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Abstract Essential oils (including carvacrol, CAR) have
been used in the medicinal and health field because of
their broad-spectrum antibacterial activities. However,
the volatility and pungent odor are still the greatest ob-
stacles to wider application. The purpose of the present
study was to address those problems by encapsulating the
antibacterial CAR in palygorskite (Plg) by integrating it
into Pickering emulsions with complex coacervation. The
CAR in Pickering emulsion was formed firstly by stabi-
lization with the CAR-modified Plg; then, the emulsion
droplets were embedded and fixed in the microcapsule
through the subsequent complex coacervation process,
which occurred between the quaternary ammonium salt
of chitooligosaccharides (HACC) and sodium alginate
(SA) via calcium ions. The microcapsules obtained were
characterized by Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and ther-
mogravimetric analysis (TGA). The results demonstrated
that the microcapsules presented a nearly sphere-like
shape with a mean diameter of 3.5 mm but had a porous
interior structure. The Plg plays multiple roles in the
preparation process, including increasing the emulsion
stability, improving the encapsulation efficiency of
CAR, and the thermostability of microcapsules. The mi-
crocapsules showed remarkable antibacterial properties

against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus), and inhibition rates toward E. coli
and S. aureus reached 100% when the microcapsules
were encapsulated with 15 or 20% of CAR, respectively.
The microcapsules obtained could be used as antibacte-
rial agents in food preservatives, animal feed, and other
health-related consumer products.
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Introduction

Essential oils have been used for thousands of years in the
medicinal and health field in ancient Egypt, Greece,
India, and China because of their broad-spectrum anti-
bacterial activities (Issouffou et al., 2018; Sharifi-Rad
et al., 2018; Shi et al., 2018; Vel et al., 2017). For
instance, cinnamon essential oil could reduce the viability
of Escherichia coli (E. coli), Salmonella typhimurium,
Staphylococcus aureus, and Vibrio parahaemolyticus
(Chuesiang et al., 2021). Origanum oil, thyme oil, and
citrus aurantium bergamia fruit oil can inhibit food-borne
pathogens, includingE. coli, Salmonella, Bacillus cereus,
Aspergillus flavus, and drug-resistant microbial strains
(Sharifi-Rad et al., 2018; Tariq et al., 2019). Nowadays,
essential oils are applied as antibiotics and are still used in
pharmaceuticals, cosmetics, foods, and agriculture
(Alkan Tas et al., 2019; Tariq et al., 2019).

The antibacterial performance of essential oils de-
rives from their main active component, e.g. carvacrol
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(CAR), which is the main constituent in thyme and
oregano. CAR has been verified to show much greater
antibacterial activities than those of other compounds
present in essential oils due to the structural free hy-
droxyl group, hydrophobicity, and a phenol component
(Ryu et al., 2019). Until now, CAR has been used as a
natural preservative in the food industry, or as a feed
additive to reduce aflatoxin contamination in poultry
feed (Yin et al., 2015). Several shortcomings of CAR,
including significant volatility, poor water solubility, its
pungent odor, and its unstable chemical structure in air,
light, and high temperature, are still the greatest obsta-
cles to wider application (Ryu et al., 2019; Yildiz et al.,
2018). Many efforts have been made to overcome these
weaknesses, including encapsulation of CAR into emul-
sions, nanoemulsions, nanoliposomes, microcapsules,
films, and nanocarriers (Bahrami et al., 2020). Among
them, the encapsulation of CAR into microcapsules via
complex coacervation is a popular and efficient strategy,
because of its low cost, convenient operation, high
encapsulation efficiency, reduced wall permeability,
and prolonged release time (Bakry et al., 2019; Chen
et al., 2016; Dong et al., 2011; Muhoza et al., 2019;
Timilsena et al., 2017; Yang et al., 2014; Yang et al.,
2015). Interestingly, if the essential oil is divided into
smaller droplets and encapsulated into the separated
“sub-box” of coacervate microcapsules, the slow-
release performance is enhanced, even if the microcap-
sules have been damaged.

The best method for encapsulation of CAR into
coacervate microcapsules is by integrating an emulsion
and complex coacervation technique. Due to the poor
stability of conventional emulsions, in comparison,
Pickering emulsions stabilized by solid particles instead
of surfactants show an increased barrier effect, because
the particles adsorb irreversibly at the oil–water inter-
face and form a rigid shell (Cai et al., 2019; Li et al.,
2021a, b; Lu et al., 2014; Pickering, 1907; Ramsden,
1903). More importantly, the stabilized particles could
be incorporated into the matrix of microcapsules with
increased compactness and strength. Therefore, various
effects will increase the encapsulation efficiency of es-
sential oils and prolong their shelf lives. Recent research
has also found that the shape of particles has a signifi-
cant effect on the adsorption behavior of the oil–water
interface, and particles with rod-shaped or tube-like
morphology display greater stability than spherical par-
ticles (Lu et al., 2020; Wang et al., 2022). This suggests
that the clay minerals increase the stability of Pickering

emulsions. Palygorskite (Plg), a natural, rod-like, hy-
drated magnesium aluminum silicate mineral, typically
exhibits crystal lengths of 1–5 μm and has been used
widely in the stabilization of Pickering emulsions
(Kretz, 1983; Li et al., 2021a, b; Marosz et al., 2020;
Wang et al., 2015). Moreover, due to the large specific
surface area and the abundant active adsorption sites, the
external surface property of Plg is easily modified and
adjusted by adsorbing small organic molecules or poly-
mers (Blanco et al., 1988; Kang et al., 2022; Lu
et al., 2020).

The objective of the current study was to use Plg to
develop a novel and effective method to encapsulate
volatile oils such as CAR into the ‘sub-box’ by integrat-
ing Pickering emulsions with complex coacervation.
The hypothesis was that the morphology, particle size,
and thermal stability of the microcapsules could be
optimized using Plg to obtain the greatest loading ca-
pacity, encapsulation efficiency, and antibacterial prop-
erties of CAR, in preparation for extensive applications
in food, poultry feed, and health-related consumer
products.

Materials and Methods

Materials

Carvacrol (CAR, 99%) was purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). Non-ionic
surfactant, Span 80 (Sorbitan Monooleate, C24H44O6,
analytical reagent [AR] grade), was purchased from the
National Medicines Co., Ltd. (Shanghai, China). Anhy-
drous calcium chloride (≥96%) was provided by Kermel
Chemical Regent Co., Ltd. (Tianjin, China). Sodium
alginate (SA, AR grade) was supplied by Xilong Scien-
tific Co., Ltd. (Guangzhou, China). Quaternary ammoni-
um salt of chitooligosaccharides (HACC, ≥90%) was
purchased from Jiaxing Korui Biotech Co., Ltd. (Jiangsu,
China) and palygorskite was provided by Huida Mineral
Technology Co., Ltd. (Jiangsu, China). Acid treatment of
Plg was by 4% HCl solution with a solid/liquid ratio
(w/w) of 1:10 to remove the associated carbonates, then
it was filtered with a 200-mesh sieve. The chemical
composition was: SiO2, 50.18; Al2O3, 11.15, MgO,
4.21; Fe2O3, 9.37; Na2O, 5.92; K2O, 2.03, and CaO,
1.37%, and an SEM image is shown in the Supplemen-
taryMaterial (Fig. S1 in SupplementaryMaterials). Other
chemicals were used directly without further purification.
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Preparation of CAR Microcapsules

Plg-stabilized Pickering emulsion was prepared by a
simple process. Typically, a 2 wt.% Plg aqueous sus-
pension was used to optimize various amounts of CAR
(2.5, 5, 7.5, and 10 g, which were 5, 10, 15, and 20%
with respect to the weight of the water, respectively) and
stirred at 200 rpm for 1 h. Then, 50 mL of SA solution
(1% w/w) containing 0.5% of Span 80 was added, and
the dispersion was stirred at 8000 rpm for 10 min to
form an homogeneous Pickering emulsion. After that,
10 mL of HACC solution (10% w/w) was added to the
emulsion and stirred for an additional 10 min. Then, the
emulsion was added dropwise to a CaCl2 solution
(1% w/w) by a peristaltic pump under stirring at 160
rpm. The microcapsules obtained were dried at 37°C for
12 h. In order to optimize the preparation parameters of
microcapsules, various amounts of Plg (4, 6, 8, and 10%
with respect to the weight of the water) were tested to
optimize the preparation parameters based on loading
capacity and encapsulation efficiency, and the emulsion
obtained was labeled as a Plg-stabilized Pickering emul-
sion. As a comparison, the microcapsules constructed
with the conventional emulsion integrated with complex
coacervation were also prepared as the above steps. The
conventional emulsion was formed as: 15% of CAR
dispersed into 50 mL SA solution (1% w/w) containing
1% of Span 80.

Characterization

The chemical composition of Plg was analyzed using a
Minipal 4 X-ray fluorescence spectrometer
(PANalytical Co., Almelo, The Netherlands). The digi-
tal photographs of Pickering emulsions were taken with
a Nikon D600 digital camera (D600, Nikon, Tokyo,
Japan), and the Pickering emulsion was observed using
an industrial digital camera (DYF-1600, Shanghai, Chi-
na). The morphology and microstructure of CAR mi-
crocapsules were observed by scanning electronmicros-
copy (SEM, JSM-5600LV, JEOL, Tokyo, Japan). The
structure of the microcapsules prepared as KBr pellets
was characterized using an FTIR spectrometer (Nicolet
Nexus iS50, Thermo Scientific, Waltham, Massachu-
setts, USA) over the range 4000–400 cm–1. The thermal
stability of the microcapsules was evaluated
by thermal gravimetric analysis (TGA) (STA6000,
PerkinElmer, Waltham, Massachusetts, USA) over the
range 50–750°C in a pure oxygen atmosphere with a

heating rate of 10°C/min. The hydrophilic and hydropho-
bic performance of the Plg surface was tested with a
Contact Angle System (DSA100S, Kruss, Germany)
equippedwith a tilting table, and the powder was pressed
into sheets at a tableting pressure of 2–4 MPa. The
syringe was positioned in a way that the water drop
(2 μL) contacted the surface of the sheet before leaving
the needle.

Loading Capacity (LC) and Encapsulation Efficiency
(EE)

The LC and EEwere applied to optimize the amounts of
CAR and Plg by the following method: CAR microcap-
sules were added to a sealed conical flask containing
50 mL of absolute ethyl alcohol and treated for 2 h in a
sonic bath, and then shaken at 37°C for 24 h. After that,
the supernatant was separated by centrifugation. The
concentration of CAR was determined with the
ultraviolet-visible spectrophotometer at 276 nm. This
test was repeated three times and the mean values of
the samples were calculated according to the standard
curve. The LC and EE were calculated according to the
following equations, respectively.

LC ¼ Mt=Mm � 100% ð1Þ

EE ¼ Mt=M 0 � 100% ð2Þ
whereMm andMt were the weight of microcapsules and
measured CAR, respectively, andM0 was the weight of
initial amount of CAR.

Antibacterial Test

The antibacterial properties of CARmicrocapsules were
assessed by the traditional plating method against Gram
negative E. coli (ATCC 25922) and Gram positive
S. aureus (ATCC 25923), which were kindly provided
by the Laboratory Medicine Center of Lanzhou Univer-
sity Second Hospital. The bacteria were cultivated asep-
tically in Luria-Bertani (LB) nutrient broth at 37°C
while shaking at 160 rpm for 12 h, bacterial inocula
were diluted to 0.5 MCF units (108 CFU/mL) using
phosphate buffers, and then 100 μL of the broth was
taken out and added to 900 μL of LB medium for
culturing in a 37°C shaker incubator at 160 rpm for 3 h
to reach the exponential growth phase (107 CFU/mL).
The steps were repeated to obtain fresh bacteria in
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suspension (105 CFU/mL), then 5 mL of bacterial sus-
pension (105 CFU/mL) was transferred to a glass centri-
fuge tube containing 50 mg of the test sample. The tube
was placed on an orbital shaker at 160 rpm for 24 h.
Later, 1 mL of the treated bacterial suspension was plated
on an agar plate and kept in amicrobiological incubator at
37°C in a >95% humidified atmosphere with 5%CO2 for
24 h. Finally, the number of colony forming units (CFU)
was counted by visual inspection to calculate the inhibi-
tion rate (IR), using the following equation (Ma et al.,
2013):

IR ¼ N0–Ntð Þ=N0 � 100% ð3Þ
where, N0 and Nt are the number of E. coli or S. aureus
colonies without treatment and treated with microcap-
sules for 24 h, respectively. To evaluate the antibacterial
properties of CAR microcapsules, the bacterial suspen-
sions acted as a blank control and the microcapsules
without CAR as a positive control.

In order to compare the bacterial killing effect between
the microcapsules and CAR, the agar plate experiments for
E. coli and S. aureus were also tested with different
amounts of pure CAR, in which the bacterial suspension
was also 105 CFU/mL. Other steps were the same as above
and the inhibition rate (%) was calculated by Eq. 3.

Results and Discussion

Formation of Plg-stabilized Pickering Emulsions

The use of Plg in the preparation of Pickering emulsions
has been reported in several studies (e.g. Lu et al., 2014).
However, due to inherently strong hydrophilicity, the
Plg needs to be modified and its surface performance
adjusted. Because of its sufficiently active silicon hy-
droxyl and porous structure, Plg can be modified easily
u s i n g c e t y l t r ime t hy l ammon ium b rom id e ,
chitooligosaccharides, and γ-methacryloxypropyl
trimethoxysilane (Hui et al., 2020; Pan & Liu, 2021;
Wang et al., 2022). The Plg also shows favorable ad-
sorption performance for essential oil molecules, there-
fore, the amphipathicity of Plg can be adjusted directly
by the absorption of CAR. The contact angle, which
reflects the surface amphipathicity of Plg was increased
by mixing Plg with increasing amounts of CAR (Fig.
1a–f and Fig. S2), and then reached steady-state as the
concentration of CAR exceeded 20% (Fig. 1g). In

addition, the contact angle of Plg adsorbed with CAR
after immersing with n-hexane for 4 h was still larger
than that of the original Plg (Fig. S3), suggesting that
CAR molecules were adsorbed onto the Plg surface or
entered the channel in Plg through hydrogen-bond in-
teractions between the phenolic hydroxyl group of CAR
and silanol of Plg (Fig. 1h) (Zhong et al., 2020, 2021).

When the SA solution was added to the mixture of
Plg and CAR, the Pickering emulsion eventually turned
milky white after rapid stirring. The emulsion diffused
through water, but was retained in oil, indicating that the
oil-in-water Pickering emulsions had been prepared
successfully (Fig. S4). Note that the emulsions can only
be formed by initially mixing the CAR and Plg. If Plg is
mixed with CAR by dropping CAR into the Plg disper-
sion, this indicates that Plg may preferentially adsorb
water, so that CAR cannot be adsorbed to the Plg. The
optical microscopy of Pickering emulsions prepared
with different amounts of Plg and CAR showed the
trend that the size of emulsion droplets decreased with
the increase of CAR concentration (Fig. 2a–d). This is
because the increase in CAR is beneficial to modifica-
tion of Plg, and an emulsion with smaller droplets can be
obtained (Fig. 2d). Besides, some CARmay diffuse into
the oil–water interface and have a positive effect on the
stability of the emulsions. The same phenomenon was
also observed as the droplet size decreased gradually
with increasing Plg content (Fig. 2e–h), because modi-
fied Plg will generate better stabilization for emulsion.
The modification of Plg by adsorbing the CAR not only
reduced the volatility of CAR, but means it can also be
used as an excellent stabilizer for the emulsions. The
size of emulsion droplets decreased with the increase in
CAR and Plg content, indicating that a small amount of
CAR molecule could play a vital role in modifying the
surface characteristics of Plg nanorods and decreasing
oil–water interfacial tension (Chen et al., 2019). The
modified Plg nanorods adsorbed irreversibly onto the
oil–water interface and formed a rigid interfacial film
around the oil droplets, which offered an efficient barrier
for the coalescence of droplets (Fig. 2i).

CAR Microcapsules Formed by Pickering Emulsion

CAR microcapsules were formed by the electrostatic
interaction between HACC and SA and subsequent
crosslinking interaction between SA and calcium ions
when dropping the Pickering emulsion into the CaCl2
solution. The average diameter of the wet CAR

530 Clays Clay Miner.

https://doi.org/10.1007/s42860-022-00200-w Published online by Cambridge University Press

https://doi.org/10.1007/s42860-022-00200-w


microcapsules was 3.5 mm (Fig. 3a). After drying at
37°C, the microcapsules shrank partially; the size re-
duced from 3.5 to 1.4 mm, and the color changed from
white to orange (Fig. 3b, c). Note that the CAR micro-
capsules have a dense surface but porous interior (Fig.
3c–h) and were formed by the emulsion droplet (Fig.
3f). The SEM images (Fig. 3g–h) showed that the pore
diameter of CARmicrocapsules was 10–30 μm, and the
shell thickness of the pores was ~0.2 μm.

Span 80-stabilized traditional emulsion was also
applied to prepare the CAR microcapsules, and the
result compared with the microcapsules prepared with
Plg stabilized Pickering emulsion is shown in Fig. 4a–
c. Obviously, the Pickering emulsion stabilized with
modified Plg displayed excellent stability, and the
emulsions can be stabilized for 12 months without
any creaming or coalescence (Fig. 4c). Conversely,
coalescence was observed from the emulsion stabilized
with Span 80 at 6 months only (Fig. 4b). Moreover, the
emulsions stabilized by Span 80 showed a larger droplet
diameter, and the droplet size increased after storage for
12 months (Fig. 4d, e). Meanwhile, the average size of
Pickering emulsions stabilized with modified Plg
displayed ultra-high stability, and the droplet diameter
had only a slight increase from0.5–1 to 1–1.5 μm in

12 months (Fig. 4f, g). The high stability of the
Pickering emulsions was attributed to the irreversible
adsorption of modified Plg at the oil–water interface
(Arab et al., 2018; Binks & Lumsdon, 2000). In addi-
tion, the microcapsules obtained from Span 80-
stabilized emulsions exhibited poor storability and
shrank obviously after drying (Fig. 4h), while the mi-
crocapsules obtained from Plg-stabilized Pickering
emulsions always remained intact (Fig. 4i).

The formation mechanism of CAR microcapsules
was analyzed by FTIR spectroscopy of the Plg (Fig.
5a); the adsorption peak at 1032 cm–1 was attributed
to the Si–O stretching vibrations of Plg, and at 3440
and 1630 cm–1 corresponded to H–O–H of coordi-
nated and zeolitic water of Plg (Blanco et al., 1988;
Suárez & García-Romero, 2006). In the spectrum of
CAR molecules, the absorption peaks found at 2870,
2962, and 2926 cm−1 were assigned to the symmetric
and antisymmetric stretching vibration of –CH3 and
–CH2– groups, respectively, and the peak at
3020 cm−1 was suggested to be from the C–H
stretching vibration of a benzene ring. In addition,
the wide absorption bands in the ranges 1422–1586
and 800–900 cm−1 were derived from the C=C
stretching vibration of aromatic O–H stretching

Fig. 1 Contact angle of a Plg and Plg mixed with various amounts
of b 10%, c 20%, d 30%, e 40%, f 50%CAR (corresponding to the
weight of Plg), g the tendency of increasing contact angle with the

addition of CAR, and h schematic diagram of adsorption interac-
tion between Plg and CAR molecules
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vibrations, and aromatic C–H bending, respectively
(Arrieta et al., 2013; Pretsch et al., 2001). With
regard to the SA and HACC, the absorption peak at
1625 cm–1 in SA was assigned to the stretching
vibration of the carboxyl group (Gibson et al.,
1999), and peaks at 1487 and 1310 cm–1 in HACC
were the bending vibration of –CH3 and the stretching
vibration of C–N+, respectively (Chen et al., 2016;
Manouchehri et al., 2019). When the microcapsules
formed, the peaks at 1487 and 1310 cm–1 of
HACC, as well as 1648 cm–1 derived from SA,
shifted to 1440, 1248, and 1632 cm–1, respective-
ly, suggesting that the microcapsule shell was built
via the electrostatic interactions between quaterna-
ry ammonium groups of HACC and the carboxyl
groups of SA. The FTIR spectrum of microcap-
sules containing CAR was the same as the micro-
capsule shell; a visible difference was in the ab-
sorption peaks at 1032 and 996 cm–1 which shifted to
1040 and 988 cm–1, possibly due to the interaction
between the microcapsule shell and CAR molecules
(Fei et al., 2004).

The thermal stability and encapsulation effect of
CAR microcapsules prepared by Span 80 stabilized
emulsions and Plg-stabilized Pickering emulsions were
investigated with TGA and DTG analysis (Fig. 5b). The
weight loss of the CARmicrocapsules prepared by Span
80-stabilized emulsions also had four stages, which
were 50–196, 196–240, 240–360, and 360–750°C. In
the DTG curve, the obvious decomposition at 186°C
may be attributed to the volatilization and decomposi-
tion of the CAR from Plg-stabilized Pickering emul-
sions, while Span 80-stabilized emulsions appeared at
98°C. The loading content of CAR in the microcapsules
prepared from Plg-stabilized Pickering emulsions was
also found to be greater than that of the microcapsules
formed from Span 80-stabilized conventional emulsion.
Meanwhile, the thermal stability of the CAR molecules
was improved obviously by the microencapsulation
process based on Pickering emulsions. The reason was
that the stable Plg particles were incorporated into the
matrix of the polymeric network and the stability and
strength of microencapsulation were increased, which is
indicated by the increased thermostability.

Fig. 2 Optical microscope images of Pickering emulsions with
various amounts of Plg: a 5%, b 10%, c 15%, d 20% of CAR and
2% Plg, and various amounts of CAR: e 4%, f 6%, g 8%, h 10%,

and 15% of Plg, and i schematic illustration of the interfacial
interaction of emulsion droplets
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Fig. 3 Digital photographs of: aCARmicrocapsules prepared by Pickering emulsions formed in aqueous solution (15% of CAR and 8% of
Plg); b CAR microcapsules after drying at 37°C for 6 h; SEM images of the CAR microcapsules c, d surface, and e, f, g, h cross sections

Fig. 4 The emulsions obtained after a 3 h, b 6months, c 12months
(left tubes are Span 80-stabilized emulsions using 15% CAR and
1% Plg of Span 80; right tubes are Plg-stabilized Pickering emul-
sions prepared using 15% CAR and 8% Plg, as below). Optical
microscopy of Span 80-stabilized emulsions: d original emulsions;

e after 12 months; Plg-stabilized Pickering emulsions: f original
emulsions; g after 12 months. Digital photographs of CAR micro-
capsules prepared using: h Span 80-stabilized emulsions, and
i Plg-stabilized Pickering emulsions after 12 months
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The optimum conditions of CAR and Plg for the
preparation of CAR microcapsules were evaluated by
the LC and EE according to the standard curve (Fig. S5),
and the results are presented in Table 1. The increase in
the CAR content (from 5% to 15% with respect to the
weight of the water) resulted in the enhancement of EE
(from 40.6% to 56.3%) and LC (from 49.2% to 73.6%).
When the CAR content approached 15%, the LC con-
tinued to increase, but the EE changed only slightly,
indicating that 15% of CAR was the optimal amount for
the preparation of CAR microcapsules. With the in-
crease in LC, the CAR in the microcapsules reached

saturation, and the EEwas enhanced slightly. According
to optical microscopy, the addition of Plg reduced the
diameter of droplets and also improved the EE. After
determining the optimum LC and EE of CAR in micro-
capsules prepared by Plg-stabilized Pickering emul-
sions, the next step was to evaluate the antibacterial
properties.

Antibacterial Properties

The antibacterial efficacy of the CAR microcapsules
was evaluated by counting the growth of colony
forming units of model Gram negative and Gram
positive bacterial populations compared to the blank
(bacteria without treatment) and negative controls
(Plg without CAR). CAR microcapsules exhibited
various degrees of growth inhibition toward E. coli
and S. aureus (Fig. 6). The blank control groups of
E. coli and S. aureus are also shown in Fig. 6. The
bacterial CFU are distributed uniformly in the media,
and the microcapsules containing Plg without CAR
cannot effectively inhibit growth of Gram negative
E. coli and Gram positive S. aureus. However, micro-
capsules containing Plg dosed with CAR displayed an
increased antibacterial effect on E. coli and S. aureus
with a dose-dependent behavior. E. coli and S. aureus
could be inhibited completely by the microcapsules
encapsulated with 15 or 20% of CAR under the same
evaluation conditions. The Plg content of CAR

Fig. 5 a FTIR spectra of Plg, SA, HACC, CAR, microcapsule
shell, and CAR microcapsule prepared using Plg-stabilized Picker-
ing emulsions (15% of CAR and 8% of Plg), and b TG and DTGA

curves of CAR microcapsule prepared using Span 80-stabilized
emulsions (15% CAR and 1% Span 80) and Plg-stabilized Picker-
ing emulsions (15% CAR and 8% Plg)

Table 1 LC and EE of CAR microcapsules prepared using dif-
ferent amounts of CAR and Plg

Amount of CAR added
(%)

Amount of Plg added
(%)

LC
(%)

EE
(%)

5 2 49.2 40.6

10 2 62.0 54.1

15 2 73.6 56.3

20 2 80.5 57.1

15 4 53.1 47.1

15 6 62.4 47.8

15 8 65.5 54.5

15 10 76.5 53.2
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microcapsules was also a factor affecting the antibac-
terial activities. Note that 8% of Plg was an appropri-
ate level of additive for reduction of E. coli (Fig. 6),
while the CAR microcapsules with 6% Plg
deactivated S. aureus completely. The results indicat-
ed that the inhibition rates of the microcapsules were

all >98% except for the sample containing 5% CAR
(Fig. S6). In addition, S. aureus is more sensitive to
the CAR microcapsules than E. coli. This may be
attributed to the enrichment of the S. aureus cell
membranes in hydrophilic lipopolysaccharides
(Liaqat & Eltem, 2018; Shen et al., 2015).

Fig. 6 Photographs of E. coli and S. aureus colonies cultured after treatment with CAR microcapsules prepared using various amounts of
CAR (5%, 10%, 15%, 20% of CAR and 2% of Plg) and Plg (15% of CAR and 4%, 6%, 8%, 10% of Plg)

Fig. 7 Quantitative evaluation of the bactericidal effect of various volume percentages of CAR (%) on E. coli and S. aureus
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To compare the bactericidal effect of the microcap-
sules with various amounts of CAR, ‘zone of inhibition’
experiments for E. coli and S. aureus were also carried
out, as shown in Fig. 7. Compared to the control group,
E. coli and S. aureuswere inhibited completely with the
volume percentages of CAR in the ranges 0.02–0.1 and
0.005–0.1%, respectively. When the volume percentage
of CAR was 0.002%, no obvious difference in the
number of bacterial colonies compared to the control
group was observed, indicating that this concentration
of CAR did not inhibit the growth ofE. coli or S. aureus.
Through quantitative evaluation of the antibacterial ac-
tivity and combining antibacterial efficiency with the
effective CAR release, the optimal dosage was deter-
mined. Pickering emulsion was beneficial in terms of
increasing the water solubility of CAR, but it also re-
duced the volatility of CAR, thus enhancing the anti-
bacterial activities.

Conclusions

Novel CAR-loaded antibacterial microcapsules were
prepared by incorporation of Pickering emulsion tech-
nology into the complex coacervation process. The
Pickering emulsion was stabilized with Plg modified
only by adsorbing the CAR onto the Plg. Then,
the microcapsules were formed by electrostatic interac-
tion between SA and HACC and a crosslinking reaction
between SA and calcium ions. The CAR microcapsules
possessed a nearly sphere-like shape with a mean diam-
eter of 3.5 mm. TG and DTG analysis showed that the
CAR microcapsules with Plg had excellent thermal
stability. Meanwhile, the CAR microcapsules displayed
remarkable antibacterial effects against E. coli and
S. aureus. The inhibition rates toward E. coli and
S. aureus reached 98% when these organisms were
treated with 0.02–0.1% and 0.005–0.1% CAR, respec-
tively. The CAR microcapsules prepared in this study
may be used as antibacterial agents in food preserva-
tives, animal feed, and other health-related consumer
products.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s42860-
022-00200-w.
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