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Abstract

Pummelo essential oil is a natural plant oil with antioxidant and antibacterial properties; however, it is poorly 
stabilized and volatile, which limits its application in food preservation research. In the present work, pummelo 
essential oil microcapsules were prepared using the complex coalescence method, with pummelo essential oil 
as the core material and glutenin as the wall material. Pummelo essential oil was successfully encapsulated by 
glutenin, forming a stable microcapsule structure with enhanced thermal stability. Microcapsules (GH-4) with 
the addition of 4 mL of pummelo essential oil exhibited the best embedding effect, achieving an encapsulation 
efficiency of 91%. Compared with GH-0, white mushrooms preserved with GH-4 effectively maintained the hard-
ness of the fruiting body (about 7.5 N), delayed browning (the L* value was about 80), inhibited respiration (about 
18×10³ mL kg–¹ h–¹), and slowed the quality deterioration of the white mushrooms. In conclusion, GH-4 micro-
capsules can be used not only for the preservation of fruits and vegetables but also provide a theoretical basis for 
sustainable food preservation.
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Introduction

Agaricus bisporus, also known as the white mushroom, 
is one of the most widely produced and distributed edi-
ble fungi in the world (Jiang et al., 2024a). White mush-
rooms are rich in active substances such as amino acids, 
polysaccharides, vitamins, minerals, and nucleotides 
(Muszyńska et al., 2016). They also offer various health 
benefits, including lowering cholesterol and blood pres-
sure, inhibiting tumor growth, preventing cancer, and 
enhancing human immunity (Grosshauser et al., 2013). 
However, freshly harvested white mushrooms are highly 
susceptible to microbial contamination due to their vig-
orous respiration and transpiration, as well as their lack 
of an epidermal structure. This susceptibility can lead to 
undesirable phenomena such as browning, crumpling, 

wilting, and rotting, which accelerate the aging process 
and ultimately reduce their commercial value (Qiu et al., 
2024). The short shelf life of white mushrooms poses a 
significant obstacle to their market value (Fang et al., 
2017). Therefore, developing effective and safe preserva-
tion technologies is crucial for improving the quality and 
market competitiveness of white mushrooms.

Pummelo essential oil is a renewable biomass resource 
with significant biological value, rich in D-limonene, α-wa-
tercressene, and 35 other chemical components, offering 
notable antioxidant and bacteriostatic effects (Kaur et al., 
2023). Eight components of pummelo essential oil, includ-
ing limonene and laurene, are the primary substances that 
contribute to its characteristic odor, making it an effec-
tive odor inhibitor (Lan-Phi et  al., 2009). As a natural 
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Ltd. (Tokyo, Japan). Pummelo essential oil (OEO, density: 
0.957 g mL−1) was supplied by Wenmei Plant Essential Oil 
Co., Ltd (Jinan, China), and (3-chloropropyl) triethoxysi-
lane (MW of 240.800, purity >99.00 %) was obtained from 
Yien Chemical Technology Co., Ltd. (Shanghai, China). 
Other chemical reagents were supplied by Opusen 
Chemical Co., Ltd. (Tianjin, China).

Methods

Preparation of  pummelo essential oil microcapsules
Ten grams of glutenin were weighed, and a 0.4 g L–¹ 
NaOH solution was used to make up a total volume of 
500 mL. This mixture was stirred for 20 min at 85°C in 
a magnetic stirring pot. Afterward, 5 mL of trichloropro-
pyl triethoxysilane was added, and the mixture was stirred 
continuously in a water bath at 85°C for another 20 min to 
obtain the wall material solution, which was then sealed 
with plastic wrap. Once the wall material solution cooled 
to room temperature, 100 mL of this solution was added 
to each of four beakers, followed by the addition of 0 mL, 
2 mL, 4 mL, and 6 mL of pummelo essential oil, respec-
tively. The wet microcapsules were prepared by stirring at 
35°C for 30 min in a magnetic stirring pot. The wet micro-
capsule emulsions from the four beakers were poured into 
drying dishes, frozen in a refrigerator for 12 h, and then 
transferred to a freeze-dryer, where they were vacuum 
freeze-dried for 12 h. The resulting dry microcapsules 
were labeled GH-0, GH-2, GH-4, and GH-6, respectively.

Analysis of  optical microscope and scanning electron 
microscopy
The microimaging of wet microcapsules was conducted 
following the experimental method outlined by Baiocco 
et al. (2024). A glass rod was dipped into an appropriate 
amount of the wet microcapsule emulsion to observe the 
micro-morphological distribution of the microcapsules 
under different treatments.

The microscopic morphology of the microcapsules was 
observed using a scanning electron microscope (SEM, 
Quanta 250, FEI Company, OR, USA) at 5 kV. Prior to 
measurement, the microcapsules were coated with gold 
(Petrovic et al., 2010).

Measurement of  microcapsule precipitation rate
Fifty milliliters of the GH-0, GH-2, GH-4, and GH-6 
microcapsule emulsions were measured and placed in 
transparent glass tubes. The precipitation of essential 
oil and changes in the state of the microcapsules were 
recorded every 2 days over a total period of 6 days.

Measurement of  encapsulation efficiency 
Two milliliters of wet microcapsules and 6 mL of eth-
anol (purity: ≥99.7%) were added to a centrifuge tube. 

antioxidant, pummelo essential oil faces challenges such as 
poor stability, volatility, and oxidative deterioration, which 
can diminish its efficacy when applied directly (Feng et al., 
2023). Therefore, utilizing embedding treatment technol-
ogy is an effective approach to maintaining the stability of 
essential oil and maximizing its benefits.

Microencapsulation technology involves encasing a 
core material in a film-forming wall material to create 
tiny particles. This process can reduce the influence of 
external environmental factors on the core material and 
effectively enable it to maintain its bioactive functions 
(Ashraf et al., 2015). Currently, bioactive substances 
studied in the field of food often exhibit poor stabil-
ity and are easily affected by external conditions, pre-
senting an urgent problem that needs to be addressed. 
Microcapsule technology allows for the encapsulation 
of bioactive substances using appropriate wall materials, 
creating a controlled environment for material exchange 
with the outside (Wen et al., 2024). For instance, Zhang 
et al. (2021) prepared beta-carotene microcapsules by 
combining wet grinding and spray drying, utilizing octe-
nyl butyric anhydride (OSA)-starch and trehalose as wall 
materials, which improved the retention of beta-carotene 
during heat and light exposure. Nami et al. (2023) for-
tified low-fat stirred yogurt with vitamin D3, result-
ing in significantly higher probiotic content compared 
to control samples and improving the survival rate of 
Lactobacillus acidophilus during storage, with no notable 
differences in sensory quality.

Therefore, pummelo essential oil was used as the core 
material, with wheat glutenin serving as the wall mate-
rial. The emulsion precipitation of pummelo essential oil 
microcapsules at different gradients was analyzed through 
single-factor experiments, and the microscopic properties 
were examined using optical microscopy (OM), scanning 
electron microscopy (SEM), Fourier-transform infrared 
spectroscopy (FTIR), differential scanning calorimetry 
(DSC), and encapsulation efficiency (EE). A preservation 
experiment for the pummelo essential oil microcapsules 
was conducted to evaluate their preservation effect. This 
research provides theoretical insights and technical sup-
port for the application of plant essential oil microcapsules 
in the field of postharvest fruit and vegetable preservation, 
and it promotes further investigation and practical appli-
cations of microencapsulated plant essential oils.

Materials and Methods

Materials

Fresh white mushrooms were purchased from a local farm 
in Zibo, Shandong Province, China. Glutenin (>99.00% 
purity) was obtained from Tokyo Chemical Industry Co., 
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The weight loss of mushroom was determined with ref-
erence to the method of Zhang et al. (2024a). Five mush-
rooms were selected in different treatments and weighed 
every 24 h for a total of 5 days. the calculation formula is 
as follows:

	 0 t

0

W WW/% 100%
W
−

= × 	 (2)

where W0 is the initial weight of white mushrooms, g; Wt 
is the weight of white mushrooms at time t, g.

The white mushrooms were cut into thin slices of 2 mm, 
and 1 g of the small discs were taken out with a punch 
and soaked in a test tube containing 25 mL distilled water 
for 30 min, and the conductivity (P0) of the sample was 
determined. The samples were boiled for 30 min again 
after measurement. After cooling the samples to 25°C, 
the total conductivity (P) was measured (Xu et al., 2016). 

	 0P Electrolyte leakage (%) 100 % 
P

= × 	 (3)

The increase of CO2 concentration in white mushroom 
within 6 h was measured using a portable gas analyzer 
(PBI-Dansensor, NJ, USA), and the mass and volume of 
the corresponding white mushrooms were measured at 
the same time. The respiratory intensity of white mush-
rooms was calculated according to the formula (Faraj 
et al., 2024).
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Where y is the breathing strength, ×103 mL kg–1 h–1; V is 
the free volume, mL; m is the mass of white mushrooms, 
kg; t0 is the initial time, h; t is the determination time, h; 
is the volume fraction of CO2 in the container at time t0, 
%; is the volume fraction of CO2 in the container at time 
t, %.

Assays of  sensory qualities
The characteristics of cap opening, viscosity, and off-
flavor in white mushrooms were evaluated using a 
10-point scoring system. Scores below 4 indicated very 
poor quality; 4–5 was considered poor; 6–7 was accept-
able; 8–9 was good; and a score of 10 represented excel-
lent quality. Ten trained members of the laboratory team 
participated in the evaluation (Li et al., 2021).

Statistical analysis 
The measured data are presented using the average value 
of the three measurements. Data were analyzed with 
Origin. Tukey’s test was used to analyze significant differ-
ences between mean values (P < 0.05).

The mixture was centrifuged at 8,000 r min–¹ and 4°C. 
The absorbance of the sample was measured using 
a UV-Vis spectrophotometer (UV-1800, Shanghai 
Mepda Instrument Co., Ltd., China) at 273 nm. The 
content of pummelo essential oil in the microcapsules 
was calculated using a standard curve, and the encap-
sulation efficiency (EE) was determined (Huang et al., 
2024).

	 1

1
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m m

× × ×
= ×

×
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where EE represents the encapsulation efficiency, %; 
C is the mass concentration of pummelo essential oil, 
mg mL–1; N is the dilution ratio of the sample extract; V1 
is the volume of the sample extract, mL; m is the total 
mass of the microcapsule, g; m1 is the added mass of tea 
tree essential oil, g.

Fourier-transform infrared spectroscopy
The GH-0, GH-2, GH-4, and GH-6 microcapsules were 
characterized using Fourier-transform infrared (FTIR) 
spectroscopy (Nicolet 5700, Thermo Nicolet, MA, USA) 
over the spectral range of 400–4000 cm-1 (Wang et al., 
2013).

Differential scanning calorimetry
The thermodynamic properties of the microcapsules 
were analyzed using differential scanning calorimetry 
(DSC) (Linseis DSC PT10, Germany). The films were 
heated from 20°C to 250°C at a rate of 20°C min–¹ under a 
nitrogen atmosphere (Wang et al., 2024b).

Pummelo essential oil microcapsules for preserving  
Agaricus bisporus
White mushrooms were pre-cooled at 4 ± 1°C for 6 h, 
then randomly placed in round plastic containers, each 
containing about 1.5 kg of mushrooms. The mushrooms 
were fumigated with GH-0 and GH-4 microcapsules, 
respectively. They were stored at room temperature for 
5 days, and corresponding indexes were tested through 
random sampling every 24 h.

Measurement of  color, hardness, weight loss, electrolytic 
leakage and respiration rate of  white mushrooms
The L* values of the white mushrooms were measured 
using an ADCI-60-C colorimeter (Beijing Chentaike 
Instrument Co., Ltd., Beijing, China). Measurements 
were taken at three equally spaced points on the cap of 
each mushroom, and the results were averaged (Jiang 
et al., 2024b).

The hardness of the white mushrooms was tested using a 
durometer (FHT-05, Nanjing Shante Instrument, Jiangsu, 
China). The results were recorded in Newtons (N), with 
the test depth set between 5-8 mm (Han et al., 2024).
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Results and Discussion

Analysis of  FTIR spectroscopy
The FTIR spectra of the microcapsules shown in Figure 1 
can be used to characterize the interactions between the 
components of the microcapsules and to observe changes 
in protein secondary structure and hydrogen bonds (Gu 
et al., 2024). Characteristic peaks appeared at 1530 cm–¹, 
1649 cm–¹, and 2930 cm–¹ in the different treatment 
groups. The peak at 1530 cm–¹ typically represents the 
bending vibrations of nitrogen-hydrogen and carbon-ni-
trogen bonds (Silva et al., 2020). The absorption peak at 
1649 cm–¹ is associated with β-folding in protein second-
ary structure, as well as changes in α-helices and ran-
dom coils (Wang et al., 2016b; Lawton et al., 2002). The 
absorption peak at 2930 cm–¹ is mainly attributed to the 
tensile vibrations of carbon-hydrogen bonds in the poly-
mer molecules (Alpizar-Reyes et al., 2017).

In this study, different treatments exhibited similar 
absorption peaks at 1530 cm–¹, 1649 cm–¹, and 2930 cm–¹. 
Compared to GH-0, the GH-2, GH-4, and GH-6 emul-
sions showed stronger amplitudes of stretching vibrations 
of hydrocarbon bonds at 2930 cm–¹, which may be related 
to the loading of essential oils. The incorporation of essen-
tial oils could reduce the cross-linking ability of glutenin, 
disrupting the stable structure of the glutenin matrix. This 
leads to the binding of hydroxyl groups with the C=O of 
the amide I band, forming hydrogen bonds and ultimately 
strengthening the stretching vibration of the hydroxyl 
group. Additionally, the characteristic peak at 1649 cm–¹ 
weakened with the addition of essential oils, further con-
firming their ability to disrupt the secondary structure 
of glutenin. The trend observed for the characteristic 
peak at 1530 cm–¹ was consistent with that at 1649 cm–¹. 

Therefore, this study demonstrated that the preparation of 
microcapsules by adding essential oils to glutenin modi-
fied the original structure of glutenin, with no significant 
differences noted in the amounts of essential oils added.

Analysis of  DSC 
The DSC curves of GH-0, GH-2, GH-4, and GH-6 micro-
capsules are shown in Figure 2, indicating the effect 
of temperature increase on the enthalpy change of the 
microcapsules. A single absorption peak was observed in 
the DSC patterns of all four groups, suggesting effective 
cross-linking between the wall and core materials, which 
results in a relatively stable microcapsule structure. 
The peak areas for GH-2, GH-4, and GH-6 essential oil 
microcapsules increased significantly, likely due to direct 
heat transfer to the interior of the microcapsules when in 
powder form (Bajac et al., 2017). The maximum decom-
position temperature of the microcapsules increased 
with the amount of essential oil added, indicating that the 
combination of essential oil and glutenin compensates 
for the volatility issues, leading to a more stable struc-
ture and improved thermal stability of the microcapsules 
(Wang et al., 2024b).

Analysis of  OM and SEM
As shown in Figure 3A, the microstructural morphology 
of the different gradient essential oil microcapsules was 
observed under an optical microscope (OM). Compared 
to the morphology of glutenin, the solutions in GH-0, 
GH-2, GH-4, and GH-6 formed spherical microcap-
sules through polycondensation at varying gradients. 
The microcapsules appeared as tiny milky spherical 
structures distributed within the glutenin solution, indi-
cating successful embedding of the essential oil to form 
the microcapsules (Zhang et al., 2023). The number of 

GH-6
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GH-2

GH-0

4000 3500 3000 2500 2000
Wavenumber cm–1
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Figure 1.  FTIR of microcapsules of different essential oils gradients.
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Figure 2.  DSC of microcapsules with different essential oil gradients.

microcapsules in GH-2 was small and unevenly distrib-
uted. However, as the essential oil gradient increased, the 
number of microcapsules in GH-4 and GH-6 increased 
significantly, resulting in a denser distribution. A small 
number of darker, transparent spherical particles were 
observed in GH-6, which were in constant motion. 
This suggested that glutenin could encapsulate a larger 
amount of essential oils at a certain concentration, but 
the amount of essential oils added was limited (Rasteh 
et al., 2024).

Figure 3B presents an SEM image at 10,000× magnifi-
cation of microcapsules with varying amounts of essen-
tial oil added. SEM provides a clear visualization of the 
microstructure of microcapsules prepared with differ-
ent essential oil quantities, offering a theoretical basis 
for determining the optimal amount of essential oil to 
add (Bajac et al., 2017). The surface of GH-0 displayed 
numerous wrinkles, indicating that the glutenin emulsion 
did not successfully encapsulate pummelo essential oil to 
form microcapsules. What was observed under the SEM 

reflects the state of the glutenin emulsion after dehydra-
tion. The microcapsules in GH-2 and GH-6 exhibited a 
regular spherical shape with a dense, smooth surface, 
suggesting an effective embedding of the internal core 
material. However, the particle sizes were uneven, with 
scattered distributions. In GH-2, the number of spheri-
cal microcapsules was relatively small, and some blank 
areas appeared in Figure 3B, indicating that the amount 
of essential oil added was insufficient to utilize all the 
glutenin emulsion, resulting in excess emulsion with-
out microcapsules in those areas (Sridhar et al., 2024).  
In  GH-6, the sizes of the microcapsules varied greatly, 
with some being excessively large, uneven, and sticky. 
This inconsistency may be attributed to electrostatic 
effects between the core and wall materials. Additionally, 
the large amount of essential oil may have caused the 
wall material to exceed its capacity to encapsulate the 
oil, leading to cracks in the structure (Jahromi et al., 
2022). In contrast, the GH-4 microcapsules had a smooth 
and intact surface, relatively uniform particle size, and 
a larger quantity, indicating a better morphological 
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Figure 3.  Morphology of microcapsules with different essential oil gradients under OM (A) and SEM (B).

structure. This suggests that the glutenin emulsion effec-
tively encapsulated the added essential oil, minimizing its 
exposure to the environment and thereby reducing the 
volatilization of pummelo essential oil.

Analysis of  emulsion precipitation
Figure 4 illustrates the precipitation of GH-0, GH-2, 
GH-4, and GH-6 microcapsule emulsions at room tem-
perature. The stability of the emulsions was assessed 
by observing changes in each component over time. 
As shown in Figure 4, with an increase in essential oil 
addition, the phenomenon of unembedded essential oil 
became evident. Additionally, over time, the glutenin in 
the emulsion gradually precipitated. On day 0, a small 
amount of essential oil residue was suspended at the 
top of the GH-4 and GH-6 emulsions, indicating that 
the addition of essential oils exceeded the encapsulation 
capacity of glutenin. The changes in the floating essen-
tial oil suggested that the oil within the microcapsules 
was gradually released and rising to the surface. This 
behavior was attributed to the successful embedding of 
the essential oil, which was slowly released due to the 
microcapsules’ slow-release characteristics. After 4 days, 

flocculation was observed in the glutenin solution, which 
was determined by the hydrophobicity of the glutenin 
itself (Wang et al., 2023). The other three groups of wet 
microcapsules did not exhibit flocculation; however, a 
very small amount of protein precipitation still appeared 
at the bottom of the glass tube, which was related to 
the solubility of glutenin. During the preparation of the 
microcapsules, not all of the glutenin was utilized as wall 
material. The embedded essential oil altered the struc-
ture of glutenin, enhancing its stability and preventing 
emulsion flocculation. Additionally, on day 6, glutenin 
polymers were observed in the upper layer of the essen-
tial oil, which was attributed to the emulsification of the 
microcapsules during the release process. Therefore, this 
study demonstrates that adding essential oil enhances the 
stability of glutenin.

Effect of  essential oil concentration on the microcapsule 
encapsulation efficiency
The ideal microcapsules should exhibit a high encap-
sulation efficiency (EE). As shown in Figure 5, the EEs 
of GH-2, GH-4, and GH-6 microcapsules were 95.2%, 
91%, and 64.1%, respectively. The high EE of GH-2 can 

0 d 2 d 4 d 6 d

Figure 4.  Image of microcapsules emulsion with different essential oil gradients.
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utilized as wall material to encapsulate the essential oils, 
resulting in a larger amount of free essential oils and 
leading to significant waste. Therefore, 4 mL of essential 
oil is identified as the optimal addition amount, making 
GH-4 microcapsules the most effective formulation. 

Sensory evaluation of  white mushroom
Sensory evaluation of cap opening, viscosity, and off-flavor 
is an effective method for assessing the freshness of white 
mushrooms (Feng et al., 2023). As shown in Figure 6A–C, 
with the extension of storage time, the mushrooms grad-
ually aged, resulting in an increased degree of cap open-
ing, elevated viscosity, and the emergence of an off-odor 
inside the container. In the GH-0 group, dark brown spots 
appeared on the surface of the mushrooms, turning black 
by day 4, with the surface heavily covered in black by 
day 5. In contrast, the GH-4 group exhibited significantly 
better appearance and freshness. Compared to the GH-4 
group, the GH-0 group exhibited significantly worse vis-
cosity (Figure 6D). There was no noticeable odor in the 
essential oil microcapsule treatment. This is attributed 
to pummelo essential oil, which acts as an odor inhibitor 
and effectively reduces undesirable odors. Its antimicro-
bial properties also help to inhibit microbial growth on 
the mushroom surface (Lan-Phi et al., 2009). Additionally, 
its strong antioxidant effect prevents browning on the 
surface of the white mushrooms. In summary, the antimi-
crobial and antioxidant properties of pummelo essential 
oil can effectively maintain the sensory quality of white 
mushrooms during post-harvest storage, achieving a 
notable preservation effect.

be attributed to the addition of only 2 mL of pummelo 
essential oil, allowing glutenin to embed all the essen-
tial oil, with only a small portion of glutenin remaining 
unused. The EE of GH-4 was similar to that of GH-2, 
indicating that the added 4 mL of essential oil was almost 
completely embedded by glutenin, with only a slight 
excess remaining. However, when the core-to-wall mate-
rial ratio is too low, even if the EE is high, the overall con-
tent of microcapsules per unit mass of the final product 
may be low, resulting in a waste of wall materials (Wang 
et al., 2024c). Additionally, the solubility of glutenin fur-
ther limits the ratio between core and wall materials. 
Compared to GH-2 and GH-4, GH-6 exhibited a lower 
encapsulation rate, indicating that all of the glutenin was 
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intensity, reduce nutrient consumption, and ultimately 
extend the shelf life of white mushrooms.

During post-harvest storage, white mushrooms experi-
ence material loss due to water transpiration and respira-
tion, leading to weight loss (Cai et al., 2022). Dehydration 
significantly impacts the quality of mushrooms through-
out storage. As shown in Figure 7D, the weight loss rate 
increased over time for both treatment groups. From day 
zero, the weight loss rate in the GH-0  group was con-
sistently higher than that in the GH-4 group. After day 
three, both groups continued to show increased weight 
loss, with the GH-0 group reaching a maximum weight 
loss rate of 17.58% by day five. This was attributed to 
significant organic matter consumption and water 
evaporation (Chen et al., 2022). In contrast, the GH-4 
group exhibited a slower increase in weight loss, peak-
ing at 11.86% on day five. The inhibition of respiration 
in this group contributed to a reduction in metabolic 
activity, thereby minimizing quality loss during storage. 
Consequently, pummelo essential oil effectively inhibits 
the respiration of white mushrooms, reducing life activ-
ities and positively impacting their preservation during 
storage.

Relative conductivity is a critical measure of cell mem-
brane permeability. An increase in membrane permea-
bility, often caused by lipid peroxidation, leads to greater 
electrolyte leakage and accelerates cellular senescence 
(Wang et al., 2016a). As illustrated in Figure 7E, relative 
conductivity increased in both treatment groups, but the 
rise was significantly lower in the GH-4 group compared 
to the GH-0 group. The increase in relative conductiv-
ity can be attributed to the degradation of pectin, a key 
component of the cell wall, during storage. This degrada-
tion compromises the protective function of the cell wall, 
leading to increased permeability and electrolyte leak-
age (Wang et al., 2016a). In the GH-4 group, the gradual 
release of pummelo essential oil from the microcapsules 
effectively inhibited the peroxidation of cell membrane 
lipids, thereby reducing electrolyte leakage and mini-
mizing damage to the cell membrane (Shao et al., 2021). 
Ultimately, the pummelo essential oil microcapsules help 
maintain cell membrane integrity, contributing to the 
preservation of white mushrooms during storage.

Conclusions

In this experiment, pummelo essential oil served as the 
core material while glutenin was utilized as the wall 
material. The results indicated that after microencapsu-
lation, pummelo essential oil formed smooth and regular 
spherical particles, demonstrating successful embedding 
within glutenin and significantly enhanced stability. FTIR 
analysis revealed that the incorporation of pummelo 

Analysis of  color, hardness, respiration rate, weight loss and 
electrolytic leakage of  white mushroom
The degree of surface browning in white mushrooms is 
a critical factor for evaluating appearance quality and 
serves as an important indicator of preservation (Zhang 
et al., 2024b). The results for whiteness under different 
treatment conditions are presented in Figure 7A. As stor-
age time increased, the L* value of white mushrooms 
in both groups decreased, indicating that the surface 
color gradually darkened. However, the L* value in the 
GH-4 group decreased at a slower rate compared to the 
GH-0 group. Over time, the gap in L* values between the 
two groups widened, suggesting that surface browning 
was more pronounced in the GH-0 group. This indicates 
that the essential oil released from the microcapsules in 
the GH-4 group effectively inhibited browning on the 
surface of the white mushrooms.

Hardness is a crucial parameter for assessing the quality 
of white mushrooms (Song et al., 2024). The changes in 
hardness throughout the storage period are illustrated in 
Figure 7B. In both treatment groups, hardness gradually 
decreased over time. Notably, the hardness of the GH-4 
group was significantly higher than that of the GH-0 
group from day 2 onward. The GH-0 group experienced a 
substantial decline in hardness by day 3, attributed to the 
degradation of the cell walls in untreated white mush-
rooms by relevant enzymes. As storage progressed, the 
outer cell wall underwent changes, leading to the grad-
ual degradation of key components such as cellulose and 
chitin, which weakened the structural integrity of the 
cell wall. Consequently, this resulted in a decrease in the 
hardness of the white mushrooms, negatively impacting 
their overall quality (Shao et al., 2021).

The respiratory intensity of white mushrooms signifi-
cantly influences their quality and shelf life. With a high 
respiration rate, white mushrooms consume oxygen and 
nutrients, adversely affecting their quality (Lin et al., 
2019). Therefore, reducing the respiration rate during 
storage is crucial. Figure 7C illustrates the changes 
in respiratory intensity under different treatments. 
Throughout the storage period, the GH-0 group exhib-
ited a higher respiratory intensity compared to the GH-4 
group. Notably, the respiration intensity in the GH-4 
group was significantly lower in the later stages of storage 
than in the control group, indicating a faster metabolic 
rate and higher CO2 production in the GH-0 group. The 
pummelo essential oil released from the microcapsules 
in the GH-4 group, containing D-limonene, β-laurelth-
ylene, and alcohol, likely plays a key role in inhibiting 
respiration in white mushrooms. These components may 
reduce the activity of respiratory enzymes by influencing 
the metabolic pathways, thereby lowering the respiration 
rate (Feng et al., 2024). In summary, pummelo essen-
tial oil microcapsules can effectively inhibit respiratory 
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Figure 7.  L* (A) hardness (B) relative electrolytic leakage, weight loss (C) and respiration rate (D) of white mushrooms treated 
with microcapsules with different essential oil gradients.

essential oil altered the original structure of glutenin, 
with no significant differences observed across varying 
amounts of the essential oil. DSC analysis further con-
firmed that the thermal stability of pummelo essential 
oil improved after microencapsulation, as evidenced by 

an increase in the maximum decomposition temperature 
of glutenin. The GH-4 microcapsules were subsequently 
employed in preservation experiments with white mush-
rooms. Findings showed that these microcapsules effec-
tively slowed the spoilage process, maintained sensory 
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quality, and extended the storage period of the mush-
rooms. This study highlights the potential of pummelo 
essential oil microcapsules to broaden the application 
scope of both glutenin and pummelo essential oil, sug-
gesting promising developments in food preservation 
research. Additionally, it lays a foundational basis for 
further investigations into essential oil microencapsula-
tion and its mechanisms of action, including preserva-
tion effects and related enzyme activities, which will be 
explored in future studies.
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