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Abstract: The mesoporous silica wall materials can achieve controlled load and sustained-release
of active agents. An antimicrobial nanoscale silica microcapsule containing cinnamaldehyde (CA)
was prepared by the sol-gel method and applied in poly (butyleneadipate-co-terephthalate) (PBAT)
film. The surface morphology, physical and chemical properties, and antibacterial properties of
microcapsules and films were studied. The effects of different temperatures and humidities on the
release behavior of microcapsules were also evaluated. Results showed that CA was successfully
encapsulated in silica microcapsule which had a diameter of 450-700 nm. The antibacterial CA agent
had a long-lasting release time under lower temperature and relative humidity (RH) environment.
At low temperature (4 °C), the microcapsules released CA 32.35% in the first 18 h, and then slowly
released to 56.08% in 216 h; however, the microcapsules released more than 70% in 18 h at 40 °C.
At low humidity (50%RH), the release rates of microcapsules at the 18th h and 9th d were 43.04%
and 78.01%, respectively, while it reached to equilibrium state at 72 h under 90% RH. The sustained
release process of CA in 5i0,-CA microcapsules follows a first-order kinetic model. Physicochemical
properties of PBAT films loaded with different amounts of microcapsules were also characterized.
Results showed that the tensile strength and water vapor transmission rate (WVTR) of the composite
film containing 2.5% microcapsules were increased by 26.98% and 14.61%, respectively, compared to
the raw film, while the light transmittance was slightly reduced. The crystallinity of the film was
improved and can be kept stable up to 384.1 °C. Furthermore, microcapsules and composite film
both exhibited distinctive antibacterial effect on Escherichia coli and Listeria monocytogenes. Therefore,
5i0,-CA microcapsules and composite films could be a promising material for the active packaging.

Keywords: cinnamaldehyde; PBAT; antibacterial materials; composite film

1. Introduction

Antibacterial packaging is the last line of defense to ensure food safety, representing an active
packaging system containing antibacterial substances which can be incorporated into the substrate
material either physical or chemical approach [1-3]. Active agents can destroy the structural integrity
of cells, prolong the spore dormancy period, or slow down the growth of microorganisms, thereby
killing or inhibiting spoilage bacteria and pathogenic bacteria [4]. Plant extracts are extremely effective
antibacterial agents extensively applied in food preservation and is favored by consumers due to its
natural source and non-toxic qualities [5,6]. Among them, cinnamaldehyde (CA) is well known for
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its insecticidal, anti-inflammatory, and anti-tumor effects, which consequently makes it a candidate
for active packaging to achieve high-efficiency bacteriostasis even when not in direct contact with
microbes [6,7]. It has been approved by the FDA as a food additive, which can inhibit more than 20
common bacteria that could cause human infectious diseases and food breakdown [8]. Uzunlu et al. [9]
developed a Polycaprolactone film incorporated CA and observed the antibacterial behavior, studied
the release behavior of CA, and found that the release amount exceeded 80% at 21 h which was
attributed to the instability of CA. The poor water solubility, and its high susceptibility to degradation
by light, heat, oxygen, or free radicals, limits the application of CA in packaging and other fields [10].

The microcapsule technology can ensure the stability of the encapsulated material; for example,
Lisuzzo et al. [11] prepared new biohybrid materials based on halloysite nanotubes and natural
polymers (alginate and chitosan) for the controlled and sustained release of sodium diclofenac under
human gastro-intestinal conditions. Meanwhile, the microcapsules made by the sol-gel method can
further avoid the excessive release of the core material, prolong the release time, and achieve the
enduring antibacterial purpose, based on the ion diffusion mechanism of the structure [12]. The sol-gel
method is a silicon-based material encapsulation technology, while the inorganic wall materials
have higher temperature and chemical resistance than organic ones. Valltet-Regi [13] first loaded
the hydrophobic drug ibuprofen on the drug carrier of mesoporous silica in 2001, and found that
mesoporous silica can prolong the drug release time. Subsequently, more and more researchers turned
their attention to the drug-loading function of silica. Xue et al. [14] prepared a hybrid material of
polylactic acid-glycolic acid copolymer/mesoporous silica, and the mesoporous silica enabled the
sustained release of the loaded gentamicin for more than 20 days. Shane et al. [15] used the emulsion
template method to synthesize silica microcapsules, and found that adding a small amount of the
silica precursor tetraethyl orthosilicate (TEOS) multiple times was more conducive to achieving
sustained-release of the microcapsules. The uniform pore size of mesoporous silica makes it a highly
efficient carrier; this is because its high pore volume enables high drug loading and entrapping [16].
In addition, its large specific surface area increases its drug-molecule adsorption capacity [17].

Poly (butyleneadipate-co-terephthalate) (PBAT) has emerged as a promising alternative to food
packaging materials. It is a novel bio-compostable aliphatic-aromatic polyester obtained from
fossil resources by polycondensation and transesterification of poly (butylene adipate) and poly
(butylene terephtalate) that combines the advantages of both aliphatic and aromatic polyesters.
In other words, it possesses the flexibility and biodegradability of aliphatic polyesters and the good
mechanical properties of aromatic polyesters [18-21]. Several researchers have studied that the
addition of natural substances can enhance the basic properties of PBAT films and impart antibacterial
properties [22,23]. However, no research work has been found on development of antimicrobial
nanoscale silica microcapsule containing cinnamaldehyde (CA) and its application in packaging films.

Therefore, this work aimed to develop a formulation to achieve the release of biological control
agents triggered by temperature and moisture, so as to achieve sustained-release of CA and long-term
antibacterial purposes. Herein, the mesoporous silica wall material was prepared by sol-gel method
and used to encapsulate unstable CA to obtain nanoscale antimicrobial microcapsules, and the effect of
CA concentration on the encapsulation efficiency was studied. In addition, release study was also
conducted at 4, 25 and 40 °C, and 50%, 70%, and 90% relative humidity (RH) to determine the effect
of temperature or humidity on the release rate and efficiency. Based on several typical drug release
models, CA is used as a model drug to study the release characteristics of microcapsules. Furthermore,
microcapsules with different contents were further loaded on the PBAT film to confer antibacterial
properties, and the physical and chemical modification effects of the microcapsules on the film were
also studied.
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2. Materials and Methods

2.1. Materials and Regents

Tetraethyl orthosilicate (TEOS) was purchased from Jinshan Chemical Reagent Co. Ltd. (Chengdu,
China). Ammonia (25%) was supplied by Zhiyuan Chemical Reagent Co. Ltd. (Tianjin, China).
Cetyl- trimethyl ammonium bromide (CTAB) was procured from Da Mao Chemical Reagent Factory
(Tianjin, China). Cinnamaldehyde (CA, >95%) and dimethyl sulfoxide (DMSQO) were purchased from
Aladdin Reagent Co. Ltd. (Shanghai, China). PBAT (C1200) was supplied by BASF Corporation
(Germany). Dichloromethane was obtained from Beichen Founder Reagent Factory (Tianjin, China).
All the reagents were of analytical grade.

2.2. Preparation and Characterization of Microcapsules

2.2.1. Preparation of Microcapsules

Microcapsules were prepared by combined sol-gel and oil-in-water techniques. Distilled water
was mixed with 0.09 g of surfactant (CTAB) at 25 °C; to this solution, the amount of CA (weight ratios
of TEOS to CA of 10:1, 5:1, 5:2, and 5:3) was added and stirred for 30 min to obtain an emulsion. Later,
a mixed solution of 95% anhydrous ethanol (59% of water volume) and 0.7 mL TEOS was added
dropwise to the emulsion obtained in the first step while stirring and 1.5 mL of ammonia (as a catalyst)
was immediately added to accelerate the hydrolysis-condensation reaction of TEOS. The reaction was
allowed to continue for 3 h at the stirring speed of 700 revolution/min to obtain SiO,-CA microcapsule
emulsion. The prepared emulsion was centrifuged and washed successively with 95% ethanol and
distilled water. Finally, the precipitate was vacuum lyophilized for 15 h.

2.2.2. Characterizations of Microcapsules

Ultraviolet—visible (UV-Vis) absorption spectra of prepared microcapsules supernatants were
recorded by UV-Vis spectrophotometry (SPECORD plus 50, Jena Analytical Instruments AG, Germany)
over wavelengths ranging from 200 to 500 nm [24]. IR spectra of microcapsules were acquired using
FTIR (VERTEX 70, Bruker, Germany) with a buckled KBr sheet in the spectral range of 400 to 4000 cm™!;
an average of 32 scans were recorded at a resolution of 4 cm~!. The crystallization was tested on
X-ray Diffractometer (XRD, Rigaku MiniFlex600, Japan) using a Cu K« radiation (A = 0.154 nm) in the
20 range 10-40° at room temperature. The surface morphologies of samples were observed using a
Field-Emission Scanning Electron Microscope (FE-SEM, Hitachi, Japan) operating at an accelerating
voltage of 15 kV. Transmission electron microscopy (TEM) (HT7700, Hitachi High-Tech, Japan) was
conducted on the microcapsules at a voltage of 80 kV with commercial copper grids. An surface porosity
measurement system (ASAP 2460, McMurray Instruments Co., Ltd., USA) was used to construct the
nitrogen adsorption-desorption isotherms of the prepared microcapsules at —195.85 °C. The samples
were pretreated in vacuum at 100 °C for 12 h before measurement to remove any impurities and
volatiles. The pore-size distribution was calculated from the nitrogen adsorption curve according to
the Barrett-Joyner—-Halenda method [25].

2.2.3. Encapsulation Efficiency

According to a previous report, the absorbance of CA was measured by UV-Vis spectrophotometry.
The active-agent encapsulation efficiency was determined by the following equation [26]:

(Ma—CV)

EE =
M,

x 100

where EE is the encapsulation efficiency, %; Ma represents the total amount of CA added; C represents
the concentration of CA not entrapped in the supernatant of tested liquid; and V is the volume of
the supernatant.
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2.2.4. Sustained-Release Performance of Microcapsules

Active-agent release from the microcapsules was tested according to a modified version of the
protocol suggested by Wu et al. [27] and Li et al. [28]. This analysis is mainly focused on the effects of
temperature and humidity. SiO,-CA microcapsules (0.17 g) were incubated at varying temperatures of
4,23, and 40 °C while maintaining the RH of 90%, and evaluated the release rate at intervals of time
(Bh,6h,12h,18h,24h,36h,48h,3d,4d,5d,7d,9d,12d, and 15 d). Each sample was analyzed
thrice to reduce measurement error. Similar to the study on the effect of temperature, the RH was
varied at 50%, 70%, and 90% while keeping the temperature constant (40 °C). The active-agent release
rate was calculated using the following equation:

(1-M;)

R =
C Mo

%100

where CR represents the release rate of CA (%), M; is the content of CA in SiO,-CA microcapsules
which is estimated by UV-Vis spectrophotometry method described in the previous section, and M,
represents the content of CA in the initial SiO,-CA microcapsules.

2.2.5. Antibacterial Assay of Microcapsules

E. coli and Listeria monocytogenes were used to detect the antimicrobial properties of microcapsules.
E. coli and Listeria monocytogenes strains were purchased from China General Microbiological Culture
Collection Center and isolated from our laboratory in Guangxi, China.

This antibacterial activity was determined following a reported disk diffusion method of
Moghimi et al. [29]. DMSO (5 mL) was mixed with 40, 50, 60, 70, 80, or 90 mg-mL_1 of SiO,-CA
microcapsules, then dropped the mixed solution (20uL) on a filter paper with a diameter of 10 mm. A
glass Petri dish (150 mm diameter) containing the agar medium was prepared and poured evenly with
100 pL of bacterial suspension containing 107 CFU-mL~! and then dried for 5 min in a biological safety
cabinet. Subsequently, the sterile filter paper samples loaded with antibacterial microcapsules were
held at the center of the coated agar plate for 10 min using sterilized tweezers. Finally, the experimental
Petri dishes were inverted and cultured in a constant temperature and humidity incubator at 37 °C
and 70% RH for 24 h, then the diameter of microorganism-growth-inhibition zones (mm) around the
antibacterial filter was measured.

2.3. Preparation and Characterization of Microcapsules Loaded Films

2.3.1. Preparation of Films

According to existing laboratory technology, at room temperature, the ratio of PBAT to
dichloromethane is 1 g: 6 mL, mixed for 1 hour, and magnetically stirred for 2 hours to obtain
a uniformly mixed film-forming solution. In addition, the dry weight of PBAT SiO,-CA microcapsules
was weighed 0.5%, 2.5%, 4.5%, respectively, slowly added to the uniformly formed film-forming solution,
and magnetically stirred until the mixture was uniform (about 2 h). Coating machine (ZAA2300,
Zehntner, Swiss) was used to prepare the anti-foam film-forming liquid into a PBAT/SiO,-CA (PSC)
composite antibacterial film. The average thickness of the composite film was recorded as 30 + 2.50 um.

For ease of description, herein, 0.5%, 2.5% and 4.5% of the SiO,-CA microcapsules antimicrobial
film are expressed as PSC-0.5%, PSC-2.5% and PSC-4.5%, respectively.

2.3.2. Characterization of Films

SEM: Scanning electron microscope (SEM, Feiner World Pro, FEI company, USA) was used to
observe the morphology of the film. The films were brittlely broken in liquid nitrogen and treated with
gold spray. under 5.0 kV.



Processes 2020, 8, 897 50f18

DSC: Differential scanning calorimetry (DSC, Netzsch, Germany) was used to characterize the
phase transition and crystallization behavior, the experiment was carried out based on the method
of Zhang et al. [30]. The temperature is rapidly increased from room temperature to 180 °C, and the
temperature is kept for 10 min to eliminate the thermal history; then, the temperature is reduced to
15 °C at a rate of 10 °C/min and the cooling curve is recorded: increase the temperature to 180 °C at
the same heating rate and record the second heating curve. Each sample was analyzed thrice and the
average result was reported.

The crystallinity of the pure PBAT and PSC film is calculated as following;:

B 100%

X, = -
WpparAH;,

where, X, is the crystallinity of the film, %; AH,, indicates the melting enthalpy of the film, ]/g; is the
melting heat enthalpy of the pure PBAT film at 100% crystallization, which was taken as 114 J/g; Wpgar
is the weight percentage of PBAT in the PSC film.

TGA: Thermogravimetric Analyzer (TGA, STA449F5, Germany) was used to characterize the
thermal stability of the microcapsule antimicrobial films, the experiment conducted the method of
Huang et al. [31]. The samples were placed in a crucible, and thermal analysis was performed under
nitrogen atmosphere in a temperature range of 20-600 °C at a heating rate of 10 °C/min.

Mechanical properties: According to the ASTM D882-12 test method, 15 x 150 mm? samples
were prepared and the longitudinal tensile strength and elongation at break were measured on a
universal material testing machine (INSTRON 3367, USA) at a test speed of 100 mm min~! with an
initial pitch of 100 mm. The experiments were performed in triplicate (three replicates, with five film
strips per replicate) for films.

Water Vapor Transmission Rates (WVTR): The WVTR of films were measured according to
ASTM F1249 using a water vapor transmission instrument (LanGuang, China) at a test temperature of
38 °C and a relative humidity of 90% with a test area of 63.58 cm? for three parallel of each sample.
The unit of water vapor transmission rate is gm=2-24-h™".

Transmittance: Strip samples of 3 X 1 cm? were cut from PBAT and PSC films. Film transmittance
was measured using a UV/vis spectrophotometer at a wavelength range of 400-700 nm. Each sample
was analyzed thrice and the average result was reported.

2.3.3. Antibacterial Assay of Films

The experimental bacterial inoculum is the same as in Section 2.2.5. This antibacterial activity was
based on Li et al. [28], with slight modifications. A total of 0.1 g of the shredded pure PBAT film and
PSC composite antibacterial film were mixed with 5 mL of E. coli and Listeria monocytogenes (10° and
10? CFU-mL™!) and incubated at 250 rpm and 37 °C for 4 h. After shaking, 0.1 mL of the suspension
was removed and cultured on agar medium at 37 °C for 24 h, and the number of viable cells was
counted and the inhibition rate was calculated using the following equation:

(A-B)
A

R =100 x

where stands for the antimicrobial efficiency (%); is the total number of bacteria; and is the number of
bacteria colonies on the PSC film.

2.4. Statistical Analysis

The experimental results are based on the mean + standard deviation (SD) obtained from the
triplicate test. Statistical correlations were evaluated using Pearson’s correlation coefficients, and
the criterion for significance was p < 0.05. Figures were drawn by Origin 8.5 (OriginLab Corp.,
Northampton, MA, USA).
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3. Results and Discussion
3.1. Preparation of Microcapsules

3.1.1. Preparation

The SiO,-CA microcapsules were prepared by the sol-gel process coupled with oil-in-water
method. The synthesis diagram is shown in Figure 1. TEOS, CA, CTAB, ammonia, deionized water
and ethanol were mixed, emulsified, and dispersed. CA and TEOS acted as separate o0il phases, water
and ethanol formed an aqueous phase, and emulsifier CTAB was used as a stabilizer and a removable
template. When the silane precursor and catalyst ammonia were dripped into the system, the silane
precursor underwent hydrolysis and condensation reactions took place to form a negatively charged
organic modified silica oligomer and silanol, and migrated to the positively charged CTAB through
electrostatic action. Thus, a complete SiO, wall material was continuously deposited on the CA surface.

Dehydration
- Emulsification » synthesis
e -
&
\ ; NH: * H:0
/N L\
.gﬁ‘ﬁﬁ. ’w&‘i&." ® cinnicenyc
r‘ e o e ® nos
o ® “[
» ::: CTAB

a

Figure 1. Schematic illustration for the synthesis of SiO,-CA microcapsules.
3.1.2. Effect of CA Concentration on Encapsulation Efficiency

Figure 2 shows the effect of different CA contents on the encapsulation efficiency of SiO,-CA
microcapsules. When the ratio of TEOS-CA (v/v) was 10:1-5:3, the encapsulation efficiency of SiO,-CA
microcapsules first increased and then gradually decreased. Encapsulation efficiency reached to it
maximum (57.64 + 0.89%) at the TEOS-CA (v/v) ratio of 5:1. The reduction rate of TEOS-CA (v/v)
between 5:1 and 5:2 was less than the reduction rate between 5:2-5:3. This was probably due the small
amount of CA been added. However, when the concentration of the CA increased, the encapsulation
efficiency decreased due to the prevention of the CA by silica to form capsules. Interestingly, the
encapsulation efficiency also greatly decreased at faster rate where some the free CA molecules were
found in the external solution. It is worth noting that when TEOS-CA (v/v) was 5:1, the optimal ratio of
silica and CA in the system was achieved, and most core materials were wrapped in silica to obtain the
most ideal encapsulation efficiency.

60

44

Encapsulation efficiency (%)

10:1 5‘:1 5:‘2 5:3
TEOS to CA ratio (v/v)

Figure 2. Effect of CA concentrations on the encapsulation efficiency.
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The content of CA can be measured indirectly and reliably by UV-Vis spectrophotometry.
CA-ethanol solution gives maximum absorption at 278 nm, which is very close to the wavelength
reported by Alarcon-Moyano et al. [32]; therefore, we used this wavelength in our study.

3.2. Structural and Morphological Properties of Microcapsules

3.2.1. Functional Structure

Figure 3 shows the Fourier transform infrared spectroscopy (FTIR) spectra of different samples.
Curve a represents the FTIR spectrum of pure CA. The two weak bands at 2820 and 2742 cm™! could be
attributed to the C-H units in CA while the stretching vibration peak at 1682 cm~! could be attributed
to aldehydic C=O bonds. The characteristic band at 1631 cm~! was ascribed to C-C stretching in
the unsaturated benzene rings and the peaks at 1500 to 1000 cm™! and 970 to 687 cm™! were mainly
associated to C-H bending in the aromatic ring [33,34]. In curve b, the peaks at 2916 and 2850 cm™!
corresponded to CH; symmetric stretching vibrations and CHj antisymmetric stretching in CTAB,
respectively [35]. The spectrum in curve ¢ represents blank microcapsules; the stretching and bending
vibration peaks corresponding to silicon-hydroxyl groups (Si-OH) formed by the precursor TEOS during
hydrolysis and were located at 3396 and 958 cm™!, respectively. The peaks at 455, 788, and 1070 cm ™!
were attributed to the bending, symmetric stretching, and asymmetric stretching of silicon-oxygen
bonds (5i-O-5i) formed by Si-OH, which were similar with the work of Corradini et al. [36]. Curve
d shows the infrared spectrum of SiO,-CA microcapsules. The peaks at 1552 and 1682 cm~! were
assigned to C-C bonds and aldehydic C=0 bonds, respectively, in unsaturated benzene ring in
CA,; peaks corresponding to C-H bonds in the aldehyde group (at 2853 and 2920 cm™!) overlapped
with the absorption peak of C-H bonds in CTAB. The stretching vibration peaks of C-H in SiO,-CA
microcapsules were stronger than those of blank microcapsules. The characteristic peak of CA in the
FTIR spectrum of SiO,-CA microcapsules, confirmed that CA was successfully entrapped in SiO; walls.

a

|
2742 1

168

Jissaha |\ 1073

i
1691.58

B T L T & T = " Uml == & = T L T & T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. Infrared spectrum (a), CA, (b), Cetyl- trimethyl ammonium bromide (CTAB) surfactant,
(c), blank nanoparticle, and (d), SiO,-CA.

3.2.2. Crystallography

The XRD spectra of the blank microcapsules and SiO,-CA antimicrobial microcapsules are shown
in Figure 4. No diffraction peak in the diffraction spectrum was observed while one broad reflection
peak (20) appeared around 20~25°, which reflects that the microcapsules prepared by the sol-gel
method are composed of amorphous silica, which is completely consistent with the card JCPDS
(29-0085). Similar peaks were also found by Matshetshe et al. [26] in the XRD characterization of the
silica hollow microspheres prepared. Compared to the XRD curves of the blank microcapsules, the peak
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in Si0,-CA antimicrobial microcapsules reduced and the angle shifted to the left. This “Bang”-like
peak in the high angle range indicates that CA has successfully encapsulated. Similar results were also
reported by Qu et al. [37].

Si02-CA
/(t‘ Blank microcapsules
s \ '

/f

/

{ }‘f‘
//
\
\W
Il() 2'() 3'0 4I0 50

20 (°)
Figure 4. X-ray Diffractometer (XRD) patterns of SiO,-CA microcapsules and blank microcapsules.
3.2.3. Surface Morphology

The morphologies of four microcapsule samples are shown in Figure 5A. With the increase of
CA concentrations, the particle size increased. This was probably due the filling the irregular pores
of blank SiO;. SiO,-CA microcapsules were regular spheres and the particle size was in the range
of 450-700 nm. Similar results were also reported by Qu et al. [37]. Figure 5A shows a transmission
electron microscopy (TEM) image of SiO,-CA microcapsules where it exhibited a “shell-core” structure
with a silica shell thickness of approximately 40 nm. As expected, the manner and speed at which TEOS
was added, affected the nucleation process. This is because the silanol polycondensation reaction is a
process in which nuclear formation and growth are synchronized, leading to mixed growth between
grains and consequently resulting in a smaller crystal volume.

[
L

ES
1

w
1

dVidw Pore Volume (om'g-an 10°)

Quantity Adsorbed (mmol/g) w

—v— Blank microcapsules
—=—Si0)-CA

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)

Figure 5. (A): Field-Emission Scanning Electron Microscope (FE-SEM) and transmission electron
microscopy (TEM) images of silica microcapsules, (a), Blank microcapsules x 10 K, (b), SiO,-CA x10K,
(c), Si0,-CAX20 K, (d), TEM image of SiO,-CA; (B): Nitrogen adsorption-desorption isotherm of
microcapsules (within Pore size distribution of microcapsules).

Figure 5B displays the nitrogen adsorption-desorption isotherms of blank and SiO,-CA
microcapsules. According to the IUPAC classification, the curve obtained was type IV isotherm
while the hysteresis loop was a H3-type loop, which is a typical feature of mesoporous materials [38,39].
Based on the Barrett—Joyner-Halenda (BJH) theory, the specific surface areas of blank and SiO,-CA
microcapsules were 49.42 and 29.39 m?/g, respectively [25]. As illustrated, the overall adsorption
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capacity of 5i0O,-CA microcapsules was lower than that of blank microcapsules, indicating that some
CA molecules filled and accumulated the mesopores in silica with an increase in pressure, which is
consistent with the results reported by Wu [40]. It can be seen from the pore-size distribution curve
that both the samples show peaks at approximately 2, 3, and 8 nm, which confirms that the silica
microcapsules are mesoporous [41]. The appearance of similar peaks in different samples indicates that
the addition of CA does not affect the pore structure of the silica shell, but it affects the pore volume.
The pore volume of blank microcapsules was significantly larger than that of SiO,-CA microcapsules,

which might be due to partial CA degradation during sample processing, and the degradation products
reduced the pore volume.

3.3. Sustained-Release Performance Analysis

Figure 6A shows the sustained release profiles of SiO,-CA microcapsules at different temperatures
(40, 23, and 4 °C). Active-agent released over 15 days which was divided into three stages, rapid release
from 0-18 h, slow-release from 19 h to equilibrium, and the final plateau (complete release on the 3rd
d at 40 °C, the 7th d at 25 °C and the 9th d at 4 °C). It was observed that the amount of CA release
expands with increasing temperature. These results were consistent with the work of Ke et al. [42].
More than 70% of CA was released after 18 h at 40 °C. The rapid release of CA at high temperatures
was theorized to be due to the desorption of CA from the surface of the microcapsules and the outer
layer of the silica network. On the other hand, the release rates of CA at 18 h and 9 d were 32.35%
and 56.08% respectively at 4 °C The sustained release was mainly due to the release of CA from the
bulk of the silica network. The microcapsule structure effectively prolongs the release and diffusion
of CA, and with the accumulation of CA release, the release rate gradually slows down. Ueoka and
Mohammadi et al. [32,43] have also noticed the effect of temperature and stated that high temperature
can control the release of antibacterial agents and low temperature can delay its effect.

—— 50% RH
—— 70% RH
801 —— 90% Rl

Cumulative release (%)
Cumulative release (%)

0 6 12 18 24 36 48 72 96 120 168 216 288 360
Time (h) Time (h)
Figure 6. (A): Release curve of microcapsules at different temperatures (4, 23, and 40 °C); (B): Release

curve of SiO,-CA microcapsules under different humidity conditions (50%, 70%, and 90% relative
humidity (RH)).

Figure 6B shows the sustained release profile of SiO,-CA microcapsules at different humidity
levels (90%, 70%, and 50% RH). Similar to the effect of temperature, the release of microcapsules within
15 days was classified into three stages. In addition, SiO,-CA microcapsules have different equilibrium
points at different humidity conditions. CA release reaches equilibrium after 3 days at 90% RH. At 70%
and 50% RH, CA release reaches equilibrium on the 7th and 9th days, respectively, which means that
Si0,-CA microcapsules exhibit a longer release time under low humidity conditions. Balaguer et al.
and Herrera et al. found similar results control release of CA in gliadin films [44,45]. The effect of
humidity on the release performance of 5iO,-CA microcapsules might be explained by the presence
of a large number of hydroxyl groups on the surfaces of SiO,;-CA microcapsules. In high humid
environments, water vapor enters the interior of SiO,-CA microcapsules, owing to which internally
entrapped CA leaches out rapidly.
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The first-order release kinetic model was adopted to study the release kinetics of microcapsules.
The characteristic of the first-order kinetic model is that the release rate of the antibacterial agent is
proportional to the release time, which is suitable for the study of the release law of most polymers [46]
The results are shown in Table 1. R? indicated that the sustained release process of CA in SiO,-CA
microcapsules follows the first-order kinetic model, and the effect of humidity was more significant
than temperature. In addition, the zero-order kinetic model [47], Higuchi kinetic model [48], and
Korsmeyer—Peppas model [48] were also used to simulate the release behavior of the microcapsules,
but R? indicated that the simulation results do not match. Specific relevant research results are included
in Table S1.

Table 1. Fitting results for first-order model of SiO,-CA microcapsules.

Equation Model Release Condition Fitting Equation R?
4°C Q =55.1637 (1 x 1070-05%5¢) 0.9835
90%RH 23°C Q =74.1331 (1x 1070-0618¢) 0.9438
M\ _ 40°C Q=87.7758 (1 x 1070-08¢) 0.9751

I”( - M_) = ~kit 4

= 50%RH Q =75.7937 (1 x 1070-0465¢) 0.9867
40°C 70%RH Q = 84.2127 (1 x 1070-0480p) 0.9934
90%RH Q =87.7758 (1 x 107008t 0.9751

3.4. Antibacterial Activity Analysis

Table 2 shows the in-vitro antibacterial efficacy of SiO,-CA microcapsules against Listeria
monocytogenes and Escherichia coli. As expected, the antibacterial activity of the pure PBAT film
against the two bacteria was not detected, and its growth was the same as the blank or negative control.
However, the film containing microcapsules performed superior antibacterial activity against the two
tested bacteria, which largely depended on the concentration of the microcapsules and the type of
bacteria. The antibacterial effect of CA was probably due the presence of nucleophilic group (aldehyde
group) conjugated to the benzene ring in the CA. The possible mechanism is that the hydrophilic
groups on the surface of the bacteria can adsorb the aldehyde groups, destroy the polysaccharide
structure of the bacterial and fungal cell walls, thus destroying the integrity of the cell film [49,50].
Si0,-CA microcapsules exhibited distinctive antibacterial activity against Listeria monocytogenes. When
the concentration of SiO,-CA microcapsules is in the range of 40-90 mg-mL~!, the diameter of the
inhibition zone gradually increased from 12.55 mm to 13.95 mm. However, the antimicrobial ring with
a diameter of 11.01 mm appeared at an 80 mg/concentration of SiO,-CA microcapsules against E. coli
specie. This implies that the antimicrobial effect of microcapsules on E. coli was not as satisfactory as
that on the Listeria monocytogenes species. Similar results were reported by Shankar et al. [2] in grapefruit
seed extract. Corrales et al. [51] stated that the lipid constituent in the cell wall of Gram-negative
bacteria is a hinderance for the active ingredients extracted from plants to enter in to the cytoplasm
and therefore the inhibitory effect of E. coli was slightly worse.

Table 2. Antibacterial effect of microcapsules on Listeria monocytogenes and E. coli.

Inhibition Zone Diameter (mm)

Concentration (mg-mL-1)

Listeria Monocytogenes E. coli
Blank control - -
Negative control - -
40 12.55 -
50 12.70 -
60 12.74 -
70 12.89 -

80 13.26 11.08

90 13.95 11.99

“_r

means no zone of inhibition.
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3.5. Modification Effect of Microcapsule on Films

3.5.1. Physical Properties of Films

As shown in Figure 7A, the mechanical properties of the films first increased and then decreased
with increasing the concentration of microcapsules in PBAT films. As the content of SiO,-CA
microcapsules increased to 2.5%, the tensile strength of the PSC composite film increased to 13.6 MPa,
which increased by 26.98% compared to the pure PBAT film. It shows that the additions play an
important role in enhancing the tensile strength of the film. However, the tensile strength of the
PSC—4.5% film sharply decreased, reduced by 32.16% compared with PSC-2.5% film, which was
similar to previous reports [18,52]. Unlike tensile strength, the elongation at break of the film continued
to decrease, from 786.0% of pure PBAT to 479.6% of PSC-4.5% film, with a decrease of 38.98%.
This indicates that an appropriate amount of SiO,-CA uniformly dispersed in the matrix material
which were also found in the results of the electron microscope. At the same time, the number of PBAT
crystal nuclei increased due to heterogeneous nucleation. However, further addition of microcapsules
had disturbed the original intermolecular arrangement, resulting in a poor dispersion of microcapsules
in the PBAT matrix, probably causing stress concentration, and leading to a decrease in tensile strength
and elongation at break. Similar results regarding the effect of nanofillers on the mechanical properties
of thin films have also been reported by Bastarrachea et al. [18].
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Figure 7. (A): Tensile strength and elongation at break of poly (butyleneadipate-co-terephthalate)
(PBAT) and PBAT/SiO,-CA (PSC) films; (B): water vapor transmission rate (WVTR) of PBAT and PSC
films; (C): transmittance of PBAT and PSC films.

The light transmittance of the film is shown in Figure 7B. The transmittance of the pure PBAT film
was 67.33%; however, it gradually decreased during the process of adding SiO,-CA microcapsules,
which might be explained that the prepared microcapsules are light yellow powder, resulting in the
color of the film-forming fluid gradually changed to yellow with the increase of the added amount.
Similar results were reported by Shankar et al. [22].

The WVTR of the films are described in Figure 7C. The WVTR of the pure PBAT film was
355.94 g-m~2-24 h~!, while in PSC-2.5%, the value dropped to 303.95 g'm~2-24 h™!. Ke et al. [44] also
observed similar results. The possible reason should be the distribution of SiO,-CA microcapsules
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in the film which prolongs the movement path of water vapor molecules, increased the difficulty of
water vapor passing through the film, and thus improved the moisture resistance [53]. Another reason
could be the heterogeneous nucleation of SiO,-CA antimicrobial microcapsules, which increased
the crystallinity of the polymer [54]. The effect of heterogeneous nucleation of microcapsules was
also confirmed by the DSC characterization results. However, when the added amount increased to
4.5%, WVTR increased to 373.53 g-m~2-24 h™!. Extra microcapsules will cause to merge in the film
matrix, which may cause larger “micropores” inside the polymer, thereby promoting the concentrated
transmission of water vapor at this location and weakening the barrier properties of water vapor [55].

3.5.2. Thermodynamic Properties of Films

The DSC non-isothermal crystallization curve of the composite film is shown in Figure 8A, and
the relative parameters are listed in Table 3. Addition of SiO,-CA antimicrobial microcapsules had
changed the crystallization behavior of PBAT. Adding 0.5% microcapsules increased the crystallization
temperature (T.) of the PSC composite antibacterial film from 61.54 to 66.44 °C, and the initial
crystallization temperature (Tonset) also increased from 92.91 °C to 94.20 °C. With the addition of
microcapsules up to 2.5%, the T, of PSC composite antibacterial film reached to 70.25 °C, compared
with pure PBAT (8.71 °C), and its Tonset also increased to 94.65 °C. The reduction of supercooling in the
PSC film system was reflected in the increase in crystallization temperature and initial crystallization
temperature, which indicates that the SiO,-CA antimicrobial microcapsules played a heterogeneous
nucleation role [31,56]. The second heating curve (Figure 8B) shows that the melting temperature
(Tm) of PBAT was 123.13 °C, and the crystallinity (X,) is 11.12%. After adding SiO,-CA antimicrobial
microcapsules to PBAT, the melting peak of the PSC composite film moved to a high-temperature
direction, Tr, increased, and the crystallinity also increased slightly. This was mainly because SiO,-CA
microcapsules acted as heterogeneous nucleating agents. Increasing the thickness of the wafer and
the X, of the PBAT polymer turned it difficult to recrystallize the crystal [57]. However, when the
Si0,-CA content reached to 4.5%, the Ty, of the PSC composite antimicrobial film decreased, which
might be due to the agglomeration of a large number of SiO,-CA microcapsules or the reduction of the
heterogeneous nucleation degree, which was related to the decrease in crystallinity.

N B i i
——PSC-0.5%
—PSC
—~ _ ——PSC4.5
z E3 ————-\/——
g £
& 3
] 2
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Figure 8. (A): Differential scanning calorimetry (DSC) non-isothermal crystallization curve of PBAT
and PSC films; (B): DSC melting curve of PBAT and PSC films; (C): Thermogravimetric curve of films
(within derivative thermogravimetric curve).
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Table 3. DSC parameters of PBAT and PSC films.

Sample Tonset CC) T, (°O) Tm (°O) Xc (%)
PBAT film 9291 61.54 123.13 11.12
PSC-0.5% film 94.20 66.44 124.06 11.22
PSC-2.5% film 94.65 70.25 123.49 11.67
PSC-4.5% film 92.67 70.21 123.28 10.10

The thermal stability of the antibacterial film was evaluated by thermogravimetric analysis (TG).
The following experiment was conducted on the PSC-2.5 films, which was confirmed to perform
better. Figure 8C shows the TG curve and derivative thermogravimetry (DTG) of pure PBAT film
and composite film of 2.5% SiO,-CA microcapsules, respectively. As can be seen, the PBAT film, and
the PSC-2.5% antibacterial film are both one-step degradation processes, which remain stable up to
383 °C. Compared to the pure PBAT film, the thermal stability of the PSC- 2.5% antibacterial film
was slightly worse, which could be caused by the instability of CA inside the microcapsules at high
temperature [58]. In the range of 360—430 °C, the film quality loss reached the maximum, the mass
losses of PBAT film and PSC-2.5% antibacterial film were 91.97% and 90.79%, respectively. It was
observed that the two degradation curves were very similar, which were attributed to the thermal
stability of the additives, and the protection provided for essential oil components by microcapsule
shell. However, considering the small contribution of the extract to the total mass of the material, it only
means that a small number of microcapsules hardly affect the thermal stability of the film [59]. Both the
PBAT film and the composite film had two weightlessness stages, namely, a slow decomposition stage
and a severe decomposition stage. The presence of clear endothermic peak at the critical point of the
two stages, and the fastest weight loss at 404.5 and 405.9 °C, with a difference of 1.4 °C confirmed the
good compatibility of microcapsules and films [45].

3.5.3. Surface Morphology of Films

Figure 9 shows the cross-section of the films. The pure PBAT film in picture a has a smooth
cross-section without impurities. In Figure 9b, the microcapsules are distributed in partial regions due
to the insufficient amount, while in image ¢, the microcapsules are evenly distributed throughout the
cross-section. This demonstrate that the 2.5% SiO,-CA microcapsules have good compatibility with
the PBAT matrix. In Figure 9d, agglomeration can be observed on the surface of the film, which could
cause stress concentration in the film and increases the gap between the two phases [31]. This shows
that the dispersibility of microcapsules had a certain effect on physical properties.

P

Figure 9. Cross-sectional morphology of films; (a), PBAT film, (b), PSC-0.5%, (c), PSC-2.5%,
(d), PSC-4.5%.
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3.5.4. Antibacterial Properties of Films

Figure 10 shows the antibacterial effect of the film. The colonies of the blank control flourished,
but the bacterial growth on the surface of the antibacterial film was significantly (p < 0.05) reduced.
This indicates that the PSC composite film has a good antibacterial effect on E. coli and Listeria
monocytogenes. The antibacterial activity of the developed film increased with the increasing
microcapsule content, and the antibacterial rate of PSC-2.5 film reached to 100%. It shows that
a small number of antimicrobial microcapsules are not enough to achieve a complete antibacterial
effect. The antimicrobial efficiency of PSC-0.5 film to E. coli and Listeria monocytogenes were 95.32%
and 95.76%, respectively. It was confirmed that the antimicrobial microcapsules were successfully
incorporated into the PBAT films, which effectively prevented the growth of the two tested bacteria.

Blank control PBAT film PSC-0.5% film PSC.2 5% film PSC- 4.5% film

E. coli.

Listeria

Figure 10. Image (a—e) were the E. coli antibacterial results of films; Image (f—j) were Listeria monocytogenes

u_

antibacterial results of films (“~” means no zone of inhibition).

4. Conclusions

We developed a system for preparing sustained-release antimicrobial microcapsules and their
application on PBAT films. By controlling the content of CA, nano-sized steady SiO,-CA microcapsules
with high encapsulation efficiency were obtained. Wall material of SiO, prolonged the release time of
CA and thus produced a long-lasting effect of antibacterial substances. The first-order kinetic drug
release model was suitable for the release behavior of CA. Incorporation of microcapsules into the
PBAT film effectively inhibited the growth of E. coli and Listeria monocytogenes. This work provides
a reference for further development of stimuli-responsive packaging by taking advantage of the
dependence of microcapsule release behavior on temperature and humidity. However, further research
is needed to determine the antimicrobial activity of the developed microcapsules and composite films
against other microorganisms and their potential role as food packaging materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/8/897/s1,
The specific fitting results of zero-order release kinetic model, first-order kinetic model, Higuchi kinetic model,
and Korsmeyer—-Peppas model of microcapsules are shown in Table S1: Fitting results for release kinetic models of
Si0,-CA microcapsules.
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