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Abstract 

Drying techniques are being used more and more to extend the shelf life of industrial products. Drying could influnce 
the content of phenolics in food and their antioxidant activity. This study estimated the effects of different drying 
methods (freeze drying (FD), gradient hot air drying (GHD), and constant hot air drying (CHD)) on phenolic profiles 
and antioxidant activities in walnut kernels. With a maximum content of 3.61 mg  g−1, GHD was found to be the most 
effective in preserving total phenols, while CHD and FD had maximum contents of 2.66 mg  g−1 and 1.96 mg  g−1, 
respectively. The concentration of most monomeric phenols detected in the kernels increased with temperature, 
particularly in the free and bound forms. Gallic acid (free form) levels in GHD2 (194.54 µg  g−1) were 55.77 and 60.08 
times higher, respectively, than in FD and CHD. GHD dried walnuts had higher antioxidant activity than FD and CHD 
dried walnuts. Furthermore, bioinformatics analysis revealed three key metabolic pathways associated with the mech-
anisms underlying drying changes. The GHD technique, according to these findings, is a better choice for drying 
walnut in order to preserve its phenolics and antioxidant activity.
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Graphical Abstract

Introduction
Walnut contains phenolic compounds, which are known 
for their antioxidant activity and ability to lower the 
risk of cardiovascular and degenerative diseases (Zheng 
et al. 2020). Fresh walnut is easily deteriorated or infected 
by toxins due to its high moisture content and seamed 
hard shell. As a result, drying is essential for walnut post-
harvest. The drying process is a popular food preserva-
tion method (Onwude et  al.  2022). Water is removed 
from foods in order to slow or stop microorganism 
growth or chemical reactions. This process extends the 
shelf life of food; however, important quality features 
such as odor, color, taste and phenolic compounds should 
be preserved as much as possible to increase consumer 
preference (Adak et al. 2017; Guclu et al. 2021).

However, drying food frequently results in phytochem-
ical degradation (Nemzer et  al.  2018). Hot air drying 
(HD) is a popular method for reducing moisture while 
maintaining food quality. Most studies discovered that 
providing constant heat for batch drying processes not 
only increases energy costs but also promotes the deg-
radation of phenolic acids, flavonoids, and anthocyanins 

in different varieties of rice (Lang et  al.  2019), turmeric 
(Chumroenphat et  al.  2021), and apricot kernels (Alju-
haimi et  al.  2017). In addition, drying at high tem-
peratures can cause phenolic changes in the foods’ 
phenolic content. The total isoflavone content of soy-
bean is reduced at high drying temperatures of 130℃ and 
150℃ when compared to 50℃ and 70℃. However, high 
drying temperature conditions promote the release of 
aglycone isoflavone (Ferreira et al. 2019).

Freeze drying (FD) is an effective method for retaining 
total phenolic content in fruits like blueberries (Nemzer 
et al. 2018), quinces (Szychowski et al. 2018) and toma-
toes (Tan et al. 2021). When compared to hot air drying, 
freeze drying increased the total phenolic content of blue-
berries by more than 30% (Nemzer et  al.  2018). None-
theless, previous research has shown that it is unwise to 
choose a drying method for a specific plant based solely 
on data from other plants, because different drying pro-
cesses are well known to be suitable for different plants 
(Tan et al. 2021). Gradient hot air drying (GHD) has sur-
passed constant hot air drying (CHD) in popularity in 
recent years due to its higher work efficiency from high 
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temperature rapid dehydration followed by constant tem-
perature drying.

Indeed, depending on their association with the food 
matrix, phenolic compounds exist in a variety of forms, 
including free, esterified and bound (Wu et al. 2021). The 
bioavailability of phenols is directly related to their vari-
ous forms (Chen et al. 2015), which in turn affects their 
active functions in the organism, such as antioxidant 
activity (Wu et al. 2021). Heating energy can boost phe-
nolic bioavailability by causing them to bind to the plant 
matrix, which results in increased antioxidant activity 
(Ribas-Agusti et  al.  2018). Most reports on the pheno-
lics and antioxidant properties of food drying processes 
are currently based primarily on soluble free phenolics, 
resulting in an underestimation of the phenolic and anti-
oxidant properties of foods because the bound phenolic 
content and activities are not considered (Chumroenphat 
et  al.  2021; Dibanda et  al.  2020). A recent study found 
that freeze drying strawberries could release bound phe-
nolics in flavonoids (64.4 → 90.8%) and anthocyanins 
(47.2 → 83.4%) (Kamiloglu, 2019). Bamboo shoots dried 
by hot air drying, on the other hand, had higher TPC 
and stronger antioxidant activities than freeze-drying in 
insoluble-bound phenolics (Li et al. 2021).

The phenolics and antioxidant activity of walnuts are 
affected by drying methods. However, to the best of 
our knowledge, no research has been conducted on the 
effects of the postharvest drying process on the phenolic 
compounds and antioxidant capacities of walnuts dried 
using various methods. As a result, the antioxidant and 
phenolic compounds (forms and quantities) of freeze, 
gradient hot air, and constant hot air-dried walnuts were 
evaluated in this study. Evaluating changes in these bio-
chemical parameters after harvest will be a useful way 
to indicate the difference in fruit quality and behavior 
between walnuts drying methods. Furthermore, the pur-
pose of this study is to provide valuable evidence that 
improves our understanding of the mechanisms involved 
in phenol metabolism during the drying process of 
walnuts.

Materials and methods
Chemicals and reagents
All targeted phenolic compounds (purity > 98%), which 
were purchased from Sigma-Aldrich, Shanghai, China. 
HPLC grade methanol (MeOH), ethanol (EtOH), ace-
tonitrile (ACN) and formic acid (FA) were purchased 
from Merck China, Hangzhou.

Sample collection
The walnut samples were collected in China’s main pro-
ducing area (Shanxi province). All samples (3 kg) were 
collected in 2020 from 10- to 15-year-old trees in a local 

orchard during the commercial mature stage. At each 
collection site, 5–10 walnuts were collected evenly from 
the upper and lower parts of each tree, as well as from 
all four directions (east, south, west, and north). The wal-
nut samples were then thoroughly mixed to produce a 
complete and representative sample. The green skin was 
mechanically removed, and the walnut shell was manu-
ally cracked. Finally, the walnut kernels were kept at 
− 20℃ until they were analyzed. The detailed sampling 
method can be found in Wu et al. (Wu et al. 2021).

Drying methods
Each method was used to dry 100 g walnut kernels, and 
each method achieved a moisture content of less than 
8%. Here is a more detailed explanation of each dry-
ing method: (1) Freeze drying (FD): The walnut kernels 
were evenly spread on trays in a single layer. A lyophilizer 
(FD-1D-80, China) was set to 30 Pa absolute pressure and 
− 50℃ condenser temperature. (2) Constant hot air-dried 
(CHD): For this method, an electric thermo-static drying 
hot-air oven (XMA-2000, Germany) set to 40℃ was used. 
(3) Gradient hot air-dried 1 (GHD1): The walnut kernels 
were first dried at 80℃for 4 h before being transferred 
to 40℃ for further drying. (4) Gradient hot air-dried 2 
(GHD2): The walnut kernels were dried at 105℃ for 2 h 
before being transferred to 40℃ for additional drying.

Extraction of free, esterified and bound form phenolic 
compounds
The details for the extraction procedure could be seen 
in our previous work (Wu et al. 2020). The dried walnut 
samples were ground and thoroughly mixed in a grinder. 
The mixed samples (1.0 g) was extracted three times 
with 50 mL of 70% acetone. Then removed the acetone 
in supernatants by evaporating, then reduced the pH to 
2.0 using 2 M HCl. Next, the free phenolic compounds 
were extracted (three times) by ethyl acetate, the ethyl 
acetate fractions were flash evaporated, redissolved in 
MS grade methanol. The lower aqueous solution and 
solid residue were treated for 1 h with a 2 mol  L−1 sodium 
hydroxide solution. After that, the pH was adjusted to 
2.0 with 2 mol  L−1 hydrochloric acid. Three ethyl acetate 
extractions were performed on the mixture. The superna-
tant that resulted was combined and evaporated to dry-
ness. Finally, 10 mL of methanol reagent was added to 
obtain separate extracts of esterified phenols and bound 
phenols.

Determination of total phenolic content
The TPC of the different forms of phenol was deter-
mined by the Folin-Ciocalteu method (Wang et al. 2022). 
Pipette 1 mL of free, esterified and bound phenol extracts 
in a colorimetric tube, followed by 5 mL of water, 1 mL 
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of folin reagent and 3 mL of 75 g  L−1  Na2CO3 were added 
sequentially. The reaction solution was allowed to stand 
for 2 h at room temperature protected from light and 
then its absorbance value was measured at 765 nm in a 
spectrophotometer (Perkin Elmer, USA).

Qualification by UPLC‑MS/MS
The ultra-performance liquid chromatography coupled 
with a triple quadrupole mass spectrometer (UPLC-MS/
MS) consisted of an ultra-high performance liquid chro-
matography (Agilent 1290 Infinity II, Agilent Technolo-
gies Inc., California, USA) with Poroshell 120 EC-C18 
column (100 × 2.1 mm, 1.9 μm), hyphenated to a triple 
quadrupole mass spectrometer (6460 C QQQ, Agilent 
Technologies Inc., California, USA) equipped with elec-
trospray ionization (ESI). The method and instrument 
parameter setting followed from previous work (Shen 
et al. 2021).

Antioxidant activity
Radical scavenging activities of 1,1-diphenyl-2-picryl-
hydrazylradical scavenging activity (DPPH) assay were 
measured as the protocol of Mohd Hazli et  al. (2019). 
The 2 mL of the gradient sample solution was mixed 
separately with 2 mL of DPPH solution (1 ×  10−4 mol 
 L−1). The mixture was allowed to react for 30 min at a 
temperature of 37℃. After the reaction, the absorbance 
values were measured at 517 nm. The DPPH scavenging 
rate was determined and expressed as the half inhibitory 

concentration  (IC50). The antioxidant activity was quanti-
fied and expressed as VC equivalent.

Statistical analysis
The orthogonal partial least-squares discriminant anal-
ysis (OPLS-DA) was used to discriminate phenolics 
profiles between different drying groups. The variable 
importance in the projection (VIP) and absolute Log2FC 
(foldchange) were used to determine the phenolics that 
were significantly regulated among the groups. The VIP 
values were extracted from the OPLS-DA results, and the 
data was visualized using R software.

Results and discussion
Effect of drying methods on TPC in walnut kernel
Previous research on different post-treatment tempera-
tures in food has revealed that FD is better suited to 
maximize polyphenol retention (as measured by TPC). 
However, most studies in this field focused on foods with 
low oil content, such as blueberries (Nemzer et al. 2018) 
and tomatoes (Tan et al. 2021), with a lack of studies on 
foods with high oil content. In this study, the TPCs of 
walnut samples were determined under various drying 
methods, and the results are shown in Fig.  1. The TPC 
of walnuts in the FD group is clearly lower than that of 
walnuts in the CHD and GHD1 groups. FD has a TPC of 
1.96 mg  g−1, while CHD and GHD1 have TPCs of 2.66 
and 3.61 mg  g−1, respectively. This implies that FD may 
not be the best drying method for foods with a high oil 

Fig. 1 The content of TPC in walnut kernels under different drying methods. A Total phenols Content. B Free Phenols Content. C Esterified Phenols 
Content. D Bound Phenols Content. Note: FD: Freeze drying; CHD: Constant hot air-dried; GHD1: Gradient hot air-dried 1; GHD2: Gradient hot 
air-dried 2. Different letters in each subplot represent significant differences (p < 0.05) between among drying methods
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content. In addition, previous studies rarely investigated 
total phenol content in various forms by drying meth-
ods, especially esterified phenol. According to the find-
ings of this study, both free and bound phenols increased 
and then decreased as temperature increased, with the 
highest values found in GHD1(80℃→40℃) with contents 
of 2.38 mg  g−1 (free) and 0.71 mg  g−1 (bound). A simi-
lar phenomenon has been observed in black rice, with 
higher levels of bound phenolics observed at drying tem-
peratures ranging from 60℃ to 80℃ (Lang et  al.  2019). 
Thermal degradation of phenolic compounds is the most 
likely cause of the decrease in total free and bound phe-
nols content (Lang et  al.  2019). The persistent increase 
in total esterified phenols as temperature increased was 
particularly intriguing. GHD2 had the least amount of 
free (0.08 mg  g−1) and bound (0.20 mg  g−1) phenol con-
tent, but the most esterified phenol (0.76 mg  g−1). These 
findings can be explained by claiming that high tempera-
tures disrupt the cell structure (Dibanda et al. 2020; You 
et  al.  2021), promoting the release of esterified phenols 
and thus increasing contents.

Effect of drying methods on phenolic compounds 
in walnut kernel
In walnut kernels dried under four different conditions, 
32 phenolic compounds were identified and quantified, 
including phenolic acids (11), flavanoids (20), and qui-
none (1) (Fig. 2A). Most of the detected monomeric phe-
nols in kernels increased in concentration as temperature 
increased, most notably protocatechuic acid, gallic acid, 
and 4-hydroxybenzoic acid. This effect is most visible for 
free and bound phenols (Fig. 2B and D). Protocatechuic 
acid levels have been found to rise with increasing dry-
ing temperature in studies on black rice (Lang et al. 2019) 
and turmeric (Chumroenphat et al. 2021). In this study, 
protocatechuic acid (free from) content in GHD2 was 
especially high, reaching 524.09 µg  g−1, while FD, CHD 
and GHD1 contained only 15.36, 10.33 and 183.01 µg  g−1. 
The level of gallic acid (free form) level found in GHD2 
(194.54 µg  g−1) was 55.77 and 60.08 times higher than in 
FD and CHD, respectively. Previous studies on soybeans 
(Ferreira et al. 2019) found that drying temperature had 
a significant effect on the bound forms of syringic acid, 
ferulic acid, epicatechin, coumaric acid and hydroxyben-
zoic acid. The coefficients of variation for these phenols 
in walnuts, however, were all less than 30%, making them 
far less temperature sensitive than gallic acid and (+)-cat-
echin, which had coefficients of variation above 100%. 
Interestingly, most free phenols were found to decrease 
with increasing temperature in a study of black rice 
(Lang et al. 2019), which contradicts our findings. This is 
because different foods have different substrates, enzy-
matic activity, and cell structure, resulting in different 

monomeric phenols degradation patterns (Lachowicz 
et al. 2019; Tan et al. 2021). However, it is possible that 
the GHD drying method inactivates the relevant phenol 
degradation enzymes, allowing for better preservation of 
the unstable phenols in walnuts. Few studies have been 
conducted on the temperature response of esterified phe-
nols. Individual phenols in the esterified form showed a 
clear trend of increasing and then decreasing with tem-
perature (Fig. 2C), with the lowest contents of individual 
phenols, such as ellagic acid (0.89 µg  g−1) and kaemp-
ferol (0.88 µg  g−1), occurring at GHD2. A previous study 
(Dibanda et al. 2020), found that when phenols are esteri-
fied, the link is broken during heating, resulting in an 
increase in their content. This is consistent with current 
findings that high temperatures break the esterified phe-
nols link in walnuts, increasing the free phenol content.

Effect of drying methods on anti‑oxidant capacity
DPPH assays were used to compare the effects of four 
different drying methods on the antioxidant activity of 
walnut kernels. In all four drying conditions, the free 
phenol had the highest antioxidant capacity of the three 
phenolic forms. With a focus on GHD2, the  IC50 value for 
free phenols stood out with its remarkable low value of 
9.08 µg  mL−1. In contrast, esterified phenols exhibited a 
moderately higher value of 108.30 µg  mL−1, while bound 
phenols exceeded 500 µg  mL−1 (Table  1). This finding 
not only supports the previous discovery that free phe-
nols in walnuts are the primary contributors to total anti-
oxidant capacity (Wu et al. 2021), but also indicates that 
free phenols play a crucial role in maintaining the anti-
oxidant capacity during post-treatment drying. Radar 
plots (Fig. 3A and B) depicts phenol’s antioxidant capac-
ity under various drying conditions. When combined 
with Table 1, the ranking of antioxidant capacity is clear: 
GHD2 > GHD1 > CHD > FD. In terms of free phenols, HD 
(GHD2: 9.08 µg  mL−1) has up to 14 times the antioxi-
dant capacity of FD (124.31 µg  mL−1). This suggests that 
HD can boost walnut antioxidant capacity. The findings 
are consistent with previous research on other types of 
nuts, such as pistachios (Rodriguez-Bencomo et al. 2015) 
and cashews (Chandrasekara & Shahidi, 2011). Because 
several phenolics and antioxidant capacity have been 
shown to be highly correlated (Sawicki et al. 2021; Zhang 
et  al.  2019), on the one hand, the antioxidant levels of 
nuts are partially restored by the development of antiox-
idant-rich compounds. Changes in nutrient macromol-
ecules and the walnut matrix, on the other hand, result 
in the production and accumulation of Maillard-derived 
melanoidins as well as the efficient release of antioxidants 
(Dibanda et al. 2020; Wang et al. 2021). Notably, this phe-
nomenon has been found in non-oil-containing fruits 
such as turmeric and myrtle (Alkaltham et al. 2021). As 
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Fig. 2 The content of phenolic compounds in walnut kernels under different drying methods. A Heat map of phenolic compounds under different 
drying methods. B Trend plot of free phenol under different drying methods. C Trend plot of esterified phenol under different drying methods. D 
Trend plot of bound phenol under different drying methods.Note: FD: Freeze drying; CHD: Constant hot air-dried; GHD1: Gradient hot air-dried 1; 
GHD2: Gradient hot air-dried 2

Table 1 Antioxidant capacity of walnuts under different drying methods

The IC50 value represents the inhibitor concentration after removing half of the DPPH radical; the higher the IC50 value, the lower the antioxidant activity. Significant 
differences are represented by different letters in the same row (p < 0.05). Relative antioxidant capacity means the multiplication of the antioxidant capacity of walnuts 
relative to FD under the other three conditions; The “IC50 > 500” means that the inhibitor concentration has reached 500 µg  mL−1, but the free radical scavenging has 
not yet reached half, so the relative antioxidant capacity cannot be calculated and is expressed as “ / ”

IC50 (µg  mL−1) Relative antioxidant capacity

FD CHD GHD1 GHD2 FD CHD GHD1 GHD2

Free 124.31a 78.01ab 46.39bc 9.08c 1.00 1.59 2.68 13.69

Esterified 513.27a 287.45ab 281.21ab 108.30b 1.00 1.79 1.83 4.74

Bound < 500 < 500 > 500 > 500 / / / /
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a result, our findings in this study suggested that HD can 
boost the antioxidant activity of most kinds of fruits.

Primary different metabolites between walnut kernels 
under different drying methods
The OPLS-DA analysis was used to identify signifi-
cant phenolic differences in walnuts dried at different 
temperatures (FD, CHD and GHD groups). The results 
clearly demonstrate that the first two components can 
distinguish between walnut samples treated at vari-
ous temperatures (Fig.  4). Some phenols are considered 
to contribute significantly to drying condition varia-
tion (VIP > 1), including 19 free, 10 bound, and 5 esteri-
fied phenols. As shown in Fig. 4C and Table S1, among 
the monomeric phenols that contributed significantly 
(VIP > 1) to the separation of FD and CHD, 11 mono-
meric phenols were up-regulated and 9 were down-
regulated. The CHD group had 10.27 µg  g−1 more 
protocatechuic acid than the FD group, which contrib-
uted significantly to the CHD group’s higher overall 
monomeric phenol content. In a study on tomatoes, FD 
was found to be more effective than HD in preserving 
almost all of the monomeric phenols (Tan et  al.  2021), 
and in quinces, FD preserved primarily the higher lev-
els of monomeric phenols such as procyanidin B2 and 
(-)-epicatechin (Szychowski et al. 2018). However, in this 
study, when compared to the heating treatment group, 
the FD treatment group reduced most of the higher levels 
of monomeric phenols, despite the fact that the phenols 
retained by FD were mostly at low concentrations (< 1 
µg  g−1). This phenomenon also explains why, as previ-
ously stated (in Sect. 3.3), the antioxidant activity of the 
phenol extracts obtained after the FD treatment was sig-
nificantly lower than that of the other heating treatment 
groups. When our findings are compared to those of pre-
vious studies, it is clear that choosing a drying method 
for a specific food based solely on data from other foods 
is risky. The reported differences between walnuts and 
other foods may be due to the formation of ice crystals 
during the FD process, which may disrupt the compo-
sition of the walnut matrix (Ribas-Agusti et  al.  2018), 
resulting in changes in the reaction of the monomeric 

phenols with the relevant enzymes, or it may be due to 
an effect on the sensitivity of the monomeric phenols to 
antioxidant activity. Further investigation is still required.

In addition, the groups CHD and GHD were clearly 
distinguished (Fig. 4D), with 26 monomeric phenols (21 
up-regulated, 5 down-regulated) identified as having sig-
nificant contributions (VIP > 1) (Table S2). Notably, the 
majority of the monomeric phenols that were up-regu-
lated in the CHD vs. FD comparison continued to rise in 
GHD, most notably protocatechuic acid (+)-catechin and 
(-)-epicatechin gallate. Furthermore, gallic acid and pro-
tocatechuic acid had the greatest differences among the 
lipids that made a significant contribution, with the GHD 
group having 162.81 µg  g−1 and 353.55 µg  g−1, respec-
tively, 48.42 and 34.22 times more than the CHD group. 
This is due to the fact that CHD drying is a slow process 
that causes the degradation of some key compounds (Ma 
et  al.  2019). GHD drying, on the other hand, shortens 
the drying time and allows the product to be dried to 
the desired moisture content within the production time 
frame. The high temperature phase, on the other hand, 
causes enzyme inactivation (Chumroenphat et al. 2021), 
which results in better phenolic compound preservation 
in walnuts. Previous studies have shown that GHD is an 
effective drying strategy for preserving the physical prop-
erties of foods such as Ganoderma lucidum (Chin & Law, 
2010) and bananas (Chua et al. 2000). Our findings also 
indicate that GHD has a high potential for industrial use 
in optimizing the content of beneficial chemical compo-
nents in walnuts during the post-harvest process.

Differential expression of phenolics metabolism pathways 
during different drying methods
Drying after harvest is an important step in the fruit 
processing process. Understanding the changes in phe-
nolic content during drying and improving quality traits 
require characterizing the phenol accumulation pattern 
during drying. Significant differential metabolites were 
further identified in this study using the more stringent 
criteria of FC (Fold change) > 1.5 and VIP ≥ 1. A total of 
six metabolites showed differential expression in the FD 
and CHD groups, with five showing an increase and one 

Fig. 3 Antioxidant activities evaluated by DPPH assays under different drying methods. A Free Phenols. C Esterified Phenols. Note: Radar plot 
of anti-oxidant capacity on four drying methods assessed. The closer to the center of the radar plot, the higher the antioxidant capacity. FD: Freeze 
drying; CHD: Constant hot air-dried; GHD1: Gradient hot air-dried 1; GHD2: Gradient hot air-dried
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showing a decrease (Fig.  5A). Six differential metabo-
lites were enriched in three pathways using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment: flavonoid biosynthesis, biosynthesis of 

secondary metabolites and metabolic pathways (Fig. 5B). 
Our findings indicate that the upregulation of (+)-cat-
echin and downregulation of (-)-epicatechin in CHD 
is primarily associated with the flavonoid biosynthesis 

Fig. 4 Multivariate analysis of phenolics distinguishes walnuts under different drying methods. A OPLS-DA scores plot based on FD, CHD and GHD. 
B VIP scores of individual phenolics in OPLS-DA. C OPLS-DA scores plot based on FD and CHD. D Heat map of phenol differences between group 
FD and CHD. E OPLS-DA scores plot based on GHD and CHD. F Heat map of phenol differences between group GHD and CHD
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metabolic pathway. 17 species (15 up and 2 down) were 
designated as significantly differentiated in the CHD vs. 
GHD comparison group (Fig. 6A). Six of the most impor-
tant pathways were chosen: biosynthesis of various plant 
secondary metabolites, metabolic pathways, biosynthe-
sis of secondary metabolites, phenylpropanoid biosyn-
thesis, flavonoid biosynthesis, and flavone and flavonol 
biosynthesis (Fig.  6B). Among them, metabolic path-
ways, flavonoid biosynthesis, and biosynthesis of sec-
ondary metabolites were all the same as in the CHD vs. 
FD comparison group (Figs. 5C and 6C), indicating that 
they are important phenolic metabolic pathways in the 
drying process of walnuts. Previous research has shown 
that the phenylalanine pathway and flavonoid biosynthe-
sis result in the biosynthesis of coumarins, flavonoids, 
isoflavones, and flavanols, all of which are important 
phenolics of plant stress resistance (Ai et  al.  2021). The 
flavonoid biosynthetic pathway, in particular, has been 
shown to be induced by drought stress and high tempera-
ture treatments in response to stress (Chao et  al.  2017; 
Yu et al. 2022). This study also discovered that quercetin, 

(+)-catechin and (-)-epicatechin in the flavonoid bio-
synthesis pathway were up-regulated in the flavonoid 
biosynthesis pathway in response to heat stress. Further-
more, the flavonoid biosynthesis pathway comes before 
the flavone and flavonol biosynthesis pathway. This also 
has an impact on the biosynthesis of important individual 
phenols found in walnuts, such as quercetin3-O-rhamno-
side − 7-O-glucoside and rutin. Besides, the upregulation 
of gallate in the GHD is associated with pathway of bio-
synthesis of various plant secondary metabolites. Overall, 
the obtained findings were especially intriguing because 
they provided direct evidence that the phenolic meta-
bolic pathways affected by GHD are better preserved for 
phenolics.

Conclusion
This study compares the effects of various post-harvest 
drying methods on phenols and antioxidant capacity in 
walnuts in order to choose the optimal drying method 
for walnuts. The findings of this study challenge the 
findings of numerous previous studies that suggested 

Fig. 5 The differential metabolic analysis in response to drying methods (FD vs. CHD). A Volcano diagram of the differential metabolites of walnuts 
under FD and CHD. B Metabolic pathway diagram for differences between group FD and CHD. C Polyphenol synthesis pathways and content 
changes under FD. For image A, red and green dots represent up-regulated and down-regulated significant difference metabolites, respectively. 
For image B, the bubble size represents the number of different metabolites involved in this pathway, and the bubble color represents the p-value 
of this metabolic pathway. The important metabolic pathways are pointed out by arrows. For image B, the same panel represents a metabolic 
pathway, where red font indicates significant up-regulation and green font indicates significant down-regulation. The same below
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freeze drying (FD) as a superior method for preserving 
phenolic and antioxidant capacity in a variety of foods. 
HD, particularly GHD, is a superior postharvest dry-
ing technique for walnuts. GHD dried walnuts have a 
maximum TPC of 1.84 times and a maximum antioxi-
dant capacity of 9.21 times that of FD dried walnuts. 
The concentrations of most of the detected monomeric 
phenols in kernels increased with temperature, most 
notably protocatechuic acid, gallic acid, and 4-hydroxy-
benzoic acid. The three key important metabolic path-
ways in walnuts that respond to heat stress (metabolic 
pathways, flavonoid biosynthesis and biosynthesis of 
secondary metabolites) have been identified. These 
findings contribute to an understanding of the changes 
in phenolics caused by different drying methods, as 
well as useful information for the application of key 
metabolites in walnut drying process.
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