovered fractions, variations in the fatty acid profile may be associated with the polarity of the
solvent. Long-chain fatty acids, especially unsaturated fatty acids, can have low polarity compared to
saturated fatty acids, which justifies the higher contents of SFAs from the SFE and SOX samples,
obtained by the nonpolar solvents CO2 and n-hexane, respectively (Cuco et al. 2019).

Leal et al. (2023b) evaluated the impact of different kernel sizes on the cashew nut oil profile and
identified the main fatty acids as saturated fatty acids (SFAs), palmitic (C16:0), and stearic (C18:0) acids,
and the monounsaturated fatty acid (MUFAs) oleic acid (C18:1). Polyunsaturated fatty acids (PUFAs) and
linoleic acid (C18:2) were obtained. From this study, it can be observed that CNTS has a profile with
components associated with nuts. Muñoz-Arrieta et al. (2021) evaluated the fatty acid composition of
peanut skin (Valencia) using petroleum ether (Soxhlet) as a source of extraction and reported the
concentrations of palmitic (8.05 mg g− 1), stearic (2.07 mg g− 1), and oleic (37.2 mg g− 1) acids. As a nut
family film, these values are close to the concentrations presented in the CNTS. However, the recovery
method can influence the concentration of these acids.

Fatty acid recovery from CNTS positively impacts environmental sustainability, the economy, and
renewable energy and contributes to more conscious practices in the use of natural resources. This
approach aligns with the search for more sustainable solutions and can contribute to the transition to a
greener, low-carbon society.

3.4.2. Total phenolic and flavonoid contents
Polyphenols represent the predominant class of phytochemicals in CNTS. TPC and TFC values from the
extract samples obtained by high-pressure methods (PLE and SWE) and by low-pressure assays (MCE
and MCW) are shown in Fig. 4.

The TPC and TFC values ranged from 196.69 to 302.74 (mg GAE g− 1) and 212.74 to 354.27 (mg CAE g− 

1) respectively. PLE2 and SWE2 were the best assays for TPC recovery, with values of 302.74 and 296.35



Page 14/35

(mg GAE g− 1), respectively (Fig. 4a). PLE2 was efficient in phenolics recovery due to the use of ethanol at
high pressure and moderate temperature, which increases the desorption and solubilization speed of the
components from the solid matrix, improving the mass transfer (Plaza and Turner 2015).

High TPC values suggest the presence of the relevant content of polyphenols from CNTS. Trox et al.
(2011) reported that the main phenolic acids in CNTS are syringic, gallic, and p-coumaric acids. Chaves et
al. (2010) evaluated the chemical constituents of CNTS obtained from ethanolic extracts, and the TPC
was approximately 185.44 (mg GAE g− 1). Kamath & Rajini (2007), through a stirring process in a shaker
at 37°C using ethanol to obtain the TPC of CNTS, obtained 243 (mg GAE g− 1). In the recovery of phenolic
compounds from peanut skin (Arachis hypogea L.) Sorita et al. (2022) used PLE (ethanol, 10 MPa, 80°C)
and SWE (water, 10 MPa, 160°C) and obtained TPC values of 24.61 and 84.47 (mg GAE g− 1), respectively;
these concentrations are lower than obtained from CNTS extracts, corroborating with the relevance of this
underestimated raw material, valued by using alternative high-pressure methods.

The SWE2 and SWE3 samples presented TFC values of 354.27 and 351.59 (mg CAE g− 1), respectively
(Fig. 4b). These values were significantly greater than those recovered by MCE and MCW (p < 0.05). The
presented data suggest that flavonoids are significant polyphenols in CNTS (Sruthi and Naidu 2023). (+)-
Catechin, (-)-epicatechin, epigallocatechin, and catechin gallate are the main flavonoids present in CNTS
(Sruthi et al. 2023). Using water as the solvent, SWE2 and SWE3 recovered significant amounts of TPC
and TFC. This can be explained by the change in polarity of the dielectric constant to water, which
increases the solubility of some less polar compounds (Plaza and Marina 2019). In addition, it decreases
viscosity and surface tension, reduces intermolecular interactions (solute-matrix), and weakens hydrogen
bonds, resulting in a higher mass transfer rate and high solubility of polyphenols (Zhang et al. 2020). An
increase in the temperature of PLE and SWE reduced the TPC and TFC, which can be attributed to the
degradation of thermolabile compounds (Mariatti et al. 2021). High temperatures can affect the plant
matrix (Maillard reaction) under severe temperature conditions, favoring the formation of unwanted
products (Pagano et al. 2021; Plaza and Marina 2019). This shows that high-pressure techniques are
more efficient at recovering TPCs and TFCs than traditional techniques.

3.4.3. Antioxidant capacity
The antioxidant capacity of the CNTS extracts was investigated using FRAP, DPPH, and ABTS assays.
Figure 5 shows the values obtained from the CNTS extracts recovered by different methods.

FRAP results from the CNTS extracts ranged from 1.10 to 2.73 (mmol TE g− 1), where SWE2 and SWE3
provided higher values compared to other assays (Fig. 5a). The DPPH radical scavenging capacity of
CNTS extracts obtained by PLE, SWE, MCE, and MCW ranged from 1.15 to 5.51 mmol TE g− 1 (Fig. 5b).
SWE1, SWE2, and SWE3 provided statistically similar values (5.51, 5.46, and 5.23 mmol TE g− 1,
respectively), which were different and higher than obtained by PLE2, MCE, and MCW (Fig. 5b).
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The capture of ABTS radicals through electron transfer reaction showed that CNTS extracts obtained by
SWE had high antioxidant potential, with values from 5.01 to 6.92 (mmol TE g− 1) (Fig. 5c), where the
SWE3 sample exhibited the best antioxidant capacity. These values were significantly higher than
obtained by PLE2 (5.72), MCE (5.43), and MCW (6.34 mmol TE g− 1) (p < 0.05). Nevertheless, ABTS results
(Fig. 5c) show the importance of CNTS in terms of the antioxidant potential. Sorita et al. (2022) recovered
phenolic compounds from the peanut (skin) and observed that SWE (water, 10 MPa, 160°C) provided
higher ABTS value (0.36 mmol TE g− 1) than PLE (ethanol, 10 MPa, 80°C), SOX (ethanol), and SOX
(water). These results showed that CNTS has higher antioxidant capacity than peanut skin, although they
are from the same family of raw material.

In general, SWE samples showed higher antioxidant potential compared to PLE samples. This may be
related to the water polarity, high temperature, and composition of the CNTS. In addition, high antioxidant
capacity of SWE samples can be attributed to the polysaccharides recovery (Ballesteros et al. 2017).
Differences in the data obtained are due to the extraction technique and origin of the raw material,
seasonality, and interference with the characteristics of the compounds in the raw material (Schiassi et
al. 2018). These results show that high-pressure techniques are viable alternatives for recovering
compounds with antioxidant capacity from the CNTS.

3.4.4. Reducing and total sugars
Reducing (RS) and total (TS) sugars were evaluated for the extracts obtained by high-pressure (PLE and
SWE) and low-pressure (MCE and MCW) methods (Fig. 6). The RS and TS concentrations ranged from
114.80 to 327.37 and 222.28 to 421.38 (mg GLU g− 1), respectively.

Higher RS value was provided by MCW (327.27 mg GLU g− 1), with significant difference to PLE, SWE, and
MCE (p < 0.05) (Fig. 6a). It has been reported that higher temperatures result in longer reaction times,
favoring hydrolysis at aqueous medium (Nanda et al. 2016). An increase in H + concentration of in
subcritical water facilitates the breaking of glycosidic bonds leading to the hydrolysis (Zhu et al. 2011),
with breaking of cellulose, hemicelluloses, and lignin, converting in simple sugars (monosaccharides)
(Heidari et al. 2019). The decrease in the RS (SWE5 conducted at 160ºC) could be attributed to
monosaccharides degradation at high temperatures, resulting in Maillard reaction (Chamika et al. 2021).
In addition, SWE at high temperatures increases the solubility of polysaccharides such as sugar in water
(polar solvent), compared to ethanol (solvent with moderate polarity).

SWE4, SWE5, and MCW showed high TS values (411.10, 421.38, and 413.30 mg GLU g− 1, respectively),
which were significantly different from PLE and MCE (p < 0.05) (Fig. 6b). The TS values increased with
SWE temperature due to polysaccharides depolymerization by selective hydrolysis of glycosidic bonds,
increasing the soluble sugars content (Zhang et al. 2019). Overall, the sugars present in CNTS still need
to be explored. No studies in the literature have quantified these components in CNTS. Therefore, the RS
and TS values provide important data on sugar recovery from CNTS by high and low-pressure extraction.

3.4.5. Protein content
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The total protein content was evaluated from the samples recovered by SWE, PLE, MCE, and MCW, with
values from 3.05 to 5.60 (g 100 g− 1), as shown in Fig. 7.

The best protein recovery was by PLE2, SWE3, and SWE4 (values of 5.19, 5.47, and 5.60 g 100 g− 1

proteins, respectively), with significantly equal values (p < 0.05) (Fig. 7). Moderate extraction conditions
prevented protein degradation. Increasing the extraction temperature can cause protein denaturation,
reducing its recovery (Mannu et al. 2021). This is elucidated by the increase in protein hydrophobic
interactions with temperature, although, at very high temperatures, the hydrophobic interaction between
the surface of the protein molecules and the amino acids is weakened (Iqbal et al. 2016).

3.5 Sequential extraction process integration
The effect of CNTS defatting pretreatment by SFE or SOX was evaluated for the extracts recovered as a
second step by high-pressure (PLE and SWE) and low-pressure (MCE and MCW) methods. The analysis
was conducted in terms of the recovery of polyphenols (TPC and TFC), antioxidant capacities (FRAP,
DPPH, and ABTS), sugar contents (RS and TS), and proteins. The high-pressure sequential extractions
were conducted as: SFE2-PLE2; SFE2-SWE3 and SFE2-PLE2-SWE3, based on the individual extraction
conditions that recovered higher concentrations of the non-polar (fatty acids) and polar (polyphenols,
antioxidants, and sugars) fractions. The low-pressure sequential methods were conducted as: SOX-MCE;
SOX-MCW and SOX-MCE-MCW, with results presented at Fig. 8.

The last steps of each sequential assays were compared with the isolated assays (conducted at the
conditions selected for the integration process), i.e., the individual extractions of PLE2, SWE3, MCE, and
MCW.

The extraction yield of the polar fraction was not affected by solid defatting (at high- or low- pressure) (p 
< 0.05), showing that defatted material has no significant influence on the yield of SFE-PLE2 (compared
to only PLE2), and of SOX-MCE (compared to only MCE), respectively. The yield of the last step of route
SFE2-PLE2-SWE3 decreased, compared to SWE3 and to SFE2-SWE3. It means that previous extractions in
combined routes already solubilized components from the raw material, which was also detected for the
low-pressure route (SOX-MCE-MCW), as presented at Fig. 8a.

TPC and TFC of the polar samples were favored at two-step routes SFE2-PLE2, SFE2-SWE3, SOX-MCE,
and SOX-MCW (Fig. 8b and 8c), where defatted samples were used, compared to the individual assays
(PLE2, SWE3, MCE, and MCW, respectively). This behavior suggests that the CNTS lipid fraction may
hindered the desorption of phenolic compounds (Viganó et al. 2016). Chandrasekara & Shahidi (2011a)
evaluated the antioxidant potential of cashew phenolics in foods and biological model systems affected
by roasting and observed TPC values of 656.2, 701.2, and 790.9 (mg GAE g− 1) for raw and roasted
defatted CNTS at low and high temperatures, respectively. The values were close to those obtained by
degreasing with SFE and SOX.
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The behavior of antioxidant capacity (by FRAP, DPPH, and ABTS) was similar to the TPC and TFC values,
suggesting that polyphenols are the main antioxidant components from CNTS (Fig. 8d, 8e, and 8f). Also,
defatted samples affected positively the antioxidant capacity, compared to non-defatted samples.
Correlation analysis between polyphenols (TPC and TFC) and antioxidant capacity (FRAP, DPPH, and
ABTS) revealed positive and strong correlations between these compounds (Table S2). Sruthi et al.
(2023) analyzed the profile of phenolic compounds in CNTS and evaluated their antioxidant properties;
the antioxidant capacity of the phenolic fractions of CNTS was positively correlated with its polyphenol
content. Therefore, polyphenols may be the dominant antioxidant component in CNTS. The high
concentrations attributed to the antioxidant capacity of CNTS can be attributed to the high content of
polyphenols (phenolic acids and flavonoids) (Trox et al. 2011). The antioxidant potential of phenolic
compounds is attributed to the presence of one or more hydroxyl groups (-OH) within their aromatic ring
structure (Moazzen et al. 2022). Though the antioxidant function of flavonoids is commonly tied to the
existence of phenolic hydroxyl groups (-OH), the C-H bonds contribute to their antioxidant capacity.
Furthermore, it has been shown that the preferred mechanism for radical scavenging by flavonoids is
through hydrogen atom transfer (Vo et al. 2019). This difference may be related to the concentrations of
phenolic acids (gallic, syringic, and p-coumaric) present in the CNTS (Trox et al. 2011). Additionally, (+)-
catechin and (-)-epicatechin are two important flavonoids in CNTS (Chandrasekara and Shahidi 2011b).
They are responsible for various biological activities, including antioxidant effects (Bernatova 2018). This
correlation can be attributed to the large amounts of flavonoids in the CNTS. Several authors have
identified a strong correlation between polyphenols and antioxidant capacity (Sorita et al. 2022; Sruthi et
al. 2023).

No significant differences in the RS or TS contents were detected with sequential processes (SFE2-PLE2,
SFE 2-SWE3, SOX-MCE, and SOX-MCE), compared to individual assays (PLE2, SWE3, MCE, and MCW)
(Fig. 8g and 8h). Removing the lipid fraction does not affect the sugar content in the CNTS extract since
the sugars have low solubility in nonpolar solvents. In the sequential steps SFE2-PLE2-SWE3 and SOX-
MCE-MCW, the recoveries of these compounds decreased since some of these compounds were
previously solubilized in two steps. Regarding the protein content, removing the nonpolar fraction prior to
sequential extraction with water (SFE2-SWE3) provided greater protein recovery (Fig. 8i). In addition, it
was still possible to recover the amounts of compounds retained in the solid material in sequential SFE2-
PLE2-SWE3.

3.6. Chemical profile by UPLC-PDA-ESI-QDa analysis
The extracts obtained by high- and low-pressure assays (individual extractions), and by the sequential
processes were evaluated by liquid chromatography using negative ionization mode, as it is adequate for
phenolic substances. The major compounds detected at the samples were catechin and epicatechin, or
their condensed units, attributed to procyanidins. Figure 9 shows the UV‒Vis chromatograms at 280 nm
of the analyzed extracts, with the mass spectrum data of the identified compounds shown in Fig. S3.
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Peaks 2 (tR − 5.58) and 4 (tR − 6.22), with molecular ion [M-H]− at 289 m/z, were dominant in the CNTS
extracts (Fig. S3b) and identified as catechin (C15H14O6) and epicatechin (C15H14O6), respectively.
Detailed fragmentation patterns are shown in Figure S3a and S3d. Sandhu & Gu (2010) reported that
catechin and epicatechin [M-H]− at 289 m/z exhibited fragmentation characteristics at 245, 205 and 203
m/z (cleavage of the A-flavan-3-ol ring). Sruthi et al. (2023) observed predominant peaks from CNTS
extracts, with main ion [M-H]− at 289 m/z, were catechin and epicatechin monomers with molecular
formula C15H14O6. Trox et al. (2011) and Chandrasekara & Shahidi (2011b) also reported catechin and
epicatechin as the main compounds from CNTS. Catechin has attributes such as potent antioxidant, anti-
inflammatory potential Higdon & Frei (2003), and also antibacterial properties and contributes to
cardiovascular protection (Kalender et al. 2002).

Peaks 1 (tR -5.14), 3 (tR -5.89), 5 (tR -6.40), and 8 (tR -7.8) (Fig. 9) of the CNTS spectrum showed molecular

ion [M-H]− at m/z 577,579, and 865. Detailed fragmentation patterns are shown in Fig. S3a, S3c, S3e, and
S3h. The monomeric flavonoid unit at m/z 289 is the result of cleavage of the C-C bond between two
catechin units or cleavage of the quinone methide (Sun et al. 2020). After comparing retention times and
m/z values, peaks 1 and 3 were tentatively identified as procyanidin B2, while peaks 5 and 8 were
tentatively identified as procyanidin B3 (G. S. da Silva et al. 2017; Rockenbach et al. 2012). Procyanidins
have been receiving recognition for their diverse therapeutic properties, which include antitumor,
antioxidant, anti-inflammatory, immune-modulatory, and hypoglycemic effects (Zineb et al. 2023). Peaks
6 (tR -7.02) and 9 (tR -10.63) had molecular ions at 579 m/z [M-H]− (Fig. S3f and S3i), and were reported
as derived from procyanidin, according to fragmentation pattern reported by Sruthi et al. (2023). Peak 7
(tR − 7.41) presented molecular ion at 441 m/z [M-H]− (fragmentation pattern at Fig. S3g), as reported by
Sandhu & Gu (2010), and was identified as catechin gallate.

This analysis corroborates with Sruthi et al. Sruthi et al. (2023), which reported the main polyphenols
from CNTS. Then, catechin, epicatechin, catechin gallate, and procyanidin dimers in the procyanidin
trimer, identified by the presence of a three-ring structure, are the significant polyphenols from CNTS
extract. Based on structural variations, flavonoids are subdivided in flavanols, flavanols, flavones,
isoflavones, anthocyanidins, flavanones, and chalcones (Shen et al. 2022).

A heatmap was constructed for further analysis of phenolic compounds identified by UPLC-PDA-ESI-QDa
in the CNTS extracts (Fig. 10).

We observed that darker tones indicate higher concentrations of phenolic compounds from the CNTS
extracts. Defatted samples presented higher concentration in phenolic compounds, i.e., the sequential
methods SFE2-PLE2 and SOX-MCE presented higher polyphenols concentration, compared to one step
samples. Furthermore, the polyphenols were also detected, in small concentrations, from the water
extracts at the third extraction steps (SFE2-PLE2-SWE3 and SOX-MCE-MCW). These results contribute to
upcycling the cashew agroindustry because the identified polyphenols are valuable compounds for
further applications in food, pharmaceutical and chemical industries.
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4. Conclusions
The results obtained in this study show that high-pressure techniques provided satisfactory recovery of
bioactive compounds compared to conventional techniques. SFE was more effective than Soxhlet
method in fatty acids recovery. Also, PLE and SWE were comparable to MCE and MCW, respectively, for
phenolics and antioxidant recovery. Furthermore, high-pressure processes are less solvent-, time-, and
energy-consuming, compared to traditional methods. Sequential extractions contributed to the yield and
the fractionation of the extractable components from CNTS, concentrating the phenolics in the polar
fraction. Epicatechin, catechin and procyanidins were the major compounds from CNTS polar extracts,
which contribute to value the recovered extracts. This novel study provided an in-depth recovery of
bioactive compounds from CNTS, following a biorefinery approach with viable alternative high-pressure
methods.

Declarations
Acknowledgments

The authors acknowledge the support and infrastructure from the Department of Chemical and Food
Engineering from Federal University of Santa Catarina - UFSC and also the Embrapa Agroindústria
Tropical. 

Fundings

The authors acknowledge the financial support from Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq), Projects 404347/2016-9 and 402304/2021-7; Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior (CAPES), Projects CAPES/PROEX 1624/2018 and 1513/2023, and
CAPES/PRINT - 88887.310560/2018 – 00; and Fundação de Amparo à Pesquisa e Inovação do Estado
de Santa Catarina (FAPESC), Project 3003/2021. 

Author’s contribution

Jonas da Silva: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Software;
Validation; Visualization; Writing - original draft; Writing - review & editing. Talyta Mayara Silva Torres:
Data curation; Formal analysis; Software; Visualization; Writing - original draft; Writing - review & editing.
Paulo Riceli Vasconcelos Ribeiro: Data curation; Formal analysis; Software; Visualization; Writing -
original draft; Writing - review & editing. Edy Sousa de Brito: Conceptualization; Funding acquisition;
Methodology; Project administration; Resources; Supervision; Validation; Visualization; Writing - review &
editing.  Sandra Regina Salvador Ferreira: Conceptualization; Funding acquisition; Methodology; Project
administration; Resources; Supervision; Validation; Visualization; Writing - review & editing. 

Declaration of competing interests

The authors declare no competing interests. 



Page 20/35

Data Availability Statement 

All data generated or analyzed during this study are included in this published article.

References
1. Andrade, K. S., Gonçalvez, R. T., Maraschin, M., Ribeiro-do-Valle, R. M., Martínez, J., & Ferreira, S. R. S.

(2012). Supercritical fluid extraction from spent coffee grounds and coffee husks: Antioxidant
activity and effect of operational variables on extract composition. Talanta, 88, 544–552.
https://doi.org/https://doi.org/10.1016/j.talanta.2011.11.031.

2. AOAC. (1996). method 926.12. Official methods of analysis of the Association of Official Analytical
Chemists (Vol. 33). A.O.A.C.

3. AOAC. (2000). method 928.08. Official methods of analysis of the Association of Official Analytical
Chemists (Vol. 17). A.O.A.C.

4. AOAC. (2005). method 920.39C. hods of analysis of the Association of Official Analytical Chemists
(Vol. 33). A.O.A.C.

5. Arturo-Perdomo, D., Mora, J. P. J., Ibáñez, E., Cifuentes, A., Hurtado-Benavides, A., & Montero, L.
(2021). Extraction and Characterization of the Polar Lipid Fraction of Blackberry and Passion Fruit
Seeds Oils Using Supercritical Fluid Extraction. Food Analytical Methods, 14(10), 2026–2037.
https://doi.org/10.1007/s12161-021-02020-5.

6. Ballesteros, L. F., Teixeira, J. A., & Mussatto, S. I. (2017). Extraction of polysaccharides by
autohydrolysis of spent coffee grounds and evaluation of their antioxidant activity. Carbohydrate
Polymers, 157, 258–266. https://doi.org/10.1016/j.carbpol.2016.09.054.

7. Benzie, I. F. F., & Strain, J. J. (1996). The Ferric Reducing Ability of Plasma (FRAP) as a Measure of
Antioxidant Power: The FRAP Assay. Analytical Biochemistry, 239(1), 70–76.
https://doi.org/10.1006/ABIO.1996.0292.

8. Bernatova, I. (2018). Biological activities of (–)-epicatechin and (–)-epicatechin-containing foods:
Focus on cardiovascular and neuropsychological health. Biotechnology Advances, 36(3), 666–681.
https://doi.org/10.1016/j.biotechadv.2018.01.009.

9. Chamika, W. A. S., Ho, T. C., Roy, V. C., Kiddane, A. T., Park, J. S., Kim, G. D., & Chun, B. S. (2021). In
vitro characterization of bioactive compounds extracted from sea urchin (Stomopneustes variolaris)
using green and conventional techniques. Food Chemistry, 361, 129866.
https://doi.org/10.1016/j.foodchem.2021.129866.

10. Chandrasekara, N., & Shahidi, F. (2011a). Antioxidative potential of cashew phenolics in food and
biological model systems as affected by roasting. Food Chemistry, 129(4), 1388–1396.
https://doi.org/10.1016/j.foodchem.2011.05.075.

11. Chandrasekara, N., & Shahidi, F. (2011b). Effect of roasting on phenolic content and antioxidant
activities of whole cashew nuts, kernels, and testa. Journal of Agricultural and Food Chemistry,
59(9), 5006–5014. https://doi.org/10.1021/jf2000772.



Page 21/35

12. Chaves, M. H., Antônia Maria das Graças, Lopes, C., Lopes, J. A. D., Costa, D. A., de da, Oliveira, C. A.
A., Costa, A. F., & Brito Júnior, F. E. M. (2010). Fenóis totais, atividade antioxidante e constituintes
químicos de extratos de Anacardium occidentale L., Anacardiaceae. Revista Brasileira de
Farmacognosia, 20(1), 106–112. https://doi.org/10.1590/S0102-695X2010000100021.

13. Cuco, R. P., Massa, T. B., Postaue, N., Cardozo-Filho, L., da Silva, C., & Iwassa, I. J. (2019). Oil
extraction from structured bed of pumpkin seeds and peel using compressed propane as solvent.
The Journal of Supercritical Fluids, 152, 104568. https://doi.org/10.1016/j.supflu.2019.104568.

14. da Costa, J. G. (2019). Extração do óleo essencial e fixo da amêndoa da castanha de caju
(Anacardium occidentale L.) e do tegumento. UFRN - Universidade Federal do Rio Grande do Norte,
Natal - RN.

15. da Silva, G. S., Canuto, K. M., Ribeiro, P. R. V., de Brito, E. S., Nascimento, M. M., Zocolo, G. J., et al.
(2017). Chemical profiling of guarana seeds (Paullinia cupana) from different geographical origins
using UPLC-QTOF-MS combined with chemometrics. Food Research International, 102, 700–709.
https://doi.org/10.1016/j.foodres.2017.09.055.

16. da Silva, J., de Brito, E. S., & Ferreira, S. R. S. (2022). Biorefinery of Cashew By-Products: Recovery of
Value-Added Compounds. Food and Bioprocess Technology. https://doi.org/10.1007/s11947-022-
02916-y.

17. Del Castillo-Llamosas, A., del Río, P. G., Pérez-Pérez, A., Yáñez, R., Garrote, G., & Gullón, B. (2021).
Recent advances to recover value-added compounds from avocado by-products following a
biorefinery approach. Current Opinion in Green and Sustainable Chemistry, 28, 100433.
https://doi.org/10.1016/j.cogsc.2020.100433.

18. Essien, S. O., Young, B., & Baroutian, S. (2020). Recent advances in subcritical water and supercritical
carbon dioxide extraction of bioactive compounds from plant materials. Trends in Food Science &
Technology, 97, 156–169. https://doi.org/https://doi.org/10.1016/j.tifs.2020.01.014.

19. Ferreira, S. R. S., & Meireles, M. A. A. (2002). Modeling the supercritical fluid extraction of black
pepper (Piper nigrum L.) essential oil. Journal of Food Engineering, 54(4), 263–269.
https://doi.org/10.1016/S0260-8774(01)00212-6.

20. Frigolet, M. E., & Gutiérrez-Aguilar, R. (2017). The Role of the Novel Lipokine Palmitoleic Acid in
Health and Disease. Advances in Nutrition, 8(1), 173S–181S.
https://doi.org/10.3945/an.115.011130.

21. Gan, A., & Baroutian, S. (2022). Subcritical water extraction for recovery of phenolics and fucoidan
from New Zealand Wakame (Undaria pinnatifida) seaweed. The Journal of Supercritical Fluids, 190,
105732. https://doi.org/10.1016/J.SUPFLU.2022.105732.

22. Gil-Martín, E., Forbes-Hernández, T., Romero, A., Cianciosi, D., Giampieri, F., & Battino, M. (2022).
Influence of the extraction method on the recovery of bioactive phenolic compounds from food
industry by-products. Food Chemistry, 378, 131918.
https://doi.org/10.1016/J.FOODCHEM.2021.131918.



Page 22/35

23. Gonçalves Rodrigues, L. G., Mazzutti, S., Vitali, L., Micke, G. A., & Ferreira, S. R. S. (2019). Recovery of
bioactive phenolic compounds from papaya seeds agroindustrial residue using subcritical water
extraction. Biocatalysis and Agricultural Biotechnology, 22, 101367.
https://doi.org/https://doi.org/10.1016/j.bcab.2019.101367.

24. Heidari, M., Dutta, A., Acharya, B., & Mahmud, S. (2019). A review of the current knowledge and
challenges of hydrothermal carbonization for biomass conversion. Journal of the Energy Institute,
92(6), 1779–1799. https://doi.org/10.1016/j.joei.2018.12.003.

25. Higdon, J. V., & Frei, B. (2003). Tea Catechins and Polyphenols: Health Effects, Metabolism, and
Antioxidant Functions. Critical Reviews in Food Science and Nutrition, 43(1), 89–143.
https://doi.org/10.1080/10408690390826464.

26. Iqbal, M., Tao, Y., Xie, S., Zhu, Y., Chen, D., Wang, X., et al. (2016). Aqueous two-phase system (ATPS):
an overview and advances in its applications. Biological Procedures Online, 18(1), 18.
https://doi.org/10.1186/s12575-016-0048-8.

27. Jamil, M. A. R., Touchy, A. S., Poly, S. S., Rashed, M. N., Siddiki, S. M. A. H., Toyao, T. (2020). High-
silica HΒ zeolite catalyzed methanolysis of triglycerides to form fatty acid methyl esters (FAMEs).
Fuel Processing Technology, 197. https://doi.org/10.1016/J.FUPROC.2019.106204.

28. Kalender, S., Kalender, Y., Ates, A., Yel, M., Olcay, E., & Candan, S. (2002). Protective role of antioxidant
vitamin E and catechin on idarubicin-induced cardiotoxicity in rats. Brazilian Journal of Medical and
Biological Research, 35(11), 1379–1387. https://doi.org/10.1590/S0100-879X2002001100017.

29. Kamath, V., Joshi, A. K. R., & Rajini, P. S. (2008). Dimethoate induced biochemical perturbations in rat
pancreas and its attenuation by cashew nut skin extract. Pesticide Biochemistry and Physiology,
90(1), 58–65. https://doi.org/https://doi.org/10.1016/j.pestbp.2007.07.007.

30. Kamath, V., & Rajini, P. S. (2007). The efficacy of cashew nut (Anacardium occidentale L.) skin extract
as a free radical scavenger. Food Chemistry, 103(2), 428–433.
https://doi.org/10.1016/j.foodchem.2006.07.031.

31. Kamatou, G. P. P., & Viljoen, A. M. (2017). Comparison of fatty acid methyl esters of palm and palmist
oils determined by GCxGC–ToF–MS and GC–MS/FID. South African Journal of Botany, 112, 483–
488. https://doi.org/10.1016/J.SAJB.2017.06.032.

32. Kannan, V. R., Samiappan, S., Velramar, B., Nachimuthu, R., Kannan, R., Kannan, V., V. R., et al. (2009).
Elementary Chemical Profiling and Antifungal Properties of Cashew (Anacardium occidentale L.)
Nuts Biocontrol View project Bacteriophage therapy View project Elementary Chemical Profiling and
Antifungal Properties of Cashew (Anacardium occidentale L.) Nuts. Botany Research International,
2(4), 253–257. https://www.researchgate.net/publication/237358357.

33. Krümmel, A., Gonçalves Rodrigues, L. G., Vitali, L., & Ferreira, S. R. S. (2022). Bioactive compounds
from Pleurotus sajor-caju mushroom recovered by sustainable high-pressure methods. LWT, 160,
113316. https://doi.org/10.1016/J.LWT.2022.113316.

34. Leal, A. R., Dionísio, A. P., de Abreu, F. A. P., de Oliveira, G. F., Araújo, I. M. da, Magalhães, S. (2023). H.
C. R.,. Impact of different kernel grades on volatile compounds profile, fatty acids and oxidative



Page 23/35

quality of cashew nut oil. Food Research International, 165, 112526.
https://doi.org/10.1016/j.foodres.2023.112526.

35. Lee, J. J. L., Cui, X., Chai, K. F., Zhao, G., & Chen, W. N. (2020). Interfacial Assembly of a Cashew Nut
(Anacardium occidentale) Testa Extract onto a Cellulose-Based Film from Sugarcane Bagasse to
Produce an Active Packaging Film with pH-Triggered Release Mechanism. Food and Bioprocess
Technology, 13(3), 501–510. https://doi.org/10.1007/s11947-020-02414-z.

36. Mannu, A., Blangetti, M., Baldino, S., & Prandi, C. (2021). Promising Technological and Industrial
Applications of Deep Eutectic Systems. Materials, 14(10), 2494.
https://doi.org/10.3390/ma14102494.

37. Mariatti, F., Gunjević, V., Boffa, L., & Cravotto, G. (2021). Process intensification technologies for the
recovery of valuable compounds from cocoa by-products. Innovative Food Science & Emerging
Technologies, 68, 102601. https://doi.org/10.1016/j.ifset.2021.102601.

38. Mazzutti, S., Rodrigues, L. G. G., Mezzomo, N., Venturi, V., & Ferreira, S. R. S. (2018). Integrated green-
based processes using supercritical CO2 and pressurized ethanol applied to recover antioxidant
compouds from cocoa (Theobroma cacao) bean hulls. The Journal of Supercritical Fluids, 135, 52–
59. https://doi.org/https://doi.org/10.1016/j.supflu.2017.12.039.

39. Mensor, L. L., Menezes, F. S., Leitão, G. G., Reis, A. S., Santos, T. C., dos, Coube, C. S., & Leitão, S. G.
(2001). Screening of Brazilian plant extracts for antioxidant activity by the use of DPPH free radical
method. Phytotherapy Research, 15(2), 127–130. https://doi.org/https://doi.org/10.1002/ptr.687.

40. Mezzomo, N., Martínez, J., & Ferreira, S. R. S. (2009). Supercritical fluid extraction of peach (Prunus
persica) almond oil: Kinetics, mathematical modeling and scale-up. The Journal of Supercritical
Fluids, 51(1), 10–16. https://doi.org/10.1016/j.supflu.2009.07.008.

41. Michielin, E., Danielski, L., & Ferreira, S. (2005). Experimental data and modeling the supercritical fluid
extraction of marigold (Calendula officinalis) oleoresin. Journal of Supercritical Fluids - J SUPERCRIT
FLUID, 34, 163–170. https://doi.org/10.1016/j.supflu.2004.11.010.

42. Miller, G. L. (1959). Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar.
Analytical Chemistry, 31(3), 426–428. https://doi.org/10.1021/ac60147a030.

43. Moazzen, A., Öztinen, N., Ak-Sakalli, E., & Koşar, M. (2022). Structure-antiradical activity relationships
of 25 natural antioxidant phenolic compounds from different classes. Heliyon, 8(9), e10467.
https://doi.org/10.1016/j.heliyon.2022.e10467.

44. Muñoz-Arrieta, R., Esquivel-Alvarado, D., Alfaro-Viquez, E., Alvarez-Valverde, V., Krueger, C. G., & Reed,
J. D. (2021). Nutritional and bioactive composition of Spanish, Valencia, and Virginia type peanut
skins. Journal of Food Composition and Analysis, 98, 103816.
https://doi.org/10.1016/j.jfca.2021.103816.

45. Murugesh, C. S., Rastogi, N. K., & Subramanian, R. (2018). Athermal extraction of green tea:
Optimisation and kinetics of extraction of polyphenolic compounds. Innovative Food Science &
Emerging Technologies, 50, 207–216. https://doi.org/10.1016/j.ifset.2018.06.005.



Page 24/35

46. Nagaraja, K. V. (2000). Biochemical Composition of Cashew (Anacardium occidentale L.) Kernel
Testa. Journal of Food Science and Technology, 37(5), 554–556.
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
0009886015&partnerID=40&md5=9ec903c84fee89e2749d52ce61828c96

47. Nanda, S., Reddy, S. N., Dalai, A. K., & Kozinski, J. A. (2016). Subcritical and supercritical water
gasification of lignocellulosic biomass impregnated with nickel nanocatalyst for hydrogen
production. International Journal of Hydrogen Energy, 41(9), 4907–4921.
https://doi.org/10.1016/j.ijhydene.2015.10.060.

48. Nishi, S. K., Kendall, C. W. C., Bazinet, R. P., Bashyam, B., Ireland, C. A., Augustin, L. S. A., et al. (2014).
Nut consumption, serum fatty acid profile and estimated coronary heart disease risk in type 2
diabetes. Nutrition Metabolism and Cardiovascular Diseases, 24(8), 845–852.
https://doi.org/10.1016/j.numecd.2014.04.001.

49. O’Fallon, J. V., Busboom, J. R., Nelson, M. L., & Gaskins, C. T. (2007). A direct method for fatty acid
methyl ester synthesis: Application to wet meat tissues, oils, and feedstuffs. Journal of Animal
Science, 85(6), 1511–1521. https://doi.org/10.2527/jas.2006-491.

50. de Oliveira, N. F (2016). Isolamento dos constituintes do tegumento da castanha de cajú (TCC) e
avaliação do seu potencial como antioxidante natural. UFRN - Universidade Federal do Rio Grande
do Norte, Natal - RN.

51. Pagano, I., Campone, L., Celano, R., Piccinelli, A. L., & Rastrelli, L. (2021). Green non-conventional
techniques for the extraction of polyphenols from agricultural food by-products: A review. Journal of
Chromatography A, 1651, 462295. https://doi.org/10.1016/j.chroma.2021.462295.

52. Plaza, M., & Marina, M. L. (2019). Pressurized hot water extraction of bioactives. TrAC Trends in
Analytical Chemistry, 116, 236–247. https://doi.org/10.1016/j.trac.2019.03.024.

53. Plaza, M., & Turner, C. (2015). Pressurized hot water extraction of bioactives. TrAC Trends in
Analytical Chemistry, 71, 39–54. https://doi.org/10.1016/j.trac.2015.02.022.

54. Prosky, L., Asp, N. G., Furda, I., Devries, J. W., Schweizer, T. F., & Harland, B. F. (1984). Determination of
Total Dietary Fiber in Foods, Food Products, and Total Diets: Interlaboratory Study. Journal of AOAC
INTERNATIONAL, 67(6), 1044–1052. https://doi.org/10.1093/jaoac/67.6.1044.

55. Rajini, P. S. (2011). Cashew Nut (Anacardium occidentale L.) Skin Extract as a Free Radical
Scavenger. Nuts and Seeds in Health and Disease Prevention. Elsevier Inc.
https://doi.org/10.1016/B978-0-12-375688-6.10036-2.

56. Ray, A., Dubey, K. K., Marathe, S. J., & Singhal, R. (2023). Supercritical fluid extraction of bioactives
from fruit waste and its therapeutic potential. Food Bioscience, 52, 102418.
https://doi.org/10.1016/J.FBIO.2023.102418.

57. Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., & Rice-Evans, C. (1999). Antioxidant
activity applying an improved ABTS radical cation decolorization assay. Free Radical Biology and
Medicine, 26(9–10), 1231–1237. https://doi.org/10.1016/S0891-5849(98)00315-3.



Page 25/35

58. Rebelatto, E. A., Rodrigues, L. G. G., Rudke, A. R., Andrade, K. S., & Ferreira, S. R. S. (2020). Sequential
green-based extraction processes applied to recover antioxidant extracts from pink pepper fruits. The
Journal of Supercritical Fluids, 166, 105034. https://doi.org/10.1016/J.SUPFLU.2020.105034.

59. Reis Ribeiro, S., Klein, B., Machado Ribeiro, Q., Duarte dos Santos, I., Gomes Genro, A. L., de Freitas
Ferreira, D., et al. (2020). Chemical composition and oxidative stability of eleven pecan cultivars
produced in southern Brazil. Food Research International, 136, 109596.
https://doi.org/10.1016/j.foodres.2020.109596.

60. Reyes, F. A., Mendiola, J. A., Ibañez, E., & del Valle, J. M. (2014). Astaxanthin extraction from
Haematococcus pluvialis using CO2-expanded ethanol. The Journal of Supercritical Fluids, 92, 75–
83. https://doi.org/10.1016/j.supflu.2014.05.013.

61. Rockenbach, I. I., Jungfer, E., Ritter, C., Santiago-Schübel, B., Thiele, B., Fett, R., & Galensa, R. (2012).
Characterization of flavan-3-ols in seeds of grape pomace by CE, HPLC-DAD-MSn and LC-ESI-FTICR-
MS. Food Research International, 48(2), 848–855. https://doi.org/10.1016/j.foodres.2012.07.001.

62. Sandhu, A. K., & Gu, L. (2010). Antioxidant Capacity, Phenolic Content, and Profiling of Phenolic
Compounds in the Seeds, Skin, and Pulp of Vitis rotundifolia (Muscadine Grapes) As Determined by
HPLC-DAD-ESI-MS. Journal of Agricultural and Food Chemistry, 58(8), 4681–4692.
https://doi.org/10.1021/jf904211q.

63. Schiassi, M. C. E. V., de Souza, V. R., Lago, A. M. T., Campos, L. G., & Queiroz, F. (2018). Fruits from the
Brazilian Cerrado region: Physico-chemical characterization, bioactive compounds, antioxidant
activities, and sensory evaluation. Food Chemistry, 245, 305–311.
https://doi.org/10.1016/j.foodchem.2017.10.104.

64. Shahidi, F., & Zhong, Y. (2010). Lipid oxidation and improving the oxidative stability. Chemical Society
Reviews, 39(11), 4067. https://doi.org/10.1039/b922183m.

65. Sharma, P., Gaur, V. K., Sirohi, R., Larroche, C., Kim, S. H., & Pandey, A. (2020). Valorization of cashew
nut processing residues for industrial applications. Industrial Crops and Products, 152, 112550.
https://doi.org/https://doi.org/10.1016/j.indcrop.2020.112550.

66. Shen, N., Wang, T., Gan, Q., Liu, S., Wang, L., & Jin, B. (2022). Plant flavonoids: Classification,
distribution, biosynthesis, and antioxidant activity. Food Chemistry, 383, 132531.
https://doi.org/10.1016/j.foodchem.2022.132531.

67. Singleton, V. L., Orthofer, R., & Lamuela-Raventós, R. M. (1999). B. T.-M. in E. Analysis of total phenols
and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent. In Oxidants and
Antioxidants Part A (Vol. 299, pp. 152–178). Academic Press.
https://doi.org/https://doi.org/10.1016/S0076-6879(99)99017-1.

68. Sorita, G. D., de Oliveira, A., Moreira, T. F. M., Leimann, F. V., & Ferreira, S. R. S. (2022). Green-based
processes applied for valorization of peanut by-product: In vitro evaluation of antioxidant and
enzymatic inhibition capacities. The Journal of Supercritical Fluids, 186, 105602.
https://doi.org/10.1016/J.SUPFLU.2022.105602.



Page 26/35

69. Sovová, H. (1994). Rate of the vegetable oil extraction with supercritical CO2—I. Modelling of
extraction curves. Chemical Engineering Science, 49(3), 409–414. https://doi.org/10.1016/0009-
2509(94)87012-8.

70. Sruthi, P., & Naidu, M. M. (2023). Cashew nut (Anacardium occidentale L.) testa as a potential source
of bioactive compounds: A review on its functional properties and valorization. Food Chemistry
Advances, 3, 100390. https://doi.org/10.1016/j.focha.2023.100390.

71. Sruthi, P., Roopavathi, C., & Madhava Naidu, M. (2023). Profiling of phenolics in cashew nut
(Anacardium occidentale L.) testa and evaluation of their antioxidant and antimicrobial properties.
Food Bioscience, 51, 102246. https://doi.org/10.1016/j.fbio.2022.102246.

72. Sun, Y., Deng, Z., Liu, R., Zhang, H., Zhu, H., Jiang, L., & Tsao, R. (2020). A comprehensive profiling of
free, conjugated and bound phenolics and lipophilic antioxidants in red and green lentil processing
by-products. Food Chemistry, 325, 126925. https://doi.org/10.1016/j.foodchem.2020.126925.

73. Torres, T. M. S., Guedes, J. A. C., de Brito, E. S., Mazzutti, S., & Ferreira, S. R. S. (2022). High-pressure
biorefining of ora-pro-nobis (Pereskia aculeata). The Journal of Supercritical Fluids, 181, 105514.
https://doi.org/10.1016/j.supflu.2021.105514.

74. Trox, J., Vadivel, V., Vetter, W., Stuetz, W., Kammerer, D. R., Carle, R., et al. (2011). Catechin and
epicatechin in testa and their association with bioactive compounds in kernels of cashew nut
(Anacardium occidentale L). Food Chemistry, 128(4), 1094–1099.
https://doi.org/https://doi.org/10.1016/j.foodchem.2011.04.018.

75. Trox, J., Vadivel, V., Vetter, W., Stuetz, W., Scherbaum, V., Gola, U., et al. (2010). Bioactive compounds
in cashew nut (anacardium occidentale l.) kernels: Effect of different shelling methods. Journal of
Agricultural and Food Chemistry, 58(9), 5341–5346. https://doi.org/10.1021/jf904580k.

76. Tunçil, Y. E. (2020). Dietary fibre profiles of Turkish Tombul hazelnut (Corylus avellana L.) and
hazelnut skin. Food Chemistry, 316, 126338. https://doi.org/10.1016/j.foodchem.2020.126338.

77. Viganó, J., Aguiar, A. C., Moraes, D. R., Jara, J. L. P., Eberlin, M. N., Cazarin, C. B. B., et al. (2016).
Sequential high pressure extractions applied to recover piceatannol and scirpusin B from passion
fruit bagasse. Food Research International, 85, 51–58.
https://doi.org/10.1016/j.foodres.2016.04.015.

78. Vo, Q. V., Nam, P. C., Thong, N. M., Trung, N. T., Phan, C. T. D., & Mechler, A. (2019). Antioxidant Motifs
in Flavonoids: O–H versus C–H Bond Dissociation. ACS Omega, 4(5), 8935–8942.
https://doi.org/10.1021/acsomega.9b00677.

79. Weinhold, T. S., Bresciani, L. F. V., Tridapalli, C. W., Yunes, R. A., Hense, H., & Ferreira, S. R. S. (2008).
Polygala cyparissias oleoresin: Comparing CO2 and classical organic solvent extractions. Chemical
Engineering and Processing: Process Intensification, 47(1), 109–117.
https://doi.org/10.1016/j.cep.2007.08.007.

80. Zhang, J., Wen, C., Gu, J., Ji, C., Duan, Y., & Zhang, H. (2019). Effects of subcritical water extraction
microenvironment on the structure and biological activities of polysaccharides from Lentinus



Page 27/35

edodes. International Journal of Biological Macromolecules, 123, 1002–1011.
https://doi.org/10.1016/j.ijbiomac.2018.11.194.

81. Zhang, J., Wen, C., Zhang, H., Duan, Y., & Ma, H. (2020). Recent advances in the extraction of
bioactive compounds with subcritical water: A review. Trends in Food Science & Technology, 95,
183–195. https://doi.org/10.1016/j.tifs.2019.11.018.

82. Zhishen, J., Mengcheng, T., & Jianming, W. (1999). The determination of flavonoid contents in
mulberry and their scavenging effects on superoxide radicals. Food Chemistry, 64(4), 555–559.
https://doi.org/10.1016/S0308-8146(98)00102-2.

83. Zhu, G., Zhu, X., Fan, Q., & Wan, X. (2011). Production of reducing sugars from bean dregs waste by
hydrolysis in subcritical water. Journal of Analytical and Applied Pyrolysis, 90(2), 182–186.
https://doi.org/10.1016/j.jaap.2010.12.006.

84. Zineb, O. Y., Rashwan, A. K., Karim, N., Lu, Y., Tangpong, J., & Chen, W. (2023). Recent Developments
in Procyanidins on Metabolic Diseases, Their Possible Sources, Pharmacokinetic Profile, and Clinical
Outcomes. Food Reviews International, 39(8), 5255–5278.
https://doi.org/10.1080/87559129.2022.2062770.

Figures

Figure 1

High pressure extraction scheme: a) SFE, b) PLE and/or SWE. Source: Adapted of Sorita et al. (2022)

*a) SFE - 1: CO2 regulator valve; 2, 7, 9: Manometer; 3: Cooling bath; 4: CO2 cylinder; 5: CO2 pump; 6:
Compressed air regulator; 8: Stainless steel extraction cell; 10, 13: Heating bath; 11, 12: Regulator needle
valve; 14: Extract Reservoir; 15: Rotameter
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*b) PLE and SWE - 1: Solvent reservoir; 2: Pump; 3: Heat exchanger; 4: Manometer; 5: Stainless steel
extraction cell; 6, 10: Regulator valve; 7: Regulator needle valve; 8: Extract reservoir; 9: N2 cylinder,11: PID
controller.

Figure 2

Extraction yield (Ey) obtained from CNTS using a) SFE and SOX (the oily fraction), and b) PLE, SWE, MCE,
and MCW (the polar fractions).

*Samples identified with the same letter in the column did not present a significant difference (p < 0.05)
in the Tukey test.

**High pressure: PLE-ethanol (PLE1: 40, PLE2: 60, PLE3: 80, PLE4: 100, and PLE5: 120 °C), and SWE-
water (SWE1: 80, SWE2: 100, SWE3: 120, SWE4: 140 and SWE5: 160 °C); Low pressure: MCE-ethanol
(MCE: 37°C), and MCW-water (MCW: 37°C).
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Figure 3

Fatty acids profile of CNTS oil extracted by SFE with CO2 and SOX with n-hexane.

*Samples identified with the same letter in the group did not present a significant difference (p < 0.05) in
the Tukey test.

**C16:0 - Palmitic acid, C18:0 Stearic acid, C18:1 - Oleic acid, C18:2 - Linolenic acid, C22:1 Behenic acid,
C22:1 - Erucic acid.

***High pressure: SFE-CO2 (SFE1: 15 and SFE2: 25 MPa), Low pressure: SOX-hexane.
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Figure 4

TPC (a) and TFC (b) of CNTS extracts obtained by PLE and MCE with ethanol, and SWE and MCW with
water.

*Samples identified with the same letter in the column did not present a significant difference (p < 0.05)
in the Tukey test.

**High pressure: PLE-ethanol (PLE1: 40, PLE2: 60, PLE3: 80, PLE4: 100, and PLE5: 120 °C), and SWE-
water (SWE1: 80, SWE2: 100, SWE3: 120, SWE4: 140 and SWE5: 160 °C); Low pressure: MCE-ethanol
(MCE: 37°C), and MCW-water (MCW: 37°C).

Figure 5

Antioxidant capacity by FRAP, DPPH, and ABTS assays for CNTS extracts obtained by PLE, SWE, MCE,
and MCW.
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*Samples identified with the same letter in the column did not present a significant difference (p < 0.05)
in the Tukey test.

**High pressure: PLE-ethanol (PLE1: 40, PLE2: 60, PLE3: 80, PLE4: 100, and PLE5: 120 °C), and SWE-
water (SWE1: 80, SWE2: 100, SWE3: 120, SWE4: 140 and SWE5: 160 °C); Low pressure: MCE-ethanol
(MCE: 37°C), and MCW-water (MCW: 37°C).

Figure 6

RS (a) and TS (b) sugars for CNTS extracts obtained by PLE, SWE, MCE, and MCW.

*Samples identified with the same letter in the column did not present a significant difference (p < 0.05)
in the Tukey test.

**High pressure: PLE-ethanol (PLE1: 40, PLE2: 60, PLE3: 80, PLE4: 100, and PLE5: 120 °C), and SWE-
water (SWE1: 80, SWE2: 100, SWE3: 120, SWE4: 140 and SWE5: 160 °C); Low pressure: MCE-ethanol
(MCE: 37°C), and MCW-water (MCW: 37°C).
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Figure 7

Protein recovery for CNTS extracts obtained by PLE, SWE, MCE, and MCW.

*Samples identified with the same letter in the column did not present a significant difference (p < 0.05)
in the Tukey test.

**High pressure: PLE-ethanol (PLE1: 40, PLE2: 60, PLE3: 80, PLE4: 100, and PLE5: 120 °C), and SWE-
water (SWE1: 80, SWE2: 100, SWE3: 120, SWE4: 140 and SWE5: 160 °C); Low pressure: MCE-ethanol
(MCE: 37°C), and MCW-water (MCW: 37°C).
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Figure 8

Effect of sequential integration of high-pressure and low-pressure extraction methods on: a) yield (Ey),
polyphenols b) TPC and c) TFC, antioxidant capacity d) FRAP, e) DPPH, and f) ABTS, sugars g) RS and h)
TS, and i) protein.

*Samples identified with the same letter in the column did not present a significant difference (p < 0.05)
in the Tukey test.

**High pressure: SFE2 (CO2, 25MPa), PLE2 (ethanol, 60 °C), and SWE3 (water, 120 °C). Low pressure: SOX
(hexane, 60 °C), MCE (ethanol, 37°C), and MCW (water, 37°C).
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Figure 9

Uv-Vis chromatogram at 280 nm of extracts obtained by optimal conditions and integration of the
sequential process by a) high-pressure and b) low-pressure analyzed by UPLC-PDA-ESI-QDa.

*High pressure: SFE2 (CO2, 25MPa), PLE2 (ethanol, 60 °C), and SWE3 (water, 120 °C). Low pressure: SOX
(hexane, 60 °C), MCE (ethanol, 37°C), and MCW (water, 37°C).
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Figure 10

Heatmap of the extracts obtained by extraction and sequential integration by a) high-pressure and b) low-
pressure.

*High pressure: SFE2 (CO2, 25MPa), PLE2 (ethanol, 60 °C), and SWE3 (water, 120 °C). Low pressure: SOX
(hexane, 60 °C), MCE (ethanol, 37°C), and MCW (water, 37°C).
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