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A B S T R A C T

The study explored the use of current fluid dynamics drying technology for apricot abalone mushroom, exam
ining how different output voltages (15, 25, and 35 kV) affected drying characteristics, microstructure, and 
volatile components. Comparisons were made with samples dried using hot air drying (HAD) and natural air 
drying (AD). Results revealed that HAD had the fastest drying rate at 0.29664(g⋅h− 1). However, apricot abalone 
mushroom treated with electrohydrodynamic drying (EHD) maintained a color closer to fresh samples, exhibited 
a 21% increase in the ordered structure of protein secondary structure, a 12.5-fold increase in bound water 
content, and the most stable cell structure compared to HAD and AD treatments. A total of 83 volatile organic 
compounds were identified in the apricot abalone mushroom, with alcohols and aldehydes being the most 
prominent in terms of threshold and relative content, peaking in the 35 kV treatment group. These findings 
provide both experimental and theoretical insights into applying current fluid dynamics for drying apricot 
abalone mushroom.

1. Introduction

Apricot abalone mushroom (Pleurotus eryngii) is a widely consumed 
edible with a unique flavor and several health-promoting benefits. Many 
studies reported that bioactive fractions isolated from apricot abalone 
mushroom show a wide range of bioactive effects (Kleftaki et al., 2022; 
Krakowska et al., 2020). The moisture content of fresh apricot abalone 
mushroom is about 88%. Due to the high moisture content, apricot 
abalone mushroom have high respiration after picking and are highly 
susceptible to microbial attack and spoilage, which seriously affects the 
quality of fresh mushrooms (Guo et al., 2023). Due to simple operation 
and low price, hot air drying is widely used in the food industry, but 
there are shortcomings such as low energy utilization and loss of nu
trients (He et al., 2023). Natural drying equipment is low-cost, but 
long-term exposure to the air is easily contaminated by microorganisms, 
thus affecting the inner nutrition of apricot abalone mushroom. Infrared 
drying can significantly shorten the drying time and improve product 
quality, but its effect is often affected by the infrared wavelength, food 

surface porosity and composition (Bai et al., 2023). Microwave drying is 
popular because of its high efficiency and high rehydration rate, but the 
high initial cost and uneven heating with limited microwave trans
mittance are persistent problems in microwave drying (Wang et al., 
2024). Therefore, it is necessary to find new drying methods with low 
equipment cost, high drying speed, and good preservation of nutrients. 
The emergence of electrohydrodynamic drying (EHD) technology is a 
good solution to this problem (Anukiruthika et al., 2021).

EHD is a non-thermal drying technique under the synergistic effect of 
a non-uniform electric field and ionized air, which is very beneficial for 
heat-sensitive materials. The EHD drying system consists of two elec
trodes, a pin-plate emission electrode, and a flat-plate ground electrode. 
When a high voltage is applied to the needle plate electrode, the needle 
tip discharge is enhanced. The surrounding air is forced to ionize into a 
plasma consisting of OH− , N+, O2− and other free radicals and reactive 
atoms (Chen et al., 2012). The motion of these ions in the presence of a 
non-uniform electric field produces an ionized wind (Anukiruthika 
et al., 2021). EHD has been widely used for drying biological materials 
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such as Citrus sinensis L, pineapple, house cricket flour, and ‘Ankara’ 
pear, etc (Polat and Izli, 2022; Psarianos et al., 2024; Suvanjumrat et al., 
2024; Zhang et al., 2023). Studies also showed that the cold plasma 
generated by the corona discharge during EHD drying has significant 
benefits on the quality parameters of food products such as proteins, 
lipids, and starches (Liu et al., 2024; Psarianos et al., 2024). However, 
some recent studies found that the electric field and cold plasma treat
ment may lead to oxidation of lipids and denaturation of proteins in 
food, which are important basic substances affecting flavor 
(Perez-Andres et al., 2018).

The odor of food is a combination of several volatile organic com
pounds (VOCs), and differences in the type and amount of these VOCs 
produce different types of aromas (Rong et al., 2023). A series of 
chemical reactions and various factors during the drying process led to 
changes in food flavor. The current study found that thermal drying is 
usually a combination of heat, oxygen, and various other adversity 
stresses to maintain quality. During this process, lipids, especially un
saturated fatty acids, are structurally very unstable and are easily 
deteriorated by light, heat, and oxygen and may be oxidized to alde
hydes and other compounds (Ni et al., 2023). Aldehydes can further 
react with proteins to promote oxidative denaturation of proteins. At the 
same time, reactive oxygen species from protein oxidation can accel
erate lipid oxidation (Huang et al., 2022). Therefore, inappropriate 
processing methods or conditions can lead to the destruction of nutrients 
such as amino acids and fatty acids in apricot abalone mushroom, 
thereby affecting flavor and sensory properties. However, to the best of 
our knowledge, most scholarly studies have focused on drying equip
ment and its effect on the drying characteristics of aqueous materials 
(Onwude et al., 2021). There are no detailed reports on the effect of EHD 
on volatile organic compounds during apricot abalone mushroom 
drying.

This study aims to systematically analyze the drying characteristics, 
microstructure, and volatile organic compounds of apricot abalone 
mushroom under different voltages. It provides a more effective drying 
process for the drying of plant by-products and a scientific basis for 
future research on volatile organic compounds in dried materials.

2. Materials and methods

2.1. Experimental materials

Fresh, intact, uniformly shaped apricot abalone mushroom of the 
same ripeness was purchased from a supermarket near the Inner 
Mongolia University of Technology in Hohhot, Inner Mongolia Auton
omous Region. The fresh samples were stored in a refrigerator (Hisen
seBCD-197T, Beijing) at − 4 ◦C, for no more than 3 days before the 
drying experiment.

2.2. EHD drying equipment

The EHD drying device mainly includes high-voltage power supply 
(YD (JZ)-1.5/50, Wuhan, China), adjustable controller (KZX-1.5KVA, 
Wuhan, China) with AC voltage range from 0 to 50 kV, and multi-needle 
to plate electrodes. The electrodes consist of a vertically mounted elec
trode with multiple sharp pointed needles projected to a fixed horizontal 
grounded metallic plate on which the samples to be dried was placed. 
The distance between the emitting point and the grounded electrode was 
100 mm. The sharp pointed electrodes were connected to a power 
source. The distance between adjacent needles was 40 mm. The length 
and diameter of each needle were 20 mm and 1 mm, respectively. The 
grounded plate electrode was a 1000 mm × 450 mm rectangular 
metallic plate.

2.3. Experimental methods

The apricot abalone mushrooms were cut into cylindrical shapes 
with a cross-sectional diameter of 25 mm and a thickness of 10 mm. A 
rapid moisture detector (SH10A, Shanghai, China) was used to deter
mine the initial moisture content of the apricot abalone mushroom, and 
the wet-base moisture content was measured to be 88 ± 2%. The 
experiment ended when the wet-base moisture content was less than 
10% under the different drying conditions. The dried apricot abalone 
mushroom samples were analyzed for drying characteristics, infrared 
spectra, scanning electron microscopy (SEM), low-field nuclear mag
netic resonance (NMR) T2 spectra, and volatile organic compounds 

Scheme 1. Experimental flowchart.
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(VOCs). The specific experimental method is shown in Scheme 1.

2.3.1. EHD drying
Voltage is an important parameter affecting the drying characteris

tics. The apricot abalone mushroom slices were dried under AC electric 
field with multiple needles-to-plate electrode at different voltages. The 
drying voltage was 15 kV, 25 kV and 35 kV, respectively. The ionic wind 
speed under different experimental conditions was measured using a 
thermal heat-sensitive anemometer probe. The experiments were car
ried out in a drying environment with a drying temperature of 18 ± 2 ◦C, 
a relative humidity of 26 ± 1%, and a wind speed of 0 m/s. Fresh apricot 
abalone mushroom slices were uniformly placed in the EHD system for 
the drying experiments.

2.3.2. AD drying
Fresh apricot abalone mushroom slices were placed in a constant 

temperature and humidity chamber with a temperature of 18 ± 2 ◦C, a 
relative humidity of 26 ± 1%, and an air velocity of 0 m/s.

2.3.3. HAD drying
Fresh apricot abalone mushroom slices were dried in an oven. The 

drying temperature was 50 ◦C and the drying air velocity was 2 m/s.

2.4. Moisture content

The dry basis moisture content and moisture content ratio of apricot 
abalone mushroom samples during drying were calculated using the 
following equations (Wang et al., 2017). 

Mi =
mi − mg

mg
× 100 (1) 

MR=
Mi-Me

M0-Me
(2) 

Where Mi is the dry basis moisture content of the apricot abalone 
mushroom dried to ti time (unit: g water/g solid), mi is the mass of the 
apricot abalone mushroom dried to ti time (unit: g), mg is the dry mass of 
the apricot abalone mushroom (unit: g), MR is the moisture ratio of the 
apricot abalone mushroom, Me is the equilibrium moisture content of 
the apricot abalone mushroom, and M0 is the moisture content of the 
apricot abalone mushroom at the moment t0. Usually, the equilibrium 
moisture content of a food ingredient is small and negligible (An et al., 
2024). Therefore, the water content equation can be simplified as: 

MR=
Mi

M0
(3) 

2.5. Drying rate

The drying rate is calculated as (Hu et al., 2024): 

DR=
Mt − Mt+Δt

Δt
(4) 

where DR is the drying rate (unit: g water/g solid⋅h− 1), Mt is the dry 
basis moisture content of apricot abalone mushroom at time t, Mt + Δt is 
the dry basis moisture content of apricot abalone mushroom at time t +
Δ t, and Δt is the drying time of apricot abalone mushroom.

2.6. Effective diffusion coefficient of moisture

The effective diffusion coefficient of moisture was calculated using 
Fick’s second law (El-Mesery et al., 2024). 

dM
dt

=Deff
d2M
dr2 (5) 

When the drying time is long, MR < 0.6, the above equation can be 

expressed as: 

MR=
8
π2 exp

(

−
π2Deff t

4L2

)

(6) 

where Deff is the effective diffusion coefficient and L is half the thickness 
of the sample. The above equation can be written by taking the 
logarithm: 

ln [MR] = −
π2Deff

4L2 t + ln
[

8
π2

]

(7) 

2.7. Color

The surface brightness value L*, redness value a*, and yellowness 
value b* of apricot abalone mushroom slices before and after drying 
were measured directly with an automated colorimeter. The instrument 
was calibrated with a blackboard and a whiteboard before testing, and 
measurements were taken from five places on the same sample. The 
average of the results was taken. The expression for color difference is 
(Zhang et al., 2024): 

ΔE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L*

1 − L*
0
)2

+
(
a*

1 − a*
0
)2

+
(
b*

1 − b*
0
)2

√

(8) 

Where L0*, a0*, b0* are the brightness, redness, and yellowness values of 
fresh apricot abalone mushroom slices, and L1*, a1*, b1* are the 
brightness, redness, and yellowness values of dried apricot abalone 
mushroom slices, respectively.

The whiteness of apricot abalone mushroom after drying is also one 
of the important indicators for evaluating the color of apricot abalone 
mushroom, and the equation for calculating whiteness can be expressed 
by equation (Feng et al., 2021): 

Whiteness= 100 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(100 − L*)
2
+ (a*)

2
+ (b*

)
2

√

(9) 

Where L*, a*, and b* are the brightness, redness, and yellowness values 
of apricot abalone mushroom slices before and after drying, 
respectively.

2.8. Infrared spectral analysis（FT-IR）

Potassium bromide (130 mg) and 1.3 mg of sample (sample to po
tassium bromide mass ratio 1 to 100) were ground into an onyx grinding 
bowl to a particle size of <2 mm. The powder was pressed at a force per 
unit area of 8000 psi (55–69 MPa) to form transparent tablets, and the 
particles were analyzed by placing them in an FTIR (Nicolet6700, USA). 
The scanning range was 400–4000 cm− 1, and 32 scans were performed 
at 4 cm− 1 resolution with a signal-to-manager ratio of 50,000:1 to 
remove water and carbon dioxide interferences to obtain the scanned 
spectra (Li et al., 2024). Amide I spectra in the range 1600–1700 cm− 1 

were analyzed by baseline adjustment, Gaussian back-convolution, 
second-order derivatives, and curve fitting using PeakFit software (San 
Rafael, CA, USA). Percentages of α-helix, β-sheet, β-turn, β-antiparallel, 
and random coil protein secondary structure compositions were 
calculated.

2.9. Identification of volatile compounds

The volatile organic compounds (VOCs) of dried apricot abalone 
mushroom products were determined by headspace gas phase solid- 
phase microextraction (SPME) coupled with gas chromatography-mass 
spectrometry (HS-SPME-GC-MS). The dried apricot abalone mush
rooms were ground into powder, and 2g of the sample was firstly 
weighed and transferred to a 20 ml headspace vial, equilibrated at 50 ◦C 
for 15min, and subjected to solid-phase microextraction (SPME fiber: 
DVB/CAR/PDMS, LabTech) at 50 ◦C with adsorption time of 30min, and 
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desorbed at a temperature of 250 ◦C for 3min and then tested. A capil
lary column DB-5MS (Agilent, J&W Science, 30 m × 0.25 mm × 0.25 
μm) was used, with an injection temperature of 250 ◦C, a split ratio of 
10:1, a carrier gas of high-purity helium at a flow rate of 1.00 ml/min, 
and a starting temperature of 60 ◦C held for 5 min, rising to 160 ◦C at 
6 ◦C/min and held for 5 min, then rising to 280 ◦C at 5 ◦C/min and held 
for 5 min. The temperature of the ion source was 230 ◦C, the tempera
ture of the interface was 280 ◦C, and the scanning range was 45–450m/ 
z. The ion source temperature was 230 ◦C, and the interface temperature 
was 280 ◦C. The scanning range was 45–450m/z. When volatile organic 
compounds (VOCs) in raw materials are determined by HS-SPME-GC- 
MS, the peak area is proportional to the content of VOCs, so the rela
tive percentage content of VOCs can be obtained by semi-quantitative 
analysis using peak area normalization (Li et al., 2023; Zhu et al., 
2021). Calculations of relative VOC content were made with reference to 
Quintero Ramírez et al. (2023) and Tang et al. (2023) calculations. 
However, some modifications were made. That is, the ratio of the peak 
area of each VOC to the area of the total VOC is multiplied by 100 to 
arrive at the relative content of the VOC (Karabagias et al., 2021).

2.10. Low-field NMR（T2 spectrum）

Low-Field Nuclear Magnetic Resonance (LF-NMR) technique was 
used to determine the moisture composition and state distribution of 
apricot abalone mushroom slices. Apricot abalone mushroom slices 
treated with different voltages and drying times were placed into an 
NMR instrument (Bruker AVANCE III 400M, Germany) with a magnetic 
field strength of 0.5 T and a coil diameter of 60 mm, and a Carr-Purcell- 
Meiboom. The Carr-Purcell-Meiboom (CPMG) pulse sequence was used 
to determine the Transverse Relaxation Time of apricot abalone 

mushroom slices, (T2) (Gao et al., 2009).
LF-NMR test parameters: temperature 38 ◦C, main frequency SF =

12 MHz, 90◦ pulse time P90 = 11.8 μs, 180◦ pulse time P180 = 19.04 μs, 
offset frequency O1 = 234433Hz, signal receiving bandwidth SW =
333.333 kHz, number of samples TD = 16666, relaxation decay time 
TW = 1500ms, accumulation number NS = 8, echo number NECH =
500, echo time TE = 0.1ms. 1500ms, accumulation number NS = 8, 
number of echoes NECH = 500, echo time TE = 0.1ms.

2.11. Scanning electron microscope (SEM)

Dried apricot abalone mushrooms were pasted on a sample stage 
with carbon conductive adhesive and sprayed with gold, and the surface 
structure of the dried apricot abalone mushroom was observed with a 
scanning electron microscope (SU8020, Japan) at 2500x and 5000x at 
the same position under an accelerating voltage of 10 kV.

2.12. Statistical analysis

All experiments were conducted in triplicate, with results reported as 
the mean ± standard deviation from these three trials. One-way analysis 
of variance (ANOVA) using SPSS Statistics software was performed to 
assess differences in drying rate, moisture content, and color data of 
apricot abalone mushrooms, with significance set at p < 0.05. Data were 
normalized before analysis. Infrared spectroscopy, principal component 
analysis (PCA), and correlated thermograms were carried out using 
appropriate software. The correlation between different drying methods 
and various metrics was analyzed, and a relevance analysis was per
formed to evaluate the relationship between different indices.

Fig. 1. Drying characteristics of apricot abalone mushroom samples under different drying methods. a: The moisture content with time and wind speed of ionized 
wind. b: The drying rate with the moisture content. c: Mean drying time and mean drying rate. d: Effective moisture diffusion coefficient. Note: Different letters 
indicate that the results are significantly different (p < 0.05).
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3. Results and discussion

3.1. Drying characteristics analysis

As shown in Fig. 1a, the AD experimental group had the slowest rate 
of decrease in water content, and the drying rate was almost constant, 
with an average drying rate of 0.08125(g⋅h− 1). The HAD experimental 
group had the fastest rate of decrease in water content, with an average 
drying rate of 0.29664(g⋅h− 1). The rate of reduction of water content in 
the EHD experimental group increased with increasing voltage, with 
average drying rates of 0.09116(g⋅h− 1), 0.1046(g⋅h− 1), and 0.14001 
(g⋅h− 1), respectively, which was consistent with the results of Xiao and 
Ding (2022).

HAD is characterized by high temperature, high airflow rate, thin 
boundary layer between the surface of the dried material and the air, 
and high convective heat transfer coefficient. However, high airflow and 
convective heat transfer coefficient can lead to rapid dehydration of the 
apricot abalone mushroom surface, resulting in rapid shrinkage at the 
beginning of drying and making it difficult for the moisture inside the 
apricot abalone mushroom to diffuse outward (Han et al., 2023). As a 
result, the drying rate of the sample increases with increasing voltage as 
shown in Fig. 1b. The HAD rate curve presents a high rate at high initial 
moisture content and decreases with decreasing moisture content. The 
drying process involves the evaporation of water inside the sample. In 
the electrohydrodynamic drying process, the movement of electrons and 
positive ions toward two opposite electrodes accelerates the movement 
of air molecules, forming an ionic wind. The ionic wind accelerates the 
evaporation of moisture from the surface of the apricot abalone mush
room, and this accelerates the migration of water molecules from the 
interior to the surface of the sample. The higher the voltage, the more 
obvious the promotion of the drying rate by the ionized wind. As the 
drying time increases, the internal moisture of the sample gradually 
decreases and the drying rate gradually slows down. In this way, the 
drying process is a deceleration period. This result corresponds to the 

conclusion of Iranshahi et al. (2022). Fig. 1c shows the average drying 
time and average drying rate of apricot abalone mushroom under 
different drying methods. The average drying rate of EHD drying and 
HAD drying was significantly higher compared to AD drying, increasing 
by 1.12, 1.29, 1.72 and 3.65 times, respectively, at 15 kV, 25 kV, 35 kV 
and HAD compared to that of AD group. The drying rate of the apricot 
abalone mushroom treated by EHD increased with the increase of the 
applied voltage, which was mainly since with the increase of the voltage, 
the intensity of the needle tip discharge of the upper pole plate 
increased, and the speed of the ionized wind increased. The ionized 
wind accelerated the drying rate of the material. Compared with AD, the 
average drying time of EHD drying and HAD drying was significantly 
shorter (p < 0.05), and the average drying time of the AD group was 
1.23, 1.34, 1.59 and 3.28 times that of the 15 kV, 25 kV, 35 kV and HAD 
treatments, respectively.

3.2. Effective moisture diffusion coefficient (Deff) analysis

Fig. 1d shows the effective water diffusion coefficient of apricot 
abalone mushroom under different drying methods. It can be seen that 
the effective water diffusion coefficient increases with increasing 
voltage. This trend is the same as the average drying rate, both of which 
are proportional to the change in ionic wind speed. The applied voltage 
disrupted the inner cell membrane of apricot abalone mushroom leading 
to the appearance of a large number of stomata, which promoted the 
diffusion of water molecules to the outside (Mirzaei-Baktash et al., 
2022). Therefore, the faster the apricot abalone mushroom dries, the 
higher the effective moisture diffusion coefficient.

3.3. Color analysis

Color is closely related to food quality and is a key factor affecting 
consumers’ first impression and recognition (Hu et al., 2024). Fig. 2
shows the changes in surface color parameters of apricot abalone 

Fig. 2. Apricot abalone mushroom color under different drying methods. Where L*: brightness value; a*: redness value; b*: yellowness value; ΔE: total color dif
ference; whiteness: whiteness value. Note: Different letters indicate that the results are significantly different (p < 0.05). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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mushroom before and after drying under different drying methods. The 
effects of different drying methods on the surface color of apricot 
abalone mushroom were significantly different (p < 0.05). The bright
ness value (L*) and whiteness value of apricot abalone mushroom-dried 
products under EHD conditions were higher than that of the products 
under HAD and AD conditions, and the change of ΔE was the smallest in 
the EHD-treated group, and it was decreased with the increase of 
voltage. The redness values a* of the dried apricot abalone mushroom 
products under different drying methods were significantly higher, with 
a* being the largest in AD at 2.23 ± 0.07. The reason for this phenom
enon is attributed to the Meladic reaction, thermal decomposition, and 
non-enzymatic reaction. The apricot abalone mushrooms are rich in 
vitamin C and phenolics, which are chemically reacted with air when 
exposed to air for a long period, and the activity of polyphenol oxidase is 
initially drying. The polyphenol oxidase activity is elevated during 
initial drying, which leads to higher a* values (Sahoo et al., 2024). b* 
values under EHD conditions were also lower than those of both HAD 
and AD treatment groups, and b* values decreased with increasing 
voltage. Since EHD is non-thermal drying and HAD is thermal drying, 
this variation is mainly due to the production of enzymatic browning 
often found in low-temperature drying and non-enzymatic browning of 
phenolic compounds found in thermal drying (Fong-In et al., 2023). 
Enzymatic browning and color changes in fruits and vegetables are 
usually caused by polyphenol oxidase activity, which degrades poly
phenols to colored phenols. Less color degradation in EHD can be 
attributed to lower PPO as well as POD activity, which can also be proof 
of higher antioxidant activity in EHD-dried material (Marszalek et al., 
2018). The ΔE value of apricot abalone mushroom at 35 kV was the 
smallest, Whiteness was higher, and a* and b* lower. The smaller ΔE 
value indicates less browning reaction during the drying process (Wang 
et al., 2018), which further suggests that EHD drying can better protect 
the color of apricot abalone mushroom.

3.4. Infrared spectral analysis

FTIR has become a very popular technique in food science in recent 
years due to its unique specificity, robustness, and strong sensitivity. 
Fig. 3a shows the infrared spectra of dried apricot abalone mushroom 
products under different drying methods. It can be seen that different 
functional groups correspond to different characteristic absorption 
peaks in the infrared spectra. the peaks near 3286 cm− 1 are broader and 
are mainly the N-H of proteins and the O-H telescopic vibration peaks of 
polysaccharides (Candoğan et al., 2020). The intensity of the energy 
bands (% transmittance, T) of apricot abalone mushroom dried by HAD 
and EHD is significantly lower than that of AD-dried apricot abalone 

mushroom. Zhang et al. (2016) was used in the study of polysaccharides 
and activity bioactivities of apricot abalone mushroom using charac
terization of FTIR spectral lines, also found that the typical N-H vibra
tion near 3400 cm− 1 overlapped with the -OH stretching vibration from 
3000 to 3500 cm-1 -CH2 stretching vibration absorption peak was 
observed near 2924 cm− 1, and the transmittance of apricot abalone 
mushroom increased with increasing voltage. The carbonyl C=O 
stretching vibration of the protein amide I group was mainly near 1638 
cm− 1, which may also contain N-H bending vibration absorption peaks 
and C-N stretching vibration peaks (Li et al., 2014). The transmittance of 
the dried apricot abalone mushroom products under different drying 
methods showed a decreasing trend in the wavelength range, indicating 
that high-voltage drying facilitates the preservation of active compo
nents such as amide bands of amino acids and proteins, alkaloids, and 
unsaturated esters. Ni et al. (2020) found similar results and, suggested 
that the different pretreatment methods have a certain effect on the 
internal structure of goji and the active components. Amide II: N-H 
bending of proteins, C-N stretching of proteins, and C-O-H and methyl 
bending modes of lipids were mainly observed near 1552 cm− 1, 
COO-symmetric stretching of fatty acids and -CH3 bending of fats were 
mainly observed near 1373 cm− 1, and at 1000 cm − 1 near the wave 
number range. The intensity of the characteristic peaks after drying of 
apricot abalone mushroom was significantly reduced under different 
drying methods. This indicates that the increase in voltage is unfavor
able for the preservation of carbohydrates such as polysaccharides and 
glycosides. The characteristic peaks of fingerprints below 950 cm− 1 are 
considered to be the region containing mainly the characteristic peaks of 
proteins, lipids, phospholipids, and nucleic acids produced by a variety 
of biomolecules (Candoğan et al., 2020). As can be seen in Fig. 3a, the 
infrared spectral peak positions of dried apricot abalone mushroom 
under different drying voltage treatment conditions were similar, but 
the intensity of the characteristic peaks was significantly different. The 
absorption peak intensities were in order from strongest to weakest as 
follows: 35 kV > HAD >25 kV > 15 kV > AD. In summary, the appro
priate EHD voltage treatment conditions are more favorable for the 
retention of nutrients in dried apricot abalone mushroom.

Fig. 3b shows the protein secondary structure of dried apricot 
abalone mushroom under different drying methods. Through baseline 
adjustment, Gaussian inverse convolution, second-order derivatives, 
and curve fitting, the shapes located in the amide I band 1600-1700 
cm− 1 in the FTIR spectra can be used to determine the protein secondary 
structure of the dried apricot abalone mushroom product. The secondary 
structure corresponded to different peak positions, where β-sheet 
appeared at 1610-1642 cm− 1, the random coil at 1642-1650 cm− 1, 
α-helix at 1650-1660 cm− 1, β -turn occurs at 1660-1680 cm− 1, and 

Fig. 3. Effects of different drying methods on the infrared spectra of apricot abalone mushroom and the secondary structure of proteins. a: The infrared spectra, b: 
The secondary structure of proteins.
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β-antiparallel occurs at 1680-1700 cm− 1 (He et al., 2015). α-helix and 
β-sheet belong to the ordered structure, and β-turn and the random coil 
belong to the disordered structure (Qian et al., 2019). As shown in 
Fig. 3b, α-helix and β-sheets are the main forms of protein secondary 
structures in dried apricot abalone mushroom. It was found that β-sheets 
contributed most significantly to the amide I band in plant foods with 
high protein content (Carbonaro and Nucara, 2010). α-helix content in 
the 35 kV and 25 kV groups was insignificantly different, but higher than 
25 kV, HAD and AD groups. β-sheets content in the 35 kV and 15 kV 
groups was not significantly different and higher than 15 kV, HAD and 
AD groups. This indicates that the protein secondary structure of apricot 
abalone mushroom slices treated with EHD is more stable under the 
appropriate voltage, and the content of β-turn and the random coil in the 
EHD-treated apricot abalone mushroom slices was lower than that in the 
HAD and AD groups, which suggested that these treatments have 
damaged the protein secondary structure of apricot abalone mushroom 
slices. This could be due to the formation due to high temperature as 
well as prolonged drying. Similar results were found in previous studies 

(Duppeti et al., 2023). In conclusion, EHD drying retained more nutri
ents compared to HAD drying.

3.5. Volatile organic compound analysis

The volatile organic compounds (VOCs) and their relative contents in 
apricot abalone mushroom under different drying methods were 
analyzed and identified by HS-SPME-GC-MS. For more convenient and 
intuitive observation, combined with retention index (RI) and retention 
time, a total of 83 volatile organic compounds were identified in the 
dried apricot abalone mushroom products using the NIST library, but 
the number of volatile organic compounds in the apricot abalone 
mushroom dried by different drying methods varied, with 68, 53, and 31 
volatile organic compounds identified in the 35 kV, 25 kV, 15 kV, HAD 
and AD treatment groups, respectively, 50 and 49 volatile organic 
compounds. All these VOCs were categorized into 7 groups as shown in 
Fig. 4a–ie. 44 hydrocarbons, 11 esters, 7 aldehydes, 9 alcohols, 5 ke
tones, 2 acids, 5 other groups (1ether, 1phenol, 1furan, 2benzene). 

Fig. 4. Effects of different drying methods on volatile organic compounds in apricot abalone mushroom. a: The number of different species of playful organic 
compounds, b: The relative content of different species of volatile organic compounds, c: Fingerprints of volatile organic compounds, d: OPLS-DA, e: Results of model 
cross-validation, f: Principal component analysis plots of volatile organic compounds.
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Analysis of the relative content of organic compounds in different 
groups by peak volume normalization method revealed significant dif
ferences (p < 0.05) in the relative content of volatile organic compounds 
in 35 kV, 25 kV, 15 kV, HAD and AD samples. With the shared VOCs as 
the dependent variable and different drying methods as the independent 
variables, apricot abalone mushroom under different drying methods 
could be effectively distinguished by orthogonal partial least squares 
discriminant analysis OPLS-DA. The results in Fig. 4d showed that 25 
kV, 15 kV and AD groups are located in the positive half-axis of the 
vertical axis, and 35 kV and HAD are located in the lower half-axis of the 
vertical axis. The fit index Rx

2 for the independent variable in this anal
ysis was 0.97, the fit index (Ry

2) for the dependent variable was 0.98, and 
the model prediction index Q2 was 0.974, both R2 and Q2 exceeded 0.5, 
which indicated acceptable model fit results (Chung et al., 2019). After 
200 substitution tests, as shown in Fig. 4e, the intersection of the Q2 

regression line with the vertical axis is less than 0, indicating that the 
model is not overfitted and the model is validated. The results obtained 
are useful for the identification and analysis of volatile organic com
pounds in apricot abalone mushroom under different drying methods. 
Fig. 4c shows the fingerprints of volatile organic compounds in apricot 
abalone mushroom under different drying methods, and the graphs were 
established according to the parameters of peak retention time and peak 
area of volatile organic compounds, while the fingerprints of volatile 
organic compounds in apricot abalone mushroom under different drying 
methods were also significantly different. The contribution of 
odor-active compounds to the overall odor profile of food products de
pends not only on their concentrations but also on their thresholds (Li 
et al., 2024).

Fig. 4b shows the relative contents of volatile organic compound 
categories of dried apricot abalone mushroom products under different 
drying methods. The categories and contents of volatile organic com
pounds can be an important indicator in distinguishing apricot abalone 
mushroom dried under different drying methods. The above results 
showed that apricot abalone mushroom under different drying methods 
would have the loss of certain VOCs and the production of new VOCs 
and that there were four main ways to promote the formation of VOCs 
during the drying process in different drying methods, including the 
Meladic reaction, the degradation of long-chain compounds, the oxi
dization and degradation of lipids, and the interactions between amino 
acids (Zhang et al., 2023). The changes in VOCs are complex and will be 
further analyzed later for various types of VOCs.

Alcohols have a high threshold, usually with specific floral and fruity 
aromas (Yun et al., 2021), and are mainly produced by the reduction of 
the corresponding aldehydes as well as by oxidative decomposition of 
lipids (Zhang et al., 2019). Alcohol volatiles determined by gas 
chromatography-mass spectrometry (GC-MS) were highest in the 35 kV 
group. The highest content of alcohol volatiles from apricot abalone 
mushroom under different drying methods were 1-Hexanol and 1-Octe
n-3-ol, where 1-Hexanol behaves as a clear colorless liquid and the 
compound has the flavor of Banana, Flower, Grass, and Herb; whereas, 
1-Octen-3-ol is allyl alcohol also known as mushroom alcohol is a 
compound that is found in many mushrooms and fungi in the main 
volatile organic compounds, colorless oily liquid, rich sweet earthy odor 
with a strong herbal aroma. With the increase of voltage 1-Hexanol and 
1-Octen-3-ol content increased significantly, both greater than the AD 
and HAD groups. The HAD group content was the lowest indicating that 
high temperature exacerbates the loss of alcohol volatiles which is 
consistent with the results of (Hu et al., 2024).

Aldehydic volatiles exhibit a low threshold and a strong aroma- 
enhancing capacity, contributing significantly to the odor, and they 
are formed mainly through lipid oxidative degradation and Meladic 
reactions (Ni et al., 2023). A total of seven aldehyde volatiles were 
identified under different drying methods, of which the most important 
compounds were Nonanal, Benzaldehyde, Benzeneacetaldehyde, and 
2-Nonenal, (E)-. Nonanal is a clear brown liquid with a rose and orange 
aroma. colorless to yellow liquid with a bitter almond odor. 

Benzeneacetaldehyde is a colorless to slightly yellow oily liquid with 
hyacinth and lilac flavors and a penetrating, pungent floral and sweet 
aroma.2-Nonenal, (E)- is a white to slightly yellow liquid with a pene
trating, fatty, violet aroma. The aldehydic volatiles were higher in the 
EHD group than in the AD and HAD groups. This suggests that aldehydes 
are better retained under low temperature and high voltage conditions, 
while high-temperature conditions are unfavorable for the formation of 
aldehyde volatiles. The same results were obtained with (Zhang et al., 
2023). Interestingly, the highest content of aldehyde volatiles was 
Nonanal, which was the highest in the 15 kV treatment group, sug
gesting that choosing the right voltage will have better retention of some 
aldehyde volatiles.

A total of 11 ester volatiles were identified in dried apricot abalone 
mushroom products under different drying methods. Esters usually 
originate from esterification reactions between alcohols and acids 
caused by degradation of fats or proteins, or from alcoholysis of tri
glycerides, fatty acids, and esters in ethanol (Yun et al., 2021). Most 
esters have a fruity flavor. Propanoic acid, propyl ester, Hexanoic acid, 
hexyl ester, and Formic acid, octyl ester are ester volatiles with high 
content in apricot abalone mushroom under different drying methods. 
All of them are colorless transparent liquids with fruity aromas. The 
prolonged sunlight and high temperature in natural drying and hot air 
drying were detrimental to the retention of esters, combined with the 
highest content of lipid volatiles in the 35 kV treatment group in Fig. 4b. 
This finding verified the conclusion of Zhang et al. (2024).

Hydrocarbons have little effect on the volatile flavor of apricot 
abalone mushroom as a whole due to their high thresholds and can act as 
harmonizers between the various volatile components. However, some 
alkanes have unique flavors, such as D-Limonene detected in HAD, 
which can give a fresh orange aroma and lemon aroma to food products.

Ketone volatiles usually originate from lipid oxidation, alkane 
degradation, and Meladic reactions. Although the content of ketone 
volatile organic volatiles in apricot abalone mushroom is low under 
different drying methods, they still produce butter and blue cheese fla
vors in dried apricot abalone mushroom products (Bi et al., 2023). The 
highest content is 2-Undecanone,2-Undecanone is a colorless to pale 
yellow liquid with a citrus, fatty, ruey flavor. Acids are produced by the 
catabolism of carbohydrates, and acid volatiles are the least volatile 
compounds in apricot abalone mushroom, with only two. Pentanoic 
acid, 2-methyl-, and Pentanoic acid, 2-methyl-, and anhydride, respec
tively. Pentanoic acid, 2-methyl-, is a branched-chain saturated fatty 
acid, a colorless to pale yellow liquid with a caramelized taste and an 
irritating odor, and is present only within the EHD treatment group. The 
content increased with increasing voltage. Pentanoic acid, 2-methyl-, 
anhydride is a colorless liquid with an irritating odor. Both acid vola
tiles were highest in the 35 kV group, and EHD had a good retention 
effect on the acids. In addition, GC-MS detected some other volatile 
constituents of apricot abalone mushroom under different drying 
methods. Butylated Hydroxytoluene is a white, crystalline, or flaky 
solid, odorless, or with a characteristic faint aromatic odor. Butylated 
Hydroxytoluene is one of the most commonly used antioxidants and is 
recognized as safe for use in fat-containing foods, pharmaceuticals, pe
troleum products, rubber, and petroleum industries (Krakowska et al., 
2020). The formation of 2-pentylfuran from linoleic acid and other n-6 
fatty acids with a low threshold and plant aroma has also been examined 
(Wall et al., 2019). It has been found that 2-pentylfuran exhibits a va
riety of beneficial effects such as anti-microbial, analgesic, 
anti-mutagenic, anti-platelet, anti-allergic, cough suppressant, 
anti-inflammatory and antioxidant properties and is found to be EHD >
AD > HAD in terms of content (Sun et al., 2023). Phenol, 2,4,6-tris(1, 
1-dimethylethyl)- present as a yellowish solid powder only in the EHD 
treated group. It showed that EHD treatment had a good retention effect 
on volatile organic compounds such as 2-pentylfuran.

Variable Importance for the Projection (VIP) reflects the variable of 
the OPLS-DA model, i.e., the extent to which the relative content of each 
substance contributes to the overall flavor and a VIP value ≥ 1 is 
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considered to be a significant contribution to the overall flavor, based on 
which differential identity markers were screened (Zhang et al., 2019), 
and only those volatile organic compounds with a VIP value ≥ 1 were 
analyzed. Only volatile organic compounds with VIP ≥1 were analyzed. 
A total of 20 differential characterization markers were screened ac
cording to the criterion of VIP value ≥ 1, including 3 alcohols, 2 esters, 8 
hydrocarbons, 4 aldehydes, 1 ketone, 1 acid, and 1 other. Among them, 
1-Hexanol, Nonanal, 1-Octen-3-ol, 2-Undecanone, Pentanoic acid, 
2-methyl-, Benzaldehyde, 2-Nonenal, (E)-, and Benzeneacetaldehyde 
were relatively high in content of larger odor respectively.

Principal component analysis, (PCA) is widely used as a multivariate 
statistical analysis technique for inter-sample variation analysis, which 
simplifies the data and reveals the interrelationships between different 
samples; this analysis involves describing unsupervised classification 
trends between samples (Wang et al., 2024). Fig. 4f shows a plot of 
principal component analysis (PCA) analysis based on GC-MS data of 
apricot abalone mushroom under different drying methods. The cumu
lative variance contributions of PC1 (38.5%) and PC2 (24.7%) were 
63.2%. Different drying methods had significant effects on the volatile 
organic compounds of apricot abalone mushroom. From Fig. 4f, it is 
clear that the samples of the EHD treatment group were located in the 
first and second quadrants, and the samples of the HAD treatment group 
were located in the third quadrant, which may be due to the difference 
between low-temperature drying and high-temperature drying. The PCA 
was effective in distinguishing between EHD and HAD.

3.6. Low-field NMR（T2 spectrum）analysis

The relaxation time T2 reflects the chemical environment of the 
hydrogen proton, which is related to the binding force and degree of 
freedom of the hydrogen proton (Su et al., 2020). The larger the binding 
force or smaller the degree of freedom of the hydrogen proton, the 
shorter the relaxation time T2 (Li et al., 2014). The magnitude of the 
signal amplitude reflects the water activity and is a dimensionless in
dicator. Under the same test parameters, a larger signal amplitude in the 
T2 relaxation spectrum indicates a greater number of corresponding 
water types. Based on the relaxation time, water in apricot abalone 
mushroom can be categorized into three forms, including bound water 
(0.1 < T21 < 1 ms), fixed water (1 < T22 < 10 ms), and free water (T23 >

10 ms), which are labeled as A21, A22, and A23 in terms of their relative 
signal amplitudes (Li et al., 2014; Song et al., 2017). The T2 relaxation 
spectra of the three drying methods are shown in Fig. 5a. It can be seen 
that after drying, the free and fixed water contents of the materials 
corresponding to each drying method disappeared, which is the same as 

the results of Su et al. (2019). It indicates that drying mainly focuses on 
the free water in the material as well as in the cytoplasm. However, it is 
interesting to note that the content of bound water was different after 
treatment by different drying methods. The bound water content of the 
material dried by EHD was significantly higher than that of HAD and AD 
drying, and increased with increasing voltage. The lowest bound water 
content of the material in HAD was attributed to the fact that the high 
temperatures potentially promoted cellular metabolic processes, 
whereas the content of free water limited the metabolic activity of the 
cells. Thus, in the HAD process, some of the bound water of the apricot 
abalone mushroom was converted to free water, which was evaporated. 
The highest content of bound water in apricot abalone mushroom after 
electric field drying is since the high-energy particles generated by the 
ionized air of EHD drying potentially act on the water molecules in 
apricot abalone mushroom, increasing the polarity of the water mole
cules in the apricot abalone mushroom and enhancing the binding ca
pacity of the amino, hydroxyl, and carboxyl groups in the material. This 
binding capacity increases with increasing voltage, promoting the for
mation of bound water. This also confirms that different drying tech
niques altered the ratio of free hydrogen ions in the material and that 
EHD drying acted on the surface of the material to produce a more 
complete cellular structure of the material. Bound water is an important 
part of the cell structure. High temperature disrupts the cellular struc
ture, leading to a decrease in the bound water content (Sun et al., 2022). 
The results also showed that HAD disrupted the structure of the mate
rial. Therefore, EHD drying has a clear advantage in maintaining the cell 
structure.

3.7. Microstructure analysis

From Fig. 5b, it can be seen that there are many uniform small pores 
distributed between the cells under 2500 × , which indicates that apricot 
abalone mushroom is a porous structural material. Having a highly 
complex internal structure, it can be effectively described by the pore 
network modeling (PNM) method, such as pores, nodes, tunnels, etc 
(Zhang et al., 2020). Complex ideal structures related to water diffusion 
are formed during the drying process, and the diffusion process of sub
stances inside the apricot abalone mushroom is well described using this 
method.

In the EHD drying treatment, the degree of cell aggregation increased 
and irregular pores became more numerous as the voltage increased. 
The inner wall of the cells of the 5000x microstructure can be seen in 
Fig. 5c to become gradually less smooth, which may be due to the 
etching effect of the ionic wind (Luan et al., 2020). The inner cell of the 

Fig. 5. Effect of different drying methods on low-field NMR and SEM images of apricot abalone mushroom. a: Low-field NMR T2 spectrum, b: Scanning electron 
microscope (SEM) magnification at 2500×, c: Scanning electron microscope (SEM) images at 5000× magnification.
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Fig. 6. Pearson correlation coefficient analysis between different drying indices.

Fig. 7. Heat map relating different drying methods to drying index.
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HAD group collapsed, and the mycelium produced cross-linking and 
aggregation. Combined with the figure shown in Fig. 5b, it was observed 
that HAD effectively disrupted the skeleton, altered the cell morphology, 
and formed new tunnels leading to easier evaporation of water inside the 
cell. This is in agreement with the findings of Bai et al. (2023). The 
surface of the samples in the AD group appeared twisted and wrinkled. 
And there were irregular accumulations of lumpy or granular proteins 
on the surfaces of HAD and AD groups (Wu et al., 2023), further sug
gesting that the EHD treatment had a good retention effect on proteins. 
It was also noted that EHD could mitigate tissue collapse caused by 
prolonged hot air drying, but too high a voltage could lead to sample 
shrinkage and wrinkling. Specifically, the faster drying rate of HAD 
material is produced under conditions that destroy the surface structure 
of the material, which is not conducive to the production of high-quality 
dried apricot abalone mushroom products. Wang et al. (2024) also found 
that the structure of hot-air-dried apricot abalone mushroom showed 
varying degrees of curling, with severely twisted and distorted cells, 
whereas the cellular structure of EHD-dried apricot abalone mushroom 
was much more intact, indicating that the cells of apricot abalone 
mushroom dried by EHD contained more bound water than those of 
HAD and AD, a result that is also consistent with the conclusions reached 
by LF-NMR.

3.8. Statistical analysis

The experimental data (average drying rate, average drying time, 
color, volatile components content) were normalized and analyzed. 
Fig. 6 shows the Person correlation coefficient matrix. Drying rate was 
positively correlated with color values (L*, b*, a* and whiteness), lipids, 
alcohols, and ketones, while a* was negatively correlated with Deff, 
whiteness, alcohols, lipids, alkanes, ketones, and acids. Fig. 7 shows the 
correlation analysis heatmap of different drying methods on the drying 
index. In terms of drying rate, HAD was superior to EHD. However, the 
results of other parameters showed that EHD was superior to HAD and 
AD, where L*, whiteness, effective moisture diffusion coefficient, alco
hols, aldehydes, ketones, acids, and lipids were positively correlated 
after drying of apricot abalone mushroom in the 35 kV treatment group. 

Whereas, the color difference ΔE was negatively correlated. The corre
lation between volatiles and drying methods was also further revealed. 
Fig. 8 represents the relationship between 20 different volatile organic 
compounds (VIP>1, p < 0.05). The vertical axis is the 20 different 
volatile organic compounds and the horizontal axis indicates the 
different drying methods. The bar graphs demonstrated the magnitude 
of VIP values for the 20 volatile organic compounds. The clustering re
sults showed that the clustering of the 20 volatile substances further 
revealed the correlation between different drying methods and VOCs. 
The positive correlation substances were most abundant in the 35 kV 
treatment group, further indicating that EHD drying had a better 
retention effect on volatile organic compounds.

4. Conclusions

Based on the research analysis, it can be concluded that different 
drying methods significantly impact the drying characteristics and vol
atile organic compounds of apricot abalone mushroom. Hot air drying 
(HAD) has a drying rate 2.11 times higher than electrohydrodynamic 
drying (EHD) and 3.65 times higher than natural air drying (AD). 
However, apricot abalone mushroom dried using EHD exhibit superior 
surface color and internal microscopic protection compared to those 
dried using HAD and AD. Additionally, EHD drying results in a 20% and 
21% increase in the ordered structure of the protein secondary structure 
compared to HAD and AD, respectively. Gas chromatography-mass 
spectrometry (GC-MS) identified 83 volatile organic compounds in the 
apricot abalone mushroom. Although the types of volatile organic 
compounds are similar across different drying methods, EHD drying 
results in higher concentrations of alcohols, aldehydes, ketones, acids, 
furans, and other organic compounds. Notably, the threshold values and 
contents of 1-Octen-3-ol, 1-Hexanol, Nonanal, and 2-Undecanone are 
higher in EHD-dried apricot abalone mushroom, contributing to their 
mushroom, floral, and fatty fragrances, respectively. This research 
highlights EHD as a favorable drying method for apricot abalone 
mushroom. However, the mechanisms behind the production of volatile 
organic compounds remain unclear, warranting further investigation.

Fig. 8. Heat map of apricot abalone mushroom VOC (VIP>1) compound clustering under different drying methods.
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