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Abstract

Chestnut shell, a by-product of chestnut processing, is rich in bioactive polyphenols, which can be divided into extract-
able polyphenols (EPs) and non-extractable phenols (NEPs). The EPs have arisen a lot of interests, while NEPs combined
with cellulose in the residue are ignored. This work describes the development of a traditional ethanol extraction method
to obtain extractable polyphenols (EPs), and the residue was treated by alkaline hydrolysis to prepare NEPs optimized by
Box-Behnken experimental designs. The total phenolic contents and the scavenging effects of DPPH and ABTS* free radicals
were measured. Using UPLC-ESI-MS/MS technology, combined with principal component analysis (PCA) and orthogonal
partial least square discriminant analysis (OPLS-DA), qualitative and quantitative analysis and difference analysis of EPs
and NEPs were carried out. Optimal extraction conditions to extract NEPs by alkaline hydrolysis method were obtained, and
the content of polyphenols obtained from NEPs was significantly higher than that of EPs. EPs have the higher scavenging
effects of DPPH and ABTS™ free radicals than NEPs. A total of 466 polyphenol compounds were detected. Among them,
EPs are rich in flavonoids, phenolic acids, tannins, lignans coumarins and quinones, while phenolic acids were dominant in
NEPs, which provides a reference for the utilization of polyphenols from the chestnut shell. Both EPs and NEPs are abun-
dant in phenolic composition, although there were significant differences in the compositional situation. Notably, NEPs are
a widespread source of polyphenols but have not received much attention in practical applications. This study can provide
a basis for the reuse of chestnut waste.

Keywords Plant waste - Non-extractable polyphenol - Antioxidant - UPLC-ESI-MS/MS - Principal component analysis
(PCA)

Introduction

Chestnut (Castanea mollissima Blume) belongs to the
Fagaceae family, and it is an important food crop in many
countries and regions for several centuries [1]. Chestnut fruit
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is the main edible part because of its rich contents of starch,
amino acids, fiber, fatty acid, vitamins, minerals and other
nutrients [2, 3]. At present, China has become the major
chestnut producer with an annual yield of about 1.0 x 10°
tons, and a large volume of useful byproducts is produced
including chestnut shell [4]. Chestnut shell is accounts for
about 10% of the total weight of chestnut, and is disposed
as fuel, but the burning of chestnut shell will produce toxic
chemicals (such as carbon monoxide, nitrogen oxide, aro-
matic/long-chain hydrocarbons compounds, etc.), which
will cause negative impact on the environment [5, 6]. It is
reported that polyphenols have antioxidant, anti-cancer, and
anti-inflammatory activities, which has a positive effect on
human health [7-10]. Thus, there has been a great interest
in reusing chestnut waste, both because it reduces environ-
mental pressure and represents high-value bioactive com-
pounds, which have important physiological significance as
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secondary metabolites of plants [11-13]. It was found that
chestnut shell polyphenols contained tannins, flavonoids
and phenolic acids and other polyphenols, which had been
proved to have a variety of biological activities. It could also
be used in food anticorrosion, paper and cosmetics produc-
tion and other industries [10, 14].

However, in terms of extraction process, the traditional
solvent extraction method can only extract extractable poly-
phenols (EPs), while an important fraction of polyphenols
remains retained in the extraction residue and cannot be
extracted even with the advanced extraction techniques such
as ultrasound assisted extraction, microwave assisted extrac-
tion, and supercritical carbon dioxide, which can give rise to
greater extraction yields [15-18]. This fraction corresponds
to non-extractable polyphenols (NEPs), which are high
molecular weight polymeric polyphenols or individual low
molecular weight phenolics cross-linked with macromol-
ecules (e.g., protein, cellulose, hemicellulose, pectin, and
lignin in plant cell walls) to form bound polyphenols [19].
For these reasons, NEPs are inaccessible to solvents during
the extraction process due to their different interactions [20].
At present, the extraction and utilization of plant polyphe-
nols mainly focus on EPs, while the utilization of NEPs is
relatively less because of the difficulty to extract [21].

In terms of extraction methods, EPs in chestnut shell are
usually extracted by solvent method with water, methanol,
ethyl alcohol, acetone and other solvents [22-24]. However,
the recovery process of NEPs requires hydrolysis (chemi-
cal hydrolysis or enzymatic hydrolysis) [25]. It is reported
that polyphenols from chestnut shell were extracted to a
greater extent by alkali solution (NaOH, Na,SO;, Na,CO5)
[26, 27]. This is because alkaline hydrolysis has effective
hydrolysis on both ether and ester bonds [19]. NEPs with
high molecular weight are less known and they belong to
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proanthocyanidin group, whose monomers are flavan-3-ols,
and hydrolysable tannins, derived from gallic and ellagic
acid [28]. Lin et al. used lotus seed as raw material to extract
bound polyphenols with alkaline hydrolysis. The results
showed that the polyphenols could still be obtained after
the lotus seeds were extracted by solution and hydrolyzed by
alkaline hydrolysis. The polyphenol obtained after alkaline
hydrolysis can inhibit obesity in mice, which may be realized
by regulating AMPK signal pathway [29].

Therefore, the main purpose of this study was to study
the composition and biological activity of EPs and NEPs
from chestnut shell to find the suitable application direction.
An efficient extraction method based on alkaline hydrolysis
(NaOH) for the recovery of NEPs from chestnut shell was
developed. Box—Behnken designs were used to select opti-
mal extraction conditions including NaOH concentration
(x,), liquid to material ratio (x,), and extraction time (X;).
Furthermore, the antioxidant activity of EPs from chestnut
shell prepared by conventional ethanol extraction method
was compared with the NEPs obtained under optimal alka-
line hydrolysis extraction conditions. Ultra Performance
Liquid Chromatography-Electrospray lonization-Tandem
Mass Spectrometry (UPLC-ESI-MS/MS) was employed to
estimate the phenolic compositions of the EPs and released
NEPs. Raw material treatment and total experimental pro-
cess are illustrated in Fig. 1.

Materials and methods
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reagent, gallic acid, L-ascorbic acid, 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), 2,2'-azinobis (3-ethylbenzothiazoline-
6-sulphonic acid) diammonium salt (ABTS) were purchased
from Merck (Darmstadt, Germany).

Plant materials

Chestnut shell was purchased at a local market (Qianxi,
China) in October 2020. The mildew-free and worm-free
chestnut shells were washed with clean water and dried in
oven at 50 °C. Then, they were crushed with a high-speed
crusher (Model FW80, Teste Instrument, Tianjin, China) and
then screened through 60-mesh sieve to remove the larger
particles and fluff. The resulting chestnut shell powder was
stored in a refrigerator at — 20 °C.

Preparation of EPs
Extraction of EPs from chestnut shell

The extraction of EPs was carried out according to the
method of Tu [30]. Two hundred grams of chestnut shell
powder were added in 3000 mL of 70% ethanol solution
(V/V), and the mixture was placed in a constant tempera-
ture culture shaker with 180 rpm (THZ-100, Blue pard, Co.,
Ltd., Shanghai, China) at 50 “C for 2 h. Then, the above
mixture was leached (SHZ-DIII, Yuhua Instrument Co.,
Ltd., Henan, China), and the filtrate was the EPs solution.
Further, the residue was extracted again by the above opera-
tion for three times and all filtrate was combined together,
and concentrated in a rotary evaporator (RE-52AA, Yarong
Instrument Co., Ltd., Shanghai, China) at 45 °C. Finally, the
concentrated liquid was placed in the freeze dryer (LGIJ-18S,
Songyuanhuaxin Science and Technology Development Co.,
Ltd., Beijing, China) for freeze-drying to obtain the crude
EPs. In addition, the residue was dried in an oven at 50 C
and stored in a refrigerator at — 20 C.

Purification of crude EPs

The crude EPs were purified according to the method
described by Cheng et al., with some modifications [31].
Crude EPs freeze-dried powder was dissolved in deionized
water to prepare EPs aqueous solution with a concentra-
tion of 10 mg/mL, the AB-8 resin should be soaked in
anhydrous ethanol for 24 h to activation, then the activated
resin was filled into a chromatographic column (chroma-
tographic column specification: 200 mm X @10 mm), after
that, deionized water was used to wash away the residual
ethanol. After that, the above EPs aqueous solution was
injected into the chromatographic column with a flow rate
of 1 mL/min. When adsorption equilibrium is reached,
three times resin column volume of deionized water was

used for elution to remove impurities. AB-8 resin chroma-
tography column should be eluted with 60% ethanol. The
eluent was collected for concentration and freeze-drying to
obtain the purified EPs powder and it was stored at — 20 C.

Preparation of NEPs
Optimization of alkaline hydrolysis

Referring to the method of Zheng et al., alkaline extrac-
tion was applied to release the bound phenols, with some
modification [32], and 1 g of residue after extracting EPs
from chestnut shell powder with ethanol was hydrolyzed
with NaOH solution. The initial conditions were as fol-
lows: the concentration of NaOH was 2 mol/L, the ratio
of liquid to material was 1:20, and the extraction time
is 2 h. Then the optimum conditions of the three single
factors were explored, that is, the concentration of NaOH
was from 0.5 to 3 mol/L, the ratio of liquid to material
was from 1:10 to 1:60, and the extraction time was from 1
to 5 h. The reaction was carried out at 50 'C in the shaker
(THZ-100, Blue pard, Co., Ltd., Shanghai, China) with
180 rpm. The response surface test was designed by
Box—Behnken with three factors and three levels, and the
best extraction conditions were obtained. Five verification
experiments were carried out using the optimal conditions,
and the results were compared with the predicted values.

Preparation of crude NEPs

According to the best alkaline hydrolysis conditions
obtained in the previous section, extraction residue was
hydrolyzed and the pH of the mixture was quickly adjusted
to 7 with an appropriate amount of hydrochloric acid.
Then, the mixture was centrifuged with 5000 rpm for
10 min. The supernatant was frozen quickly (— 50 “C), and
freeze-dried in a freeze dryer to get crude NEPs, which
were put in the refrigerator at — 20 °C.

Purification of crude NEPs

The purification method of crude NEPs is similar to that
of the crude EPs in 2.3.2, but the resin is changed from
AB-8 resin to NKA-9 resin. The pH of crude NEP solution
(5 pg/mL) was adjusted to 5 and 200 mL of the solution
was put on the column with a flow rate of 1 ml/min. Then,
purified NEPs were obtained after elution, concentration
and lyophilization, which was the same with the method
of purification of crude EPs.
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Determination of total polyphenol content (TPC)

Total phenolics were quantified by the Folin—Denis spec-
trophotometric assay [33], and a few modifications were
made using the method of Grace [34]. A portion of 0.5 mL
sample solution was mixed with 4.5 mL deionized water,
0.5 mL 1 mol/L Folin—Ciocalteu reagent and 1 mL 0.5 mol/L
Na,COj; solution in a 10 mL tube. The mixture was shaken
well and placed in the dark at room temperature for 1 h.
After reaction, the absorbance was measured at 765 nm
with UV-1800PC spectrophotometer (Aoe Instrument Co.,
Ltd., Shanghai, China). Standard curve with different con-
centrations of gallic acid (0.03 mg/mL-0.15 mg/mL) was
drawn. The results were expressed as milligrams of gallic
acid equivalents (GAE).

Determination of antioxidant capacity
DPPH radical scavenging assay

The DPPH free radical scavenging ability was determined
by the method of Fan with a slight modification [35, 36].
A portion of polyphenol sample (2.0 mL) was mixed with
0.175 mmol/L DPPH ethanol solution (2.0 mL). After shak-
ing well, the mixture was incubated at room temperature in
the dark for 30 min and the absorbance was measured at
517 nm with deionized water as the blank control. Ascorbic
acid and gallic acid were used as the positive control, and all
of the experiments were repeated for three times. The free
radical scavenging ability is expressed by the scavenging
rate, and its formula is as follows.

control Asample

%X 100%,
A

Scavenging rate (%) =
control

is the absorbance of DPPH with the sample
is the absorbance of DPPH without the

where Ag,ie
at 517 nm; A.perol
sample at 517 nm.

ABTS" radical scavenging assay

ABTS* was determined according to Re [37]. A portion
of ABTS aqueous solution (7 mmol/L) was mixed with
2.45 mmol/L potassium persulfate aqueous solution, and
the mixture was placed at room temperature for 12 h under
the condition of avoiding light to obtain the ABTS™ reserve
solution. Then, the above reserve solution was diluted with
anhydrous ethanol to the absorbance of 0.7 +0.0020 at
734 nm to obtain the ABTS* working solution. The sample
to be tested was dissolved in deionized water, and different
concentrations of solutions were prepared, then 200 pL sam-
ple solution was added into 4 mL ABTS* working solution.

@ Springer

After fully mixing, the mixture was placed at room tempera-
ture for 10 min in the dark. The absorbance was determined
at 734 nm, and deionized water was used as blank. Ascorbic
acid and gallic acid were used as the positive control, and all
of the experiments were repeated for three times. The scav-
enging rate of ABTS free radicals is calculated according
to the following formula:

control Asample

% 100%,
A

Scavenging rate(%) =
control

where A, 1s the absorbance of ABTS* with the sample
at 734 nm; A_ . is the absorbance of ABTS* without the
sample at 734 nm.

Phenolic composition analysis
Sample preparation and extraction

The extraction and preparation of samples mainly include
(1) the sample to be tested is thawed and fully scrolled for
10 s to mix well; (2) place 50 mg of above sample into a
2 mL of centrifuge tube; (3) as internal standard extract,
600pL of 70% methanol was added and scrolled for 3 min;
(4) centrifuge them (12,000 1/min) at 4 °C for 10 min; (5) the
supernatant was filtered with a microporous filter membrane
(0.22 pm) and stored in a sample flask for UPLC-ESI-MS/
MS test.

Determination method of UPLC

The pretreated samples were analyzed by an UPLC-ESI-
MS/MS system including UPLC (SHIMADZU Nexera
X2) and MS/MS (Applied Biosystems 4500 QTRAP). The
UPLC conditions mainly include: (1) Column: Agilent
SB-C18 1.8 pm, 2.1 mm X 100 mm; (2) Mobile phase: phase
A was ultrapure water (adding 0.1% formic acid), phase B
was acetonitrile (adding 0.1% Formic acid); (3) Elution gra-
dient: Sample measurements were performed with a gradient
program that employed the starting conditions of 95% A,
5% B. Within 9 min, a linear gradient to 5% A, 95% B was
programmed, and a composition of 5% A, 95% B was kept
for 1 min. Subsequently, a composition of 95% A, 5.0% B
was adjusted within 1.1 min and kept for 2.9 min. The flow
velocity was set as 0.35 mL per minute. The injection vol-
ume was 4pL.

Determination method of ESI-MS/MS

Mass spectrometry was performed according to the method
of Chen [31]. The above effluent was alternatively connected
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to an ESI-triple quadrupole-linear ion trap (Q TRAP)-MS/
MS. Linear ion trap (LIT) and triple quadrupole (QQQ)
scans were obtained on a triple quadrupole-linear ion trap
(Q TRAP) mass spectrometer with AB4500 Q TRAPUPLC/
MS/MS system, equipped with ESI Turbo Ion-Spray inter-
face, which can be controlled by the Analyst 1.6.3 software
(AB Sciex) to run positive and negative ion modes. The
operating parameters of the ESI source were as follows: ion
source, turbo spray; source temperature, 550 °C; ion spray
voltage (IS), 5500 V (positive ion mode) /-4500 V (negative
ion mode); ion source gas I (GSI), gas II (GSI) and curtain
gas (CUR) were set to 50, 60, and 25.0 psi, respectively,
and the collision induced ionization parameter was set to
high. In LIT and QQQ modes, 10 and 100 pmol/L poly-
propylene glycol solutions were used for instrument tuning
and quality calibration, respectively. The MRM mode was
used for the QQQ scan and the collision gas (nitrogen) was
set to medium. Through further optimization of decluttering
potential (DP) and collision energy (CE), the DP and CE
of each MRM transition were completed. A specific set of
MRM transitions was monitored during each period.

Identification and relative intensity

Qualitative and quantitative analyses of phenolic substances
were carried out according to the method of Tu [30]. Com-
pound information of some databases was used to analyze
the types and relative contents of phenolic substances in the
samples. For example, the self-built database MWDB (Met-
ware Biotechnology Co., Ltd. Wuhan, China) and the public
Mass Bank (http://www.massbank.jp/), KNAPSAcK (http://
kanaya.naist.jp/KNApSAcK/), HMDB (http://www.hmdb.
ca/), MoTo DB (http://www.ab.wur.nl/moto/) and METLIN
(http://metlin.scripps.edu/index.php).

The relative intensity of compounds was based on the
MRM model to screen the precursor ions (Q1) of the target
material and remove the ions corresponding to eliminate the
interference. Multia Quant version 3.0.2 was used to inte-
grate and correct chromatographic peaks, and the relative
contents of the corresponding substances were calculated
according to the peak area.

Statistical analysis

SPSS version 19.0 (SPSS Inc. Chicago. USA) was used to
analyze the data from the three independent biological rep-
licates and verify followed a normal distribution. All of the
analyses of variance (ANOVA) followed by the least signifi-
cance differences (LSD) test were performed to determine
significant differences (p <0.05). The results of response
surface optimization were analyzed by the software design
expert. V8.0.6.1.Composition analyses of phenolic sub-
stances were performed by R (http://www.r-project.org/) for

principal component analysis (PCA) and orthogonal projec-
tions to latent structure-discriminate analysis (OPLS-DA) to
study the difference between EPs and NEPs from chestnut
shell.

Results and discussion

Optimization of the preparation of NEPs
from chestnut shell

Alkaline hydrolysis was carried out on the residues from
chestnut shell obtained after EPs extraction. NaOH con-
centration, liquid to material ratio and hydrolysis time are
the three main factors affecting the release of NEPs from
chestnut shells.

According to the results of the single factor experiment
(Supplement figure S1), the Box—Behnken RSM design was
utilized to optimize the influence of NaOH concentration
(0.5-2.5 mol/L), liquid to material ratio (20-60 ml/g), and
extraction time(1-5 h) on one response variables (TPC),
and they are shown in Tables 1 and 2. Independent vari-
ables and their coded and actual values is shown in Table 1
and Table 2 showed the 17 experiments established by the
experimental design. Figure 2 shows response surface dia-
gram and isoline map of variables and their interactions.
Through the analysis of variance and multiple regression
fitting analysis, the quadratic multinomial regression model
of the extraction content of polyphenols from chestnut shell
to NaOH concentration (X), liquid to material ratio (X,),
hydrolysis time (X;) and TPC (Y) was obtained as follows:

Y = -231.72 + 13.89 x X, +3.79 X X, + 106.89 x X,
+0.67 x X, X, + 1.94 x X, X; — 0.35X,X; — 16.37
X X2 = 0.04 X X,2 — 11.55 x X2

The predicted optimum conditions were as follows:
NaOH concentration, 1.68 mol/L; liquid to material ratio,
49.86 mL/g and extraction time, 4.01 h. Under these
optimal conditions, TPC was predicted to be 88.44 mg
GAE/g sample. Three verification experiments were car-
ried out and compared with the predicted values, the aver-
age value obtained by the verification experiments was

Table 1 Independent variables and their coded and actual values used
for optimization

Independent variable Units  Symbol Coded levels

-1 0 1
NaOH concentration mol/L X, 1.0 15 2.0
Liquid to material ratio mL/g X, 40 50 60
Extraction time h X5 3 4 5
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Table 2 Three-factor, three-level face-centered cube design used for
RSM

Standard order X;(%) X,(mL/g) Xs;(h) Total polyphenol
content (mg GA/g
DW)
1 2.0 40 4 82.240
2 1.5 50 4 87.738
3 1.0 50 3 71.668
4 1.5 60 3 75.030
5 2.0 50 3 75.427
6 1.5 50 4 89.382
7 1.5 60 5 69.450
8 1.5 40 3 69.090
9 1.0 60 4 71.580
10 2.0 50 5 74.730
11 2.0 60 4 84.822
12 1.5 50 4 85.400
13 1.0 40 4 82.422
14 1.5 40 5 77.672
15 1.0 50 5 67.085
16 1.5 50 4 89.365
17 1.5 50 4 87.453

87.29 +2.00 mg GAE /g sample, which was close to the
predicted value. Moreover, the significance of the quadratic
polynomial model was verified by the analysis of variance,
the results are shown in Table 3. The F value of the model
was 29.71, p < 0.0001, R? was 0.9745, Radj was close to R?,
CV% was 2.36%, indicating the reliability and repeatability
of the model. Therefore, the model can accurately predict
TPC in the hydrolyzed chestnut shell with NaOH under dif-
ferent alkaline hydrolysis conditions.

TPC

NEPs were prepared under the optimum extraction condi-
tions and the TPCs of EPs and NEPs were determined. The
TPCs in the chestnut shell are shown in Fig. 3A, and the
results were expressed as GAE/g sample. The results showed
that in each gram of chestnut shell (DW), the content of EPs
was 8.23+0.41 mg GAE, while the content of NEPs was
87.29 +2.00 mg GAE. It is obvious that the content of NEPs
is more than ten times that of EPs in chestnut shell, which
shows that in chestnut shell, after the EPs were extracted by
ethanol solvent for several times, there was still a consider-
able amount of NEPs in the remaining residue, which could
be released by alkaline hydrolysis. This part of NEPs exists
in many plants, but there are few reports on them, and their
existence was often ignored in previous experiments [38].
The TPCs of the purified EPs and purified NEPs are
shown in Fig. 3B, and the results were expressed as gallic
acid equivalent per milligram of purified sample. In terms

@ Springer

of purified extracts, TPC in the purified EPs with the same
mass was significantly higher than that in purified NEPs,
which might be explained by the different purification condi-
tions and polyphenol types in different samples.

Antioxidant capacity
DPPH radical scavenging activity

In DPPH assay, EPs showed the higher scavenging activity
than NEPs (Fig. 4A). It is shown that both EPs and NEPs
have good scavenging effect on DPPH free radicals; how-
ever, the scavenging ability of NEPs was slightly lower than
that of EPs. A previous study about the polyphenols of black
bean coat and cotyledon showed that the scavenging effect
of DPPH free radicals of EPs was better than that of NEPs
[39], which is consist to current research. Besides, even
though the scavenging rates of EPs and NEPs were lower
than ascorbic acid and gallic acid, they both exceeded 80%,
which implied that EPs and NEPs possessed excellent DPPH
free radical scavenging activity.

ABTS" radical scavenging activity

The change of the ABTS™ radical scavenging activity showed
a similar tendency with that of DPPH radical scavenging
activity (Fig. 4B). In the concentration range of 5 pg—70 pg,
the scavenging rates of EPs were from 14.05+0.47% to
99.74 +£0.09%, and its IC50 was 22.01 +0.13 pg/mL, while
those of NEPs were from 8.63 +0.39% to 89.92+0.16%,
and its ICs, was 29.36 +0.39 pg/mL. Both EPs and NEPs
have good scavenging effect on ABTS" free radicals. The
ABTS" radical scavenging activity of NEPs was also not
as good as that of EPs, similar to that of DPPH. In general,
results obtained demonstrated that EPs has higher anti-
oxidant capacity than NEPs from the extraction residue of
chestnut shell. However, the content of NEPs in chestnut
shell is much higher than that of EPs, NEPs in chestnut shell
is still valuable, even though it is currently underrated. In
other words, antioxidant phenolic compounds were under-
estimated when the EPs were obtained.

On the other hand, according to the scavenging effects on
the above two kinds of free radicals, the differences between
the compositions and contents of EPs and NEPs were
revealed. The antioxidant factors of polyphenols are related
to the types of polyphenols, the number and relative position
of phenolic hydroxyl groups, the degree of methoxylation,
the ionization potential of ArOH and their intramolecular
hydrogen bond interaction [40—42]. Therefore, the phenolic
components of EP and NEP should be further analyzed to
determine whether there are differences in the scavenging
ability of the two free radicals due to differences in phenolic
substances between them.



European Food Research and Technology (2023) 249:1273-1285 1279

A

B: X2:liquid-solid ratio(mL/g)

total polyphenol content (mg GA/g DW)

50.00
140
B: X2:liquid-solid ratio(mLm/m A: X1:NaOH concentration(mol/L)

A: X1:NaOH concentration(mol/L) 40.00 ° 1.00

totalpolyphenol content (mg/g)

C: X3:extraction time (h)
total polyphenal content (mg GA/g DW)

140
C: X3:extraction time (h) 34 120 A: X1:NaOH concentration(mol/L)

A: X1:NaOH concentration(mol/L)

8

B
s 5
£ 5
: 5
3
o g

400 5000
40.00 45.00 50.00 55.00 60.00 = =
C: X3:extraction time (h) aat L 0 B: X2:liquid-solid ratio(mL/g)
3.00 40.00

B: X2:liquid-solid ratio(mL/g)

Fig.2 Response surface diagram and isoline map of variables and their interactions. A NaOH concentration and liquid to material ratio; B
NaOH concentration and extraction time; C liquid to material ratio and extraction time
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Table 3 Estimation regression

. . Source Sum of Squares Degree =~ Mean square F value P value Prob> F
model of the relationship
. Freedom
between response variables
(pglyphznol yie{dL?nd . Model 924.26 9 102.70 29.71 <0.0001
independent variables, an
ANOVA for response surface X, 74.81 1 74.81 21.64 0.0023
quadratic model X, 13.89 1 13.89 4.02 0.0850
X5 0.65 1 0.65 0.19 0.6779
XX, 45.05 1 45.05 13.03 0.0086
X, X5 3.78 1 3.78 1.09 0.3307
X,X; 50.14 1 50.14 14.51 0.0066
X2 70.51 1 70.51 20.40 0.0027
X,? 51.85 1 51.85 15.00 0.0061
X2 561.48 1 561.48 162.43 <0.0001
Residual ~ 24.2 7 3.46
Lack of fit 13.38 3 4.46 1.65 0.3129
Pure error  10.81 4 2.70
Cor total 948.45 16
Fit statistic
Std. dev 1.86 R 0.9745
Mean 78.86 Adjusted R? 0.9417
CV. % 2.36 Predicted R? 0.7564
Adeq Precision 14.1659
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Fig.3 The content of EPs and NEPs in chestnut shell A, and total polyphenol content in purified EP powder and purified NEP powder B. Differ-
ent case letters show significant differences (P <0.05). EPs extractable polyphenols, NEPs non-extractable phenols

Individual phenolic compounds by UPLC-ESI-MS/MS

Using UPLC-ESI-MS/MS method, composition and relative
content of phenolic substances of purified NEPs and EPs
were studied through a widely targeted metabolism method.
In this study, the experiment was divided into two groups
(NEPs and EPs). Based on UPLC-ESI-MS/MS detection
platform and self-built database, a total of 478 compounds
were detected in positive and negative ion mode, 9 anth-
raquinones; including 15 coumarins, 19 lignans, 59 tannins,
175 phenolic acids, 210 flavonoids. Detailed information

@ Springer

on 478 polyphenol compounds is shown in Supplementary
material Table S1. The positive and negative total ion cur-
rent diagrams of NEPs, EPs and their mixtures, as well as
MRM diagrams are shown in Supplement material Fig. 2A
total of 466 kinds of polyphenols in EPs were detected
including flavonoids, phenolic acids, quinones and lignans
and coumarins. Among them, flavonoids and phenolic acids
account for a large part. The top 10 phenolic compounds in
EPs included simple phenolic acids and flavonoids (Table 4).
In nature, phenolic acids exist mainly in the non-extracta-
ble or bound form, while flavonoids appear in the form of
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Fig.4 Scavenging rates of EPs and NEPs on DPPH radical A and
ABTS™ radical B. The content of Eps and NEPs was converted into
gallic acid equivalent; as positive control samples, contents of ascor-

glycosides, whose single or multiple glycosyl groups are
connected by hydroxyl groups (o-glycosides) or carbon—car-
bon bonds (c-glycosides) [43]. Flavonoids form a significant
proportion of antioxidants found in plants and partly account
for their biological activities (Pietta, 2000). Moreover, they
are usually extracted with organic solvents such as metha-
nol, ethyl alcohol, acetone and their aqueous solution, which
have better extraction effect and yield [44].

Table 4 Relative contents of the top ten phenolics in EPs and NEPs
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bic acid and gallic acid were both actual mass. EPs extractable poly-
phenols, NEPs non-extractable phenols, AA ascorbic acid, GA gallic
acid

A total of 164 kinds of polyphenols in NEPs were
detected, and it is mainly composed of phenolic acids, a
small part of flavonoids and tannins. The composition of
polyphenols of NEPs is similar to previous reports [25, 45,
46]. The top 10 phenolic compounds in NEPs were all phe-
nolic acids (Table 4). Phenolic acids, such as hydroxycin-
namic and hydroxybenzoic acids, can form ether linkages
with lignin through their hydroxyl groups in the aromatic
ring and ester linkages with structural carbohydrates and

Sample Phenolic compound Ionization model Molecular weight Relative content (x 10°)
(Da)

EPs Ellagic acid [M-H]~ 302.006 72.04+8.54
5,7,4'-Trihydroxy-6-methoxyflavone [M-HJ* 300.063 55.21+1.60
7-Methylkaempferol [M-H]* 300.063 55.09+1.32
5,7,3'-Trihydroxy-4'-methoxyflavone [M-HJ* 300.063 54.71+1.42
4,6-(S)-Hexahydroxydiphenoyl-p-D-glucose [M-H]™ 482.07 50.46 +1.89
3-O-Acetylpinobanksin [M-H]™ 314.079 38.35+0.32
Nepetin-7-O-glucoside [M-H]* 478.112 35.72+2.60
6-Methoxykaempferol-3-O-glucoside [M-HJ* 478.111 35.39+4.64
Rhamnetin-3-O-Glucoside [M-HJ* 478.111 33.44+4.55
Scoparone [M-H]* 206.058 32.88+0.89

NEPs 4-Hydroxybenzoic acid [M-H]™ 138.032 38.77+1.51
Protocatechualdehyde [M-H]~ 138.032 29.12+0.71
2,5-Dihydroxybenzaldehyde [M-H]~ 138.032 23.84+0.70
2-Hydroxycinnamic acid [M-H]™ 164.047 19.95+0.90
3,4-Dihydroxybenzoic acid (Protocatechuic acid) [M-H]™ 154.027 16.64+0.32
a-Hydroxycinnamic acid [M-H]™ 164.047 15.42+2.44
2,5-Dihydroxybenzoic acid [M-H]~ 154.027 13.53+0.16
2,3-Dihydroxybenzoic acid [M-H]~ 154.027 13.21+0.36
Isoferulic acid [M-H]~ 194.058 11.85+0.92
Ferulic acid [M-H]~ 194.058 11.73+0.25
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«Fig.5 A Heatmap of different polyphenol components of EPs and
NEPs analyzed by hierarchical clustering analysis. Each sample is
displayed in a separated column, and each polyphenol component is
represented by a separated row. As shown in the color legend of the
heatmap, red indicates high concentration and green indicates low
concentration; B PCA of differential polyphenol component analysis
from EPs, NEPs and their mixed samples. EPs extractable polyphe-
nols, NEPs non-extractable phenols, PCA principal component analy-
sis

proteins through their carboxylic groups [19]. However,
alkaline hydrolysis can destroy the ester bond between cell
wall and phenolic acid, hydrolyze cell wall, decomposes
lignans and proteins, and release phenolic compounds [19,
47, 48].

All detected phenolics compounds are shown in a heat-
map (Fig. 5A), which showed the difference in the distribu-
tion of polyphenols in different samples. The polyphenolic
profiles of EPs and NEPs had significant differences in the
composition and relative content, which could lead to their
different biological activities, for example, antioxidant activ-
ity. Further research is needed to figure out the specific dif-
ferences between EPs and NEPs.

Comparison of phenolic composition of EPs
and NEPs

PCA

Since PCA results showed the trend of separation of com-
pound groups among groups, indicating whether there were
differences among sample groups [31]. A PCA of the two
sample groups (EPs and NEPs) and quality control group
were carried out and the PCA score is plotted on Fig. 5B
to show the difference of phenolic composition between
EPs and NEPs. In the PCA score plot, a clear separation
between EPs and NEPs samples was observed, and the
scores of two principal components, PC1 and PC2, were
86.34% and 8.58%, respectively. These results indicate that
the two samples had distinct composition characteristics and
this suggests that there are differences in the composition
of EPs and NEPs in chestnut shell. Quality control samples
showed good repeatability of the data.

Orthogonal signal correction and partial least
squares-discriminant analysis (OPLS-DA)

OPLS-DA is a multivariate statistical analysis method
with supervised pattern recognition and its specific
steps involve extracting the components in the independent
variable X and the dependent variable Y, respectively, and
calculating the correlation between the components. Com-
pared with PCA, OPLS-DA can maximize the distinction

between groups and facilitate the search for differential
compounds.

According to scores OPLS-DA Plot (Supplement mate-
rials Fig. 3A), T score [1] and Orthogonal T score [1] are
97.6% and 1.29% respectively, indicating that EPs and NEPs
were clearly separated. Moreover, it is proved that there were
significant differences in phenolic composition between the
two different forms of polyphenols in chestnut shell. In
the model verification permutation test diagram (Supple-
ment materials Fig. 3B), the parameters for the classifica-
tions were observed between EPs and NEPs (R*X =0.989,
R*Y=1, 0*=1). R>X and R?Y represent the interpretation
rate of the model to X and Y matrix, respectively, and Q°
indicates the prediction ability of the model. Theoretically,
the closer the values of R? and Q2 are to 1, the better the
model is. The results showed that the OPLS-DA model had
the good prediction performance and reliability. And the
OPLS-DA model could be used to further screen differential
components.

Screening of differential phenolic components

Based on the OPLS-DA results, the components of different
samples can be preliminarily screened from the Variable
Importance in Projection (VIP) of the multivariate analysis
OPLS-DA model. At the same time, the differential com-
ponents can be further screened by univariate analysis of
p value or difference multiple value (fold-change). In our
research, 478 kinds of polyphenols components were ana-
lyzed according to the above methods, and the polyphenols
with significant differences were screened out. The detailed
results are shown in Supplement materials Table S2. When
fold-change < 0.5 or fold-change >2, and VIP > 1, it is
regarded as significant difference. In Supplement materi-
als Fig. 3C, the results showed that a total of 429 kinds of
polyphenols were significantly different between NEPs and
EPs, 20 kinds of polyphenols in NEPs were higher than EPs,
and 409 kinds of polyphenols were lower than EPs, indi-
cating that there were great differences in the composition
and content of phenolic substances between EPs and NEPs.
The detail information is shown in Supplement materials
Table S2. In terms of flavonoids, the total flavonoid content
in EPs was significantly higher than that in NEPs. However,
epicatechin, as a flavonoid, hardly exists in EPs, and its con-
tent in NEPs is significantly higher than that in EPs. In a
word, NEPs is mainly composed of phenolic acids, while
flavonoids, phenolic acids, tannins and quinones, lignans and
coumarins together constitute EPs, which can be used to
clearly distinguish them. The species and contents of poly-
phenols in EPs are significantly higher than those in NEPs,
which may be related to the difference in antioxidant activity
of each gallic acid equivalent between EPs and NEPs.
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Conclusion

In this study, EPs and NEPs were prepared to research their
antioxidant activity and phenolic composition. The EPs
were extracted by conventional ethanol extraction, while
the NEPs were prepared by alkaline hydrolysis method,
in which Box-Behnken experimental design was used to
study the influence of NaOH concentration, liquid to solid
ratio and extraction time on the TPC of this matrix. Optimal
extraction conditions to extract NEPs by alkaline hydroly-
sis method were obtained as follows: the concentration
of NaOH is 1.68 mol/L; the ratio of liquid to material is
49.86 mL/g; and the extraction time is 4.01 h. In the same
mass of chestnut shell, the content of NEPs is much more
than that of EPs. However, both EPs and NEPs have good
antioxidant activity, and the scavenging effect of EPs on
DPPH and ABTS™ free radicals was slightly better than that
of NEPs. The composition and content of polyphenols were
determined and compared. Flavonoids, phenolic acids, tan-
nins, lignans, coumarins and quinones were detected in EPs,
while phenolic acids were dominant in NEPs. There was a
significant difference in the type and content of polyphenols
between EPs and NEPs. In general, chestnut shell repre-
sents a rich source of polyphenols including EPs and NEPs.
However, NEPs is a kind of phenolic resource that has been
neglected at present and this research can provide reference
for its future development as functional food components.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00217-023-04212-1.
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