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In this study, Perilla frutescens essential oil (PEO) loaded microcapsules (PEOM) were

successfully prepared and their thermal stability, temperature-responsive releasing

effect, antioxidant activity, antibacterial activity, and preservation of peach were

systematically investigated. PEOM showed excellent encapsulation efficiency (91.5%)

with a core-shell ratio of 1.4:1 and exhibited high thermal stability, indicating that

PEOM could effectively maintain PEO release rate. In vitro assays indicated that the

optimal kinetic model for PEO release fitted well with first order with a diffusion

mechanism. A high level of antioxidant and antibacterial activity of PEOM was

maintained. In addition, owing to its sustained release, PEOM could prolong the

shelf life of peaches significantly. Therefore, PEOM has potential application and

development prospects in the field of food preservation.
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1. Introduction

Implied by the common saying “hunger breeds discontent,” living quality is strongly
associated with food. Nowadays, in a rapidly developing global economy, transportation of fresh
food over any great distance is an issue. Preservation methods are an important consideration
to avoid contamination with pathogenic microorganisms and the rotting of food during storage
(1). While chemical preservation agents are widely applied in food preservation, they can be
detrimental to health and the environment and their use may be forbidden in the future (2).

As safe and environmentally more benign natural resources, plant essential oils are finding
increasing application in food preservation (3). Perilla frutescens (L.) Britton (Perilla) is
extensively cultivated in China as a spice and medicine, with health-supporting actions such
as antioxidant, antisepsis, and detoxification (4). Perilla essential oil (PEO) extracted from
P. frutescens is widely used for keeping food fresh (5). The Bai, Hani, and Dai tribes of the
Yunnan province use PEO as a preservative, eliminating “fire toxin” accumulated in food (6).
PEO contains fatty acids, monoterpenes, and sesquiterpenes, among other active components
possessing a broad spectrum of biological activity, such as antioxidant and antibacterial (7). For
example, the chemical constituents, antioxidants, and antimicrobial compounds of PEO were
investigated by Chen et al. (8), finding higher DPPH than ABTS radical scavenging activity,
comparable to the excellent antimicrobial activity of Aspergillus niger and Candida albicans.
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In, Chen et al. (9) found that PEO extracted by microwave-assisted
hydrodistillation showed good antioxidant activity with an IC50
of 2.60 mu/ml, and excellent activity against A549 lung cancer
cells and MGC803 human gastric cancer cells in comparison with
paclitaxel. Recently, the mechanism of antibacterial activity of PEO
toward Aspergillus flavorosa was observed by changes in phenotypic
results (10). However, although PEO exhibits excellent biological
activity and could be an effective antimicrobial agent with potential
applications for food, drug, and health products, its instability to
factors such as oxidation, pH, enzymes, and temperature, causes
undesired variability in its chemical integrity, limiting its efficacy in
these applications.

Various methods have been proposed and developed to improve
the stability of essential oils and control their volatility (11). An
effective method involves preparation of a chemical precursor
involving a chemical bond between a matrix and the unstable
component which could be released upon application of temperature,
pH, or an enzyme (12). However, this approach is not suitable for
component mixtures (13). For complex mixtures such as essential
oils, the embedding approach is effective, introducing a shell as
a diffusion barrier, enhancing the stability, and controlling the
release and retention (14). Recent literature reveals that essential
oil-loaded microcapsules have potential in food preservation, with
excellent properties of effectiveness and low loss. For example,
Sun et al. (15) found that fennel essential oil-loaded microcapsules
effectively extended the life of pork, reducing the aerobic bacterial
count and delaying the perishing of protein. Shao et al. (16)
developed a packaging paper sprayed with cinnamon essential
oil-loaded microcapsules, effective for extending the preservation
of edible fungi.

Recently, various efficient encapsulation methods have been
proposed, including emulsification (17), spray drying (18),
microfluidic encapsulation (19), complex coacervation (20), and
simple coacervation (21). In particular, the spray drying method has
attracted much attention for its high yield, speed, and ease. However,
the drying temperature is higher than in other methods, precluding
its application to unstable essential oils (22). The coacervation
method is attractive for essential oils, with room temperature
operation and high productivity (23). For example, Chen et al.
(24) reported that PEO microcapsules encapsulated by complex
coacervation could increase the stability of PEO and were employed
in food preservation. The process of complex coacervation is often
induced by electrostatic attraction between polymers and surfactants,
so several factors such as surfactant structure, the ratio of polymers,
pH, charge characteristics, hydrophobic properties, and temperature
should be considered carefully (20, 25). However, the method of
simple coacervation proceeds by solubilization and coacervation of
polymers and biomacromolecules and is conveniently modified by
ion strength. Applied to microcapsules, the method is characterized
by easy encapsulation, relatively rapid application, simple operation,
and lower costs (21, 26). Therefore, simple coacervation is a more
effective means to prepare PEO-loaded microcapsules, potentially
improving stability, reducing PEO loss, improving the controlled
release profile and widening the scope of application. Analysis
of the literature revealed that Perilla essential oil microcapsules
(PEOM) prepared by simple coacervation has not been investigated
systematically or in depth.

Therefore, this study aimed to develop PEOM by simple
coacervation and investigate their application in food preservation.
The surface morphology, structure, and thermal properties of

PEOM were investigated employing an inverted microscope (IM),
a scanning electron microscope (SEM), Fourier Transform Infrared
Spectroscopy (FTIR), X-Ray Diffraction (XRD), thermogravimetric
analysis/differential scanning calorimetry (TG/DSC), and off-line
thermolysis coupled with gas chromatography-mass spectrometry
(OLT/GC/MS). The in vitro release antioxidant and antibacterial
activities of PEOM were also evaluated. The application of PEOM to
peaches was also investigated with very promising results, not only as
a basis for further study on the preparation and thermal properties of
PEOM but also demonstrating their potential as a food preservative.

2. Materials and methods

2.1. Materials

Gelatin (GE) (12.5%) was produced by Shandong Dakai
Biotechnology Co., Ltd. (Shandong, China). PEO was purchased from
Huaxin plant essential oil company (Yunnan, China). DPPH, TPTZ,
transglutaminase (100 U/g of activity), Potassium iodide, chloroform,
sodium thiosulfate, starch, n-hexane, petroleum ether, DMSO,
sodium acetate, acetic acid, sodium hydroxide, ferric chloride,
and anhydrous sodium sulfate were all analyzable pure reagents,
which purchased from Sinopac Group Co., Ltd. (Beijing, China).
Bacillus subtilis, Staphylococcus aureus and Escherichia coli were
purchase from Agricultural Culture Collection of China (ACCC).
Peach (Amygdalus persica) was purchased from the plantations
(102◦0.80′E, 24◦0.89′N, Kunming city, China) in august 2022.

2.2. Preparation of POEM

The preparation of POEM by simple coacervation was accorded
to the report by Gu et al. (27). In brief, 200 ml of GE solution (1 wt%)
was stirred at 60◦C until dissolved. 11.290 mg of PEO was added
and emulsified by a high-speed agitator (Kexing, Shanghai, China)
at 15,000 rpm for 8 min to obtain oil/water emulsion, followed by
adjusting the pH value at 3.7 with acetic acid (10%, v/v). Sodium
sulfate solution (20 wt%) was added dropwise within 3 min, then
the amount of sodium sulfate dilution (10 wt%) was put into, and
the mixture was stirred continuously at 0◦C for 2 h. Encystation,
dispersity, and coacervation of formed microcapsules were observed
by using an IM (DM500, Lycra, Germany). Furthermore, a solution of
enzyme transglutaminase (100 U/g of activity) was added to solidify
the envelope. After stirring at 600 rpm for 1 h, suspension liquid was
collected by filtration and water scrubbed three times. A freeze-drying
process at −45◦C for 72 h was carried out. Finally, the obtained
PEOM has sealed preservation at 4◦C in case of need.

2.3. Characterization analysis of PEOM

Perilla essential oil microcapsules surface was investigated by
SEM (Quanta200, FEI, USA). The Structure of PEOM was measured
by FTIR spectrometer (Nicolet iS20, Thermo Scientific, USA) within
the scope of 400–4000 cm−1. Briefly, 8.0 mg of PEO, PEOM, and
GE were mixed with potassium bromide and ground, respectively.
Then, the powders were tableted and detected in the range of
400–4,000 cm−1 with an increment of 4 cm−1. In addition, the
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microscopic structure of PEOM was analyzed by XRD (Malvern,
Egham, United Kingdom).

2.4. Encapsulation efficiency analysis

The encapsulation efficiency was investigated through the release
of PEOM by using the method of extraction (28). 300 mg of PEOM
was put into the 40 ml of water, followed by stirring at speed of
800 rpm. After 8 min, the PEOM was broken by ultrasound at
80% for 10 min. To extract PEO, 15 ml of petroleum ether was
added to the mixture, blended well for 5 min, and stand for 30 min.
The petroleum ether extract phase was separated from the mixture
by centrifugal forces at 5,000 rpm for 8 min. Finally, the content
of the petroleum ether extract phase was analyzed at 300 nm by
using an Ultraviolet-visible spectrophotometer (UV-1780, Shimadzu,
Japan). PEO concentration vs. absorbance of the calibration curve
was shown in Supplementary Figure 2, and the equation of the
standard curve was Y = 2.8323 X-0.0110, with a linear relationship
of R2 = 0.9965. The encapsulation efficiency of PEOM was calculated
by the following equation:

Encapsulation efficiency (EE%) = (W/W0) × 100

Where W is the content of PO in microcapsules (mg), W0 is the
initial PO amount (mg).

2.5. Thermal property of PEOM

2.5.1. Thermal stability of PEOM
The thermal stability of PEOM was evaluated by using TG and

DSC analysis (STA8000, PerkinElmer, USA). Before examination, the
temperature was held at 800◦C for 15 min to remove the impurity.
15 mg PEOM was put into a crucible. The temperature was in the
range of 30.5◦C−800◦C at a heating rate of 10◦C/min in the nitrogen
flow rate of 10 ml/min.

2.5.2. Thermolysis of PEOM
Thermolysis of PEOM was carried out as the description by

our group with some modifications (29, 30). 500 mg of PEOM
was put into an offline pyrolysis tank (OLT) self-made by our
research group. And then, the OLT was sealed and placed in an
automatic temperature-controlled electric furnace (Furnace 1,000◦C,
Tianjin, China) (31). The furnace temperature reached 100◦C, and
nitrogen as the carrier gas passed continuously through OLT for
10 min, meanwhile, decomposition products blown by carrier gas
were absorbed by the mixture (hexane: methylene chloride: ethyl
acetate = 1:1:1). Thermal decomposition products were detected
by using the method of GC/MS (Agilent, Palo Alto, CA, USA).
DB-5MS quartz capillary column (30 m × 0.25 mm × 0.25 µm,
Agilent, USA) was used for the GC/MS analysis. Helium (99.999%)
was used as carrier gas; the injector was at 250◦C and the gas
flow rate was set to 1.0 ml/min with splitting mode. Instrument
conditions were as follows: initial temperature was set at 50◦C
for 3 min, then followed with a rate of 7◦C/min up to 280◦C,
and kept for 10 min. The ion source of MS was set from 45 to
500 (m/z) with electron ionization of 70 eV. Temperature of ion
source and quadrupole were 230◦C and 150◦C, respectively. Mass

spectrometric data of constituents was retrieved from MS databases
of NIST14, peak area percentage was employed to proceed with
quantitative analysis.

2.6. In vitro release of PEOM

In vitro release of PEOM was investigated by using the
methods described by Chen et al. (28) with some modifications.
150 mg of PEOM was placed in constant temperature equipment
at 15◦C, 25◦C, 35◦C, and 45◦C. At intervals, the modest PEOM
was taken out and dispersed into 30 ml of deionized water
at 35◦C. After stirring for 20 min, ultrasonic-assisted extraction
was carried out at 35◦C for 3 min, followed by extracting with
petroleum ether at atmosphere temperature. The petroleum ether
phase was separated by centrifugation for 10 min at 5,000 rpm.
The PEO concentration was detected at 300 nm by UV. Finally,
the cumulative release of PEO could be calculated as the following
equation:

Cumulative Release (CR%) = (M/M0) × 100

Where M is the amount of PEO released from PEOM, and M0 is
the initial amount of PEO in PEOM.

2.7. Antioxidant and antibacterial activity
assay

2.7.1. Sample pretreatment
Sample pretreatment of PEOM was carried out as described

by Wang et al. (32). Briefly, antioxidant capacity and antibacterial
activity were measured every 1 day, during 5 days. Before the first
test, a suitable amount of the PEOM was put into the 5 ml of DMSO
solution containing PEO of 5 mg/ml, followed by destruction assisted
by ultrasound at 80% for 5 min, which should be guaranteed full
release. In the following experiment, the wall quantity should be
the same as the first test to ensure comparability in the follow-up
experiments. The antioxidant and antibacterial activity were analyzed
by using a DMSO supernatant.

2.7.2. DPPH scavenging capacity
The DPPH scavenging capability was investigated as the paper

described by Tai et al. (33) with some modifications. 100 µl of sample
solution was added to 4.0 ml DPPH solution (0.1 mM). After shaking
slightly, the reaction solution was kept in dark for 30 min. Then, the
absorbance of reaction solution was measured at 515 nm by a UV
spectrophotometer. In addition, 100 µl of ethyl alcohol with 4.0 ml
DPPH solution (0.1 mM) served as blank control. DPPH scavenging
capacity was calculated by using the following formula.

DPPH scavenging capacity (DSC%) =

[(Ablank control − Asample)/ Ablank control] × 100%

Where Ablank control and Asample are absorbancy of blank control
and sample, respectively.
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2.7.3. Ferric-reducing antioxidant power (FRAP)
reducing capacity

Ferric-reducing antioxidant power-reducing capacity was
evaluated by the method described by Tai et al. (33). Briefly, a
mixture of 5 ml of FeCl3 (20 mM), 5 ml of TPTZ (10 mM), and 50 ml
of sodium acetate buffer (pH 3.5, 300 mM) as FRAP solution was
freshly prepared. 100 µl sample, 3 ml of FRAP solution, and 300 µl
deionized water were mixed and incubated at 37◦C. After 45 min, the
mixture was taken out, cooled at room temperature, and absorbance
was recorded at 595 nm. Different concentration of ferrous ion
solution was employed to draw a standard curve. All reagents were
prepared on the same day.

2.7.4. Antibacterial activity assay
Antibaterial activity was measured as the method of AGAR disk

diffusion described by Silva et al. (34). The Sample solution was
sterilized by UV for 40 min. Process of dilution and inoculation was
performed on the benchtop. S. aureus, E. coli, and B. subtilis were
diluted to obtain suspension with a concentration of 106 CFU/mL.
Agar in a petri dish was punched into four wells with a diameter of
5.5 mm, and then the solution of PEO, PEOM, and GE were placed
into each well. To avoid the loss of the sample, a drop of agar medium
was added to seal the sample solution. Then, the petri dish was put in
an incubator for 24 h at 37◦C. The antibacterial activity was evaluated
by gauging the diameter of bacterial inhibition ring. A petri dish
without any sample was used as blank control and ampicillin was
served as positive control group.

2.8. Preservation assay

The ability of preservation was investigated according to the
report by Ban et al. (35). Fresh peach was randomly divided
into control and treatment groups and kept in sealed plastic bags
at room temperature for 10 days. PEOM enveloped in a cloth
bag was pre-putted into plastic bags with the treatment group.
Assessment of peach quality was performed from the following
aspects: change appearance, hardness, titratable acidity (TA), soluble
solid content (SSC), and total bacterial counts (TBC). The change
in the appearance of peach was observed by naked eye, and taken a
photo to capture changes. Hardens was evaluated by a fruit hardness
tester (Bareiss, Berlin, Germany). Further, the most frequently
technique, such as cold storage preservation (10 days, 4◦C) was
carried out to compare the propose method.

Freshness parameters including SSC and TA were measured as
described by Qiang et al. (36). 100 g of Peach was ground for 10 min,
following filtered by gauze, and a drop of juice was applied to the
refractometer (Rudolph, New York, NY, USA). Results of SSC were
recorded with corrected temperature. On the other hand, 100 g of
peach was milled to measure the TA. The resulting homogenate was
collected and heated at 55◦C for 1 h. After cooling to 25◦C, 5.000 g
of homogenate sample was diluted with some water and titrated
with a standard solution of sodium hydroxide with phenolphthalein
indicator. TA was calculated by an equation:

TA (mmol/100 g) = (C × V)/5 × 100%

Where C is the concentration of a standard solution of sodium
hydroxide and V is the consumed volume.

Total bacterial counts of peaches were measured. In Brief, 10 g of
peach was homogenized with 90 ml of sterile water for 30 min under
aseptic conditions. Then, the as-prepared samples were coated on
plate count agar and incubated at 37◦C for 48 h. TBC was calculated
by the following equation:

TBC = [N/(10 × (V/90)] × 100%

Where N is the count of bacteria. V is the volume of as-
prepared samples.

2.9. Statistical analysis

Each experiment was performed three times for each sample. The
result was analyzed by using the software of Origin 8.0.

3. Results and discussion

3.1. PEOM Characteristics

3.1.1. PEOM morphology
The properties of microcapsules are related to its morphology

(37). Therefore, an IM and SEM were used to character the
morphology of microcapsules. During the preparation process,
the solubility of the wall material in the oil/water emulsion system
is decreased by gradually adding anhydrous sodium sulfate,
resulting in coacervation, and encapsulation of the PEO droplet.
Microcapsules showed a hollow microsphere and good dispersion
in water in the IM image in Supplementary Figure 1, indicating
that PEOM was successfully prepared by simple coacervation.
As shown in Figures 1A–F, various PEOM morphologies were
observed when different core-shell proportions [P(C−S)] were
applied. The PEOM were clearly spherical with a size of 30–
40 µm (Supplementary Figure 3), with a smooth surface and no
apparent cracks. The encapsulation efficiency (EE%) of PEOM
with different core-shell ratios [P(C−S)] had an order of 91.5%
[P(C−S)=1.4:1] > 89.3% [P(C−S)=1.5:1] > 86.8% [P(C−S)=1.3:1] > 68.5%
[‘P(C−S)=1.7:1] > 30.5% [P(C−S)=2:1] > 21.3% [P(C−S)=1:2]. PEOM
surface smoothness with various P(C−S) was found to be, in sequence,
P(C−S)=1.4:1, P(C−S)=1.5:1, P(C−S)=1.3:1, P(C−S)=1.7:1, P(C−S)=2:1,
and P(C−S)=1:2. These results indicated that optimal encapsulation
efficiency and surface smoothness were in the core-shell ratio range
of 1.3:1-1.5:1. Regarding EE%, the core-shell ratio plays an important
role. In this work, increasing the core-shell ratio from 1.3:1 to 1.5:1,
the EE% reached a maximum of 91.5% at core-shell ratio 1.4:1 and
then decreased. Furthermore, PEOM prepared with a core-shell
ratio of 2:1 and 1:2 had low EE% of 30.5% and 21.3%, respectively.
A large excess of either PEO or the shell material impedes efficient
encapsulation (38). In addition, some small bumps on the surface
of PEOM were found, perhaps due to extrusion during the freeze-
drying process (39). Compared to tea tree oil microcapsules prepared
by simple coacervation, PEOM obtained in this study showed higher
EE% (40). In conclusion, PEOM prepared by simple coacervation
with a core-shell ratio of 1.4:1 has a smooth surface and excellent
encapsulation efficiency.

Frontiers in Nutrition 04 frontiersin.org

https://doi.org/10.3389/fnut.2023.1087605
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1087605 February 3, 2023 Time: 8:0 # 5

Tai et al. 10.3389/fnut.2023.1087605

FIGURE 1

Microstructure of Perilla essential oil microcapsules (PEOM) with different core-shell ratio [P(C-S)=2:1 (A), P(C-S)=1 .7 :1 (B), P(C-S)=1 .5 :1 (C), P(C-S)=1 .4 :1 (D),
P(C-S)=1 .3 :1 (E), P(C-S)=1:2 (F), Supplementary Figure 3] [For example, P(C−S)=2:1 indicated core-shell ratio was 2:1].

3.1.2. FTIR and XRD analysis
Efficient binding between PEO and GE is crucial to ensure the

stability and practical application of PEOM. FTIR and XRD were
used to analyze the interaction between PEO and GE. The functional
groups of PEO, GE, and PEOM were analyzed by FTIR to determine
whether PEO was encapsulated by comparing peak shape, position,
and intensity changes in the range of 400–4,000 cm−1 (41). As shown
in GE, a broad peak at 3,434 cm−1 was associated with the −OH
stretching vibration. Another vibrational signal at 1,352 cm−1 is
associated with the C-N group. Stretching vibrations associated with
the carboxy group are evident at 1,605 and 1,460 cm−1. These results
are consistent with the report by Hashim et al. (42).

The FTIR spectrum of PEO is also shown in Figure 2. PEO bands
are associated with −OH stretching, −C = O vibration, methylene
and C = C-H groups at 3,431, 1,592, 2,961, and 2,930 cm−1,
respectively. Other characteristic signals of PEO associated with C-C-
H groups, CH2 bending, O-C band, and −CH = CH- C bending are
evident at 2,867, 1,383, 1,074, and 1,122 cm−1, respectively.

The FTIR spectrum of PEOM is also shown in Figure 2. By
comparing the GE and PEO spectra, an interaction signal between
PEO and GE was identified. The PEOM spectrum showed methylene,
CH2 bending, −CH = CH- C bending, and O-C bending signals at
2,961, 1,383, 1,122, and 1,074 cm−1, also present in PEO. However,
characteristic peaks at 3,434, 1,352, and 1,605 cm−1 belonging to GE
were also found in the PEOM spectrum, indicating that PEO was
successfully encapsulated with GE. The FTIR also suggests that PEO

combines with GE by van der Waals forces, consistent with a report
by Li et al. (43).

The structure was evaluated by XRD, and diffraction data are
shown in Supplementary Figure 4. Both GE and PEOM showed
broad peaks, indicating a structure of low crystallinity (44). GE
presented the typical broad peak in the range of 10–30◦ (2θ),
consistent with an earlier report (45). The XRD diffraction of PEOM
was left-shifted compared to GE, demonstrating that PEOM was
prepared successfully (46).

3.2. PEOM Thermal properties

3.2.1. PEOM thermal stability
Thermogravimetry and DSC are effective ways to illustrate the

stabilities and formation of microcapsules (47–49) by probing the
relationship between temperature and mass variation (50). Results are
shown in Figure 3. In a comparison of PEO and PEOM stabilities,
Figure 3A shows the PEO mass variation with temperature. Both
TG and DSC showed a mass loss up to 88.3% before 204◦C. The
temperature of maximum weight loss rate (0.025%/s) was 119◦C,
probably due to the volatilization of PEO. Meanwhile, the TG/DSC
curves for PEOM are shown in Figure 3B. Comparing the two,
PEO shows a single mass loss step, while PEOM presents two steps.
A mass loss of about 3.3% before 102◦C was found, attributed
to the evaporation of water and PEO remaining on the surface
of PEOM. In the 102–400◦C range, TG/DSC showed a mass loss
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FIGURE 2

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy of Perilla essential oil microcapsules (PEOM).

up to 76.3% from the volatilization or decomposition of PEOM.
Comparison of the TG/DSC results for PEO and PEOM reveals
that microencapsulation by simple coacervation effectively prevents
the volatilization of PEO and confers excellent thermal stability. It
is speculated that the release rate of PEO could be controlled by
adjusting the temperature.

3.2.2. Thermolysis of PEOM
To investigate changes in the chemical composition of PEO

at high temperatures, thermolysis was studied using OLT-
GC/MS. According to the TG/DSC results, PEOM thermolysis
test temperatures were set to 100, 200, 300, and 400◦C. Thermal
decomposition material was collected in an offline pyrolysis tank
(OLT) made by our group. The components of PEOM decomposition
were analyzed by GC/MS, Supplementary Figure 5, and quantitative
analysis was carried out using area percentages. Content with
similarity over 90% is shown in Table 1.
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FIGURE 3

Thermogravimetric/differential scanning calorimetry (TG/DSC) of
Perilla essential oil (PEO) and Perilla essential oil microcapsules
(PEOM) [PEO (A) and PEOM (B)].

As shown in Table 1, the main components of PEO are
(4S)-p-mentha-1,8-dien-7-al, 3-(4-methyl-3-pentenyl)-furan, trans-
8-p-menthen-7-ol, α-farnesene, methylvaleric acid, benzaldehyde,
tetradecanoic acid, and 2-methyl-2-butenal. These results are
consistent with reports by Ahmed et al. (51) and Wang et al.
(52). At different temperatures, the main components released
from PEOM were the same but at different concentrations. For
example, the concentration of the main component [(4S)-p-mentha-
1,8-dien-7-al] was 45.35, 53.81, and 3.25% at 200, 300, and 400◦C,
respectively, indicating that the optimal releasing temperature was
in the range of 200–400◦C, a result consistent with TG/DSC.
Thermal decomposition analysis of PEOM demonstrates that
encapsulation of PEO could effectively widen the scope of heat release
applications.

3.3. In vitro release of PEOM

The above results confirm the successful preparation of PEOM
with excellent thermal stability and provide a basis for development
of PEOM delivery and preservation. To elucidate the storage
properties, in vitro release was employed. The sustained release
performance of PEOM was investigated by cumulative release at
different temperatures, and zero order, first order, and Ritger-Peppas
kinetics models were used to analyze the release mechanism (53).
The release performance of PEOM was studied at 15, 25, 35, and
45◦C for 120 h, and results were plotted in terms of cumulative
release and time. Figure 4 shows that PEOM sustained PEO release
with varying temperature. After 120 h, the cumulative release of
PEOM at temperatures of 15, 25, 35, and 45◦C was 74.34, 83.92,
92.47, and 99.52%, respectively. Two distinct stages were identified.
Before 72 h, cumulative release increased substantially, stabilizing
after 72 h. The result is consistent with that found by Sharkawy
et al. (54) and may represent the rapid release of low boiling point
and small molecules adsorbed on the surface of PEOM, and the
gradual release of high boiling point and macromolecules from inside
the PEOM which maintains the stability of the release rate (35).
Comparison of the release curves at different temperatures indicates
that the higher the temperature, the faster the release. The cumulative
release of PEOM was 74.31% (15◦C), 84.65% (25◦C), 92.5% (35◦C),
and 99.5% (45◦C) over 120 h. Reasons for this observation could
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TABLE 1 Thermal decomposition product of Perilla essential oil microcapsules (PEOM) at different temperature.

Time/min Components Similarity/% 100◦C 200◦C 300◦C 400◦C

8.387 Pinene 91 5.14± 0.07 0.98± 0.01 0.78± 0.03 0.58± 0.01

8.857 Cyclohexanol 95 21.35± 0.13 2.35± 0.07 3.56± 0.12 2.75± 0.09

8.874 Methylvaleric acid 91 19.86± 0.18 1.98± 0.09 3.05± 0.05 2.50± 0.09

10.644 Benzaldehyde 91 1.79± 0.03 2.05± 0.05 1.88± 0.03 1.64± 0.05

14.940 Benzeneethanol 95 / 0.58± 0.02 0.87± 0.05 0.69± 0.01

15.349 4-Isopropenyl-1-methylcyclohexene 94 / 1.84± 0.08 0.68± 0.04 1.03± 0.03

15.807 1-(3-Furyl)-4-methyl-1-pentanone 90 0.89± 0.03 0.98± 0.07 1.85± 0.11 3.65± 0.08

17.409 Nonyl aldehyde 97 / 0.98± 0.07 / /

21.381 α-farnesene 91 1.05± 0.02 1.01± 0.08 0.85± 0.03 2.87± 0.12

21.752 1-caryophyllene 91 / 1.89± 0.08 2.98± 0.07 4.58± 0.05

21.794 trans-8-p-Menthen-7-ol 96 / 2.65± 0.15 1.82± 0.09 6.58± 0.17

23.404 5,6-dihydroxy-7-isopropyl-1,1-dimthyl-
2,3,9,10-tetrahydrophenanthren-4-one

90 / 2.56± 0.15 3.58± 0.21 5.65± 0.17

23.425 3-(4-Methyl-3-pentenyl)-furan 93 4.56± 0.24 6.88± 0.28 7.59± 0.14 8.95± 0.17

24.125 (4S)-p-Mentha-1,8-dien-7-al 95 / 45.35± 0.34 53.81± 0.29 3.25± 0.11

25.631 2-methyl-2-butenal 91 / 3.56± 0.14 4.80± 0.28 1.28± 0.09

26.241 cis-3-hexenyl benzoate 90 / 0.85± 0.05 0.65± 0.02 2.45± 0.10

26.381 Pentadecane, 90 0.49 0.78± 0.05 1.18± 0.07 1.97± 0.09

35.864 Methyl hexadecanoate 90 0.34 7.16± 0.28 / 0.67± 0.15

28.408 Tetramethylpentadecane 92 / 1.65± 0.20 2.01± 0.09 3.56± 0.22

28.589 Triacontane 90 / 1.32± 0.17 1.87± 0.14 4.02± 0.09

29.108 Tetradecanoic acid 90 / 2.87± 0.05 3.58± 0.27 0.15± 0.08

29.858 Pentadecanoic acid 95 / 0.85± 0.05 0.74± 0.03 0.10± 0.01

30.047 Adamantyl Methacrylate 93 / 1.12± 0.08 1.25± 0.04 1.56± 0.08

40.998 Hexadecanoic acid 95 / / / 4.58± 0.41

be the increasing kinetic energy of PEO in PEOM. In addition, GE
damaged by the increase in temperature would lead to larger pore
size, decreased escape resistance, and increased permeability (55).
These results demonstrate that adjusting the ambient temperature is
an effective way to control cumulative release. Three kinetics models,
namely the zero order, first order, and Ritger-Peppas models, were
chosen to clarify the releasing mechanism of PEOM. These models
are represented as follows:

Q = Kt (zero order)

Q = 1− exp(−Kt) (first order)

Q = Ktn (Ritger− Peppas)

where Q, K, t, and n are the cumulative release, constant, time, and
the diffusion index, respectively.

The most optimal model for the release performance generally
has a higher correlation coefficient (R2) (56). Table 2 and
Supplementary Figures 6–8 show that the correlation coefficient
of the first order model is greater than that of the other models
(R2

15◦C = 0.9783; R2
25◦C = 0.9846; R2

35◦C = 0.9750; R2
45◦C = 0.9636).

Therefore, the first order model is the most optimal for PEOM,
best fitting the PEO release behavior in air atmosphere. The results
indicate that in vitro release is an unstable process, that PEO was

primarily released by diffusion from the wall material, the density
of the wall causing diffusion resistance. These results are consistent
with those of Dong et al. (57). In conclusion, PEOM can be stored
at room temperature and has potential value for the preservation of
food.

3.4. PEOM antioxidant and antibacterial
activity assay

3.4.1. Antioxidant activity assay
Reactive oxygen species and free radicals could lead to organic

spoilage through lipid peroxidation and protein denaturation (58).
The antioxidant activity of PEO encapsulated by GE could be more
stable over time. To evaluate the antioxidant activities of PEOM
and PEO during 5 days of storage, two antioxidation models were
applied: 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging capacity
and FRAP. DPPH radical is widely used to study the scavenging
activities of natural substances, and the FRAP method is applied to
evaluate total antioxidant capacity by measuring the ability to reduce
ferric iron to ferrous. Figure 5 shows the variation in antioxidant
power of PEO, PEOM, and GE over 5 days. PEO and PEOM showed
the most antioxidant potential at the beginning of the DPPH and
FRAP experiments. As storage time increases, the antioxidant activity
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TABLE 2 Release kinetics of Perilla essential oil microcapsules (PEOM) at different ambient temperatures.

Kinetic models 15◦C 25◦C 35◦C 45◦C

Zero-orderQ = Kt + C K 0.6014 0.6772 0.6950 0.7699

C 12.11 15.06 23.75 26.74

R2 0.9030 0.8843 0.9106 0.7862

First-orderln(100-Q) = Kt + C K −0.0116 −0.0157 −0.0213 −0.0467

C −0.0653 −0.0524 −0.1205 0.3118

R2 0.9783 0.9846 0.9750 0.9636

Rigter-PeppasQ = Ktn lnK 1.0237 1.2704 2.0109 2.0667

n 0.7124 0.6882 0.5512 0.5634

R2 0.9634 0.9562 0.9307 0.9154

of PEOM weakened the slowest, while that of PEO weakened the
more rapidly. At the end of the experiment, DPPH/FRAP of PEOM
exhibited higher than that of PEO. The most probable reason was
fast evaporation of PEO, followed a massive loss, leading to weaken
rapidly in antioxidant capacity. Conversely, PEO in the PEOM must
be penetrated the wall of GE, and gradual release under the same
conditions. The results of comparison showed that the antioxidant
activity of PEOM was found to be more sustainable than PEO, results
consistent with those of Wang et al. (32).

3.4.2. Antibacterial activity assay
Microbial proliferation is a key factor in organic spoilage.

Although PEO has excellent antibacterial activity, PEOM could be
more effective owing to the sustained release effect. In this paper,
antibacterial activity of PEOM was investigated against S. aureus,
E. coli, and B. subtilis. Figure 6 shows the variation in PEO
and PEOM activity over 5 days. In the initial stages, antibacterial
activities of PEO and PEOM were high for the three bacteria.
Compared with PEO, the activity in PEOM fell slowly with increasing
storage time demonstrating that encapsulation effectively maintains
antibacterial activity, presumably by reducing the release rate. As a
positive control, ampicillin showed excellent activity of 19.65 mM
(E. coli), 15.12 mM (B. subtilis), and 14.32 mM (S. aureus) at
a dose of 50 µg/dis. Jo et al. (59) found that stretch-responsive
microcapsules could regulate the release of antibacterial compounds,
results consistent with these findings.
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Release curves of Perilla essential oil microcapsules (PEOM) at
different temperatures.

3.5. Preservation assay

During their growth and reproduction processes,
microorganisms produce a variety of enzymes which can destroy
the cell wall, enter the cell interior and cause the decomposition
of nutrients in foods (60). A variety of chemical bacteriostatic
agents are applied in food preservation. However, chemical agents
can be detrimental to human health and the environment (8).
As a safe food additive, PEO shows excellent antioxidant and
antimicrobial activities which have been applied to keep fruits fresh
(61). Significantly, the PEO-loaded microcapsule PEOM prepared in
this work exhibits stability and a sustained release effect, conferring
stable antioxidant and antibacterial activities. Therefore, PEOM was
investigated in peach preservation, evaluating change in appearance,
hardness, TA, SSC, and total bacterial counts of peach fruit.
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After fruit picking, disorderly change of organisms occurs due
to respiration, carbohydrate metabolism, and enzymatic degradation.
Change in appearance is an important factor to indicate the freshness
of the fruit. Untreated and treated peaches during storage are shown
in Supplementary Figure 9. After 3 days, the PEOM treated fruit
exhibited no rotting or evaporation of water, while untreated fruit
were starting to go rotten. Partial collapse and a rotten core were
found in the untreated group after 9 days. However, the treated
group only showed a small amount of mucedine after 9 days of
storage, indicating that PEOM can effectively prolong the shelf-life
of peach at room temperature. In the initial stages, the preservation
effect was not obvious for the treated group, perhaps due to a low
PEO concentration. However, with the extended release of PEO in
the middle and late stages, the growth and proliferation of bacteria
were effectively prevented, resulting in preservation of the fruit.
These findings agree with the report by Siroli et al. (62) on apple
preservation with citral microcapsules.

Due to pectin action, the cell of the fruit is decomposed
during storage, leading to tenderizing (63). Initially, protopectin
decomposes into pectin, which is converted into pectin acid, causing
cell decomposition and loss of hardness. Table 3 shows the hardness
of peaches during storage, the hardness of treated and untreated
groups decreasing gradually. However, the treated group exhibited
a lower rate of decrease due to the sustained release of PEOM and
inhibition of the decomposition rate of protopectin. Maintaining the
hardness of the peaches, PEOM demonstrates a positive effect on
their preservation.

Soluble solid content is a measure of sweetness, whereby the
metabolism and respiration of fruit decrease sugar, vitamin, and
mineral content (64). Therefore, SSC was measured during storage,
identifying a gradual decrease, Table 3. The treated group mass was
higher than that of the untreated group after 4 days. Due to the
sustained release of PEO and the controlled inhibition of respiration
intensity by PEOM, conversion of nutrients was slowed down and the
SSC of the treated group was higher than that of the control group.
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Antibacterial activity of Perilla essential oil (PEO), Perilla essential oil microcapsules (PEOM) and ampicillin. Diameter of zone of E.coli (A), B. subtilis (B),
and S. aureus (C).

TABLE 3 Perilla essential oil microcapsules (PEOM) on preservation of peach.

0 day 2 days 4 days 6 days 8 days 10 days

Hardness (g) Tg 1,654± 20 1,258± 23 1,063± 28 1,058± 25 948± 24 845± 22

Utg 1,605± 19 1,425± 25 1,015± 17 845± 25 732± 21 503± 19

SSC (%) Tg 10.7± 0.2 10.2± 0.1 10.4± 0.3 9.5± 0.2 9.3± 0.2 8.9± 0.3

Utg 10.3± 0.4 9.8± 0.3 9.3± 0.4 7.5± 0.3 6.9± 0.4 6.1± 0.1

TA (mg/g) Tg 8.82± 0.13 8.51± 0.07 7.93± 0.11 7.65± 0.07 7.38± 0.15 7.09± 0.13

Utg 9.05± 0.15 9.32± 0.12 7.84± 0.07 6.72± 0.06 6.50± 0.10 6.34± 0.09

TBC (CFU/g) Tg 1.71± 0.15 2.24± 0.21 2.56± 0.18 3.02± 0.34 3.31± 0.24 4.02± 0.18

Utg 1.63± 0.21 2.32± 0.15 3.56± 0.10 4.15± 0.08 5.58± 0.11 6.78± 0.23

TG is treated group. UTG is untreated group.
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The growth rate of bacteria increases with acid conversion by
respiratory action, resulting in accelerated rotting of fruit (7). As
an important quality parameter, the TA of peach was evaluated in
this study, finding a decrease in TA content with time for all the
groups. After 4 days, the TA for the treated groups was higher than for
the untreated groups. Sustained release of PEO from PEOM inhibits
respiration and reduces acid conversion before 4 days, causing the
TA of the treated group to be higher than that of the control
groups. However, TA increased slightly after 4 days, perhaps due
to lactic acid from respiration. These hardness, TA, and SSC results
agree with earlier findings on preservation with essential oil-loaded
microcapsules (35, 65).

According to the Duncan test, values in the same line are not
significantly different (P > 0.05).

Microbial growth on fruit carbohydrates results in spoilage (66).
Therefore, TBC are an important measure of the quality of fresh
fruits. If the safe edible value of fruit is over 6 log CFU/g, it may
not be safe to eat (67). TBC for peach for both treated and untreated
groups are shown in Table 3. TBC of the treated groups increased
from 2.56 ± 0.18 to 4.02 ± 0.18 log CFU/g after 4 days, a small
increase due to bacterial growth inhibition by PEO sustained release.
In contrast, the untreated group after 4 days experienced a rapid
increase of TBC from 3.56 ± 0.10 to 6.78 ± 0.23 log CFU/g, over
the safely edible value limit by the 10 day. This could be attributed
to an increase in microbial respiration. The results demonstrate that
PEOM shows an excellent antibacterial effect in the preservation of
fresh peaches, reducing the volatility and controlling the release rate
of PEO with long-lasting effects. Concurrent and consistent with this
study, Li et al. (68) have described that P. frutescens essential oil can
delay the rot of strawberries.

3.6. Cost analysis

Cold storage preservation was the most frequently applied in
fresh-cut fruit, which was used to compare with PEOM method, and
cost analysis was evaluated. As shown in Supplementary Table 1, it
was clearly demonstrated the cost of PEOM was lower than the cold
storage preservation for electric bill and investment of refrigerator.

In summary, PEO-loaded microcapsules exhibited excellent
stability, sustained release effects, and effectively maintained PEO
antioxidant and antibacterial activities, resulting in an extended
peach shelf-life.

4. Conclusion

In this paper, temperature-controlled PEOM was developed to
decrease the volatility and increase the stability of PEO for the
preservation of fresh peaches. PEOM prepared with a core-shell ratio
of 1.4:1 exhibited excellent encapsulation efficiency (91.5%) and a
smoother microcapsule surface. PEOM showed excellent stability
and the PEO release rate could be controlled with temperature.
Due to its temperature-responsive character, in vitro release behavior
proved that the optimal kinetics model of PEOM fitted well with
first order. The PEO release mechanism primarily involves diffusion
from the wall material, with diffusion resistance from the wall density.
The loss of PEO is reduced and the rate of release is sustained,
maintaining the antioxidant and antibacterial activities of PEOM

at a higher level during storage. And, its cost was lower than the
storage preservation for electric bill and investment of refrigerator.
Therefore, preservation with PEOM could protect the quality and
prolong the shelf-life of peaches. The above findings are promising
for PEOM applications as preservatives in the food industry.
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