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We prepared tea tree essential oil microcapsules, and the microcapsules and pullulan were coated on kraft paper
to prepare an antibacterial paper. The antibacterial activity, structural characterization, and thermal stability of
the prepared microcapsules and packaging paper were then tested. We found that the retention rate of micro-
capsules reached 87.1% after a 70 min of high-temperature treatment. The minimum inhibitory concentrations
of microcapsules to S. aureus and E. coli were 112 mg/mL and 224 mg/mL, and the bacteriostatic zones of the

packaging paper to E. coli and S. aureus were 17.49 mm and 22.75 mm, respectively. The prepared microcapsules
were irregular. The paper coating was formed via hydrogen bonding, which filled the pores of paper fibers. When
compared with the base paper, the roughness of the paper was reduced to 7.16 nm (Rq) and 5.61 nm (Ra), and no
thermal decomposition occurred at <288 °C, which together implies a good application prospect.

1. Introduction

Owing to continuous improvements in living standards and health
awareness, people are gradually realizing the hidden dangers of con-
ventional chemical preservation technologies. Hence, there has been an
increasing interest in the pursuit of safe, environmentally friendly, and
green natural preservation methods, of which plant essential oils have
gained the research focus in recent years. Tea tree essential oil (TTO) is a
light-yellow oil obtained from the branches and leaves of Melaleuc
alternifolia of Myrtaceae via steam distillation(Hu et al., 2023). Because
of its high efficiency and nontoxicity, TTO can effectively inhibit various
bacteria and fungi, prolong the storage period of fruits and vegetables,
and may even replace chemical fungicides as a new preservative(Cao
et al., 2021). However, owing to its strong smell, volatility, and insta-
bility in practical application, it has to be applied for the postharvest
preservation of fruits and vegetables using emulsification, microencap-
sulation, and other such methods.

Microcapsules embed substances in wall materials and release them
in a specific environment The substance captured inside a microcapsule
is called the core material and is often volatile and environmentally
sensitive (Huang et al., 2024), the encapsulating helps avoid the loss of
nutritional value, discoloration, and taste deterioration. Cyclodextrin

(CD), including its derivatives, is usually used as the wall material for
encapsulating active ingredients. The CD is a cyclic oligosaccharide that
is easily available and cheap, but limited in its application owing to its
poor water solubility (Wang, Yan, Yan, & Wang, 2023). Therefore,
different functional groups have been introduced to form its derivatives.
For example, hydroxypropyl-p-cyclodextrin (HP-B-CD) is the ether-
ification product of p-cyclodextrin. By introducing a hydroxypropyl
group into B-cyclodextrin, the intramolecular cyclic hydrogen bond is
destroyed, and the water solubility is improved. Meanwhile, the lipo-
philic cavity of cyclodextrin is maintained, which offers the advantages
of strong inclusion ability, less irritation, and safety (Du, Xu, Wang,
Yuan, & Hu, 2009). Microcapsules formed by cyclodextrin wall mate-
rials can improve the thermal stability (Emadzadeh, Ghorani, Naji-
Tabasi, Charpashlo, & Molaveisi, 2021) and water solubility (Huang
et al., 2024) of the entrapped essential oils. For example, Hu et al. (2024)
prepared microcapsules of emulsified cinnamon essential oil (CEO) with
HP-p-CD/lauroyl arginine ethyl ester complex, compounded with
maltodextrin (MD), by spray drying method, and it delayed the vola-
tilization of the CEO. Clove essential oil and hydroxypropyl-p-cyclo-
dextrin formed an inclusion complex, and the water solubility of CEO
was obviously improved by complexation. Moreover, Ying et al. (2024)
prepared oregano essential oil (OEO)/p-CD successfully coated OEO,
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which effectively improved its thermal stability. In addition, Cao et al.
(2021) employed the coprecipitation method to prepare a large cyclo-
dextrin/TTO complex. The thermal stability and water solubility of TTO
were improved, and the solubility of the complex was increased by 329
times. However, after the fruits and vegetables were treated using these
methods, the unique smell of TTO easily penetrated their edible parts,
which seriously affected the edible quality. Moreover, TTO in the
epidermis of fruits and vegetables volatilizes easily and therefore does
not exert a long-term antiseptic effect. Some researchers emulsified
plant essential oil, mixed it with other surface-sizing agents, and directly
coated it on the surface of a paper base to prepare paper-based materials.

As the most representative sustainable natural green material, paper-
based materials have been applied extensively in various fields of life
and production(Ham-Pichavant, Sebe, Pardon, & Coma, 2005). Novel
functional paper-based materials offer immense advantages in terms of
physical properties, energy saving and environmental protection, and
mechanical operation performance. These materials have attracted the
attention of the research community for fruit and vegetable preserva-
tion. The new functional paper-based food packaging mainly includes
waterproof functional paper packaging(Kunam & Gaikwad, 2023),
thermal food packaging paper, food packaging preservative paper (Xia
et al., 2024), and edible packaging paper. Of these, food packaging
preservative paper can inhibit food spoilage simply via the packaging
paper without the use of preservatives and maintain food freshness by
absorbing the water on the food surface or even inside it. Khwaldia
(2010) studied the potential of composite materials formed from sodium
caseinate-coated paper in the packaging field and found that the water
vapor barrier and mechanical properties of such composite materials
were significantly improved compared with those of the original paper.
In another study(Chu, Popovich, & Wang, 2023), the influence of zein on
the water vapor and oxygen barrier properties of paper-based materials
was examined, which revealed that these properties of zein paper-based
composites were improved under coating conditions.

Food decay and deterioration can result in economic losses and
environmental problems, among which food waste and human infection
due to food decay and deterioration induced by microorganisms occupy
an inestimable position. Among human pathogens, Staphylococcus
aureus and Escherichia coli are the main infection-causing pathogens
(Jayakumar et al., 2022). At the same time, E. coli is a gram-negative
bacterium, and S. aureus is a gram-positive bacterium, which was
applied to the antibacterial test of materials. Gao et al. (2024) prepared
chitosan/carboxymethyl dextran/polyvinyl alcohol/nano-particles-
coated citral composite film. Taking S. aureus and E. coli as typical
model bacteria, it was found that the antibacterial rates against S. aureus
and E. coli were 97.5% and 96.2%, respectively, displaying a strong
antibacterial performance. Cellulose nanofiber /Ta4C3T x packaging
was found to exert a certain antibacterial effect, with the inhibition rate
for E. coli being 67% and that for S. aureus being 59%(Wang et al., 2024).

Ordinary paper-based materials cannot resolve the problems asso-
ciated with the easily oxidizable and volatilizable nature of TTO when
applied to paper-based materials. Hence, in this study, TTO microcap-
sules were prepared as antibacterial agents and their thermal stability
was explored. Their structural characteristics were determined using X-
ray diffraction (XRD), Fourier-transformed infrared (FT-IR) spectros-
copy, and scanning electron microscopy (SEM). A new type of bioactive
paper-based material with good antibacterial properties was prepared
by coating TTO microcapsules on the surface of paper-based materials
by using the surface-sizing method. The material was studied using the
techniques of XRD, FT-IR, SEM, and atomic force microscopy (AFM). To
provide basic data and theoretical support for postharvest storage,
transportation, and preservation of fruits and vegetables, the bacterio-
static mechanism was systematically studied using bacteriostatic circle,
bacteriostatic rate, and SEM.
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2. Materials and methods
2.1. Materials and reagents

Hydroxypropyl-p-cyclodextrin (HP-B-CD) was purchased from
Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China); TTO was
prepared in the laboratory (Zhanjiang, China); anhydrous ethanol and
glutaraldehyde stationary solution (2.5%) were purchased from Sino-
pharm Chemical Reagents Co., Ltd. (Shanghai, China); pullulan was
purchased from Aladdin (Shanghai, China); LB broth, LB agar, nutrient
broth, nutrient solid, E. coli CMCC(B)44,102, and S. aureus CMCC(B)
26,003 were all purchased from Guangdong Huankai Microbial Tech-
nology Co., Ltd. (Guangzhou, China), and kraft paper was purchased
from Foshan Guangshibo Office Supplies Co., Ltd. (Foshan, China).

2.2. Preparation of TTO microcapsules

A 20% HP-B-CD solution was prepared by dissolving HP-3-CD in 1%
ethanol solution. Then, TTO (1:6, w essential oil /w HP-p-CD, based on
dry weight) was slowly added to the warm HP-B-CD solution, and the
mixture (Miou Instrument TP-350E+, China) was stirred at 50 °C for 3 h.
The final solution was maintained at 4 °C overnight and vacuum filtered
to recover the precipitate, followed by vacuum freeze-drying (Christ
Alphal-4 LSC PLUS, Germany) for 48 h; the final TTO microcapsules
were stored in a sealed bottle at 25 °C and the control (without TTO) HP-
B-CD microcapsules were prepared in triplicate(Kong, Abe, Masuo, &
Enomae, 2023).

2.3. Effect of high temperature on the retention rate of TTO:HP-$-CD
microencapsulated TTO

Weighing bottle containing 0.3 g of TTO and TTO microcapsules was
placed in different ovens(Shanghai-Heng Scientific Instrument DHG-
9140 A, China) at 100 °C, and the mass at the 0, 10, 20, 30, 40, 50, 60,
and 70 min of slow release was determined, followed by the calculation
of the retention rate (Y') of TTO using the following formula(Andrade,
2023):

Y =m;/my x 100% (€]

where, m represents the initial mass of the sample, g; m represents the
sample mass after the slow release t time, g.

2.4. Bacteriostasis experiment of microcapsules

2.4.1. Minimum inhibitory concentration (MIC)

The MIC of microcapsules was tested by using the double dilution
method. First, 224, 112, 56, 28, 14, 7, and 3.5 mg/mL of the TTO
microcapsule suspensions were prepared and mixed in the liquid culture
medium of nutrient broth in a 1:1 volume ratio (total volume, 5 mL). For
the experimental group, 0.5 mL of the Turbidite suspension with a
bacterial content of approximately 0.5 was inoculated into the liquid
culture medium test tube containing microcapsules. The control group
was composed of a culture medium of pure bacterial liquid (2.5 mL
sterilized water and 2.5 mL liquid culture medium). The experimental
and control group test tubes were placed in an incubator (Shanghai
Lichen Bangxi HH-6, China) at 37 °C for 24 h, and the growth of the
bacteria in the test tube (turbidity) was examined with the naked eye.
The minimum concentration of the microcapsule suspension without
turbidity was MIC (Kizilyildirim et al., 2024).

2.5. Characterization of microcapsules

2.5.1. Surface morphology of microcapsules
The surface structures of HP-$-CD, TTO microcapsules, and HP-3-CD
microcapsules without TTO were observed by SEM (Hitachi SU1510,
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Japan) after spraying with gold(Li et al., 2022).

2.5.2. Infrared spectrum of microcapsules

HP-B-CD, TTO, and TTO microcapsules were tableted by the potas-
sium bromide (KBr) method. Briefly, KBr (solid dispersant, 150-200 mg)
was added to 1-2 mg of the samples, mixed evenly, ground for 2 min,
and tableted by using a tableting machine followed by determination by
infrared spectroscopy (IN10, Thermo Fisher Scientific, Germany) in the
range of 500-5000 cm’l(Ahmad, Qureshi, Magsood, Gani, & Masoodi,
2017).

2.5.3. X-ray diffraction of microcapsules

X-ray diffraction (Bruker D8 Venture, Germany) was used to analyze
HP-B-CD, HP-B-CD microcapsules, and TTO microcapsules under the
following test conditions: scanning range (20 = 5°- 80°) and scanning
speed (10°/min)(Lai et al., 2022).

2.6. Preparation of antibacterial food packaging paper

2.6.1. Preparation of microencapsulated composite coatings of TTO
Pullulan (2 g) was fully dissolved in 50 mL of distilled water to obtain
a pullulan solution for use as a coating adhesive, which was evenly
stirred at 50 °C. TTO microcapsules were then added into the pullulan
solution at a mass ratio of 1:28 and stirred at 500 rpm for 20 min to
obtain a microcapsule composite coating with antibacterial properties
(Inthamat, Karbowiak, Tongdeesoontorn, & Siripatrawan, 2024).

2.6.2. Preparation and characterization of antibacterial food packaging
paper

A simple coating board (WD2608, Dalai, Dongguan) was used to coat
the composite coating of TTO microcapsules, and the paper was dried at
room temperature (23 + 2 °C) for 24 h, with the basis weight of 100 g/
m? and the coating amount of 25.7 g/dm? The paper was termed PP/
TTO paper. In addition, the base paper and pullulan solution-coated
paper (PP paper) served as controls. In order to normalize the mois-
ture content of the papers, all samples were balanced in a constant
temperature and humidity chamber at 25 °C under 50% RH (Inthamat
et al., 2024).

2.7. Antibacterial food packaging paper

2.7.1. Bacteriostatic circle of antibacterial food packaging paper

The suspensions of S. aureus and E. coli (1 x 10° CFU/mL) were
prepared in LB liquid culture medium, diluted with physiological saline
to 106 CFU/mL bacterial suspension, and shaken evenly. Then, 200 pL of
the suspension was evenly coated on the LB solid medium prepared for
both groups, the paper of the experimental group and the control group
(by ultraviolet for 2 h) was attached to the center of the plate containing
bacteria and cultured for 24 h in an incubator (Ningbo Jiangnan In-
strument HWM-358, China) at 37 °C. Three parallel samples were set for
each group, and the diameter of the bacteriostatic circle was measured
(Lian, Cao, Jiang, & Rogachev, 2021).

2.7.2. Bacteriostatic rate of antibacterial food packaging paper

The bacteriostatic rate was tested by the OD method. The samples
were prepared into 15 mm discs with a punch and placed in an ultra-
clean table(Suzhou Purification SW-CJ-2FD, China) for ultraviolet ster-
ilization for 30 min. In the experiment, 10® CFU/mL of the bacterial
suspension was inoculated into the liquid culture medium, and the paper
was placed in the liquid culture medium for 12 h at 37 °C, followed by
absorbance measurement at 600 nm(Zhu, Luo, Shi, & Chen, 2023).

Bacteriostasis rate = (OD600; — OD600,/0D600; x 100% 2

0OD600; = OD600 without paper medium, and OD600; = OD600 with
paper.
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2.7.3. Observation of the antibacterial ultrastructure of antibacterial food
packaging paper

The antibacterial food packaging paper was tested by SEM (Hitachi
SU1510, Japan), and a 15-mm disc was prepared with a punch, which
was placed in a super clean table for ultraviolet sterilization for 30 min.
In the experiment, 10°® CFU/mL bacterial liquid was inoculated into the
liquid culture medium, and the antibacterial food packaging paper was
placed in the liquid culture medium and cultured for 12 h at 37 °C. Then,
the antibacterial food packaging paper was removed, centrifuged at
25 °C and 8000 rmp for 3 min, and the bacterial precipitate was
retained. It was then fixed with 2.5% glutaraldehyde for 4 h, rinsed
thrice with PBS, and finally dehydrated with different gradient ethanol
for 5 min and 50% tert-butyl alcohol(Zhu et al., 2023).

2.8. Characterization and measurement of antibacterial packaging paper

2.8.1. Scanning electron microscope

SEM (Hitachi SU1510, Japan) was used to analyze the surface and
cross-section morphology of antibacterial packaging paper, and the
cross-section was frozen and broken by liquid nitrogen. The antibacte-
rial packaging paper was sprayed with gold and observed under a
certain magnification(Karami-Eshkaftaki, Saei-Dehkordi, Albadi, Mor-
adi, & Saei-Dehkordi, 2024).

2.8.2. X-ray diffraction analysis

The antibacterial packaging paper was placed on an X-ray diffrac-
tometer (Bruker D8 Venture) for scanning under the following test
conditions: scanning range (260 = 5°-80°) and scanning speed (10°/min)
(Lai et al., 2022).

2.8.3. Infrared spectrum of microcapsules

The antibacterial packaging paper was tableted by the KBr method
and determined by infrared spectroscopy (IN10, Thermo Fisher Scien-
tific) in the range of 500-5000 cm~!(Karami-Eshkaftaki et al., 2024).

2.8.4. Atomic force microscope

The surface characteristics and roughness of antibacterial food
packaging paper were analyzed by atomic force microscope (BD
NANOSURF C300, USA), and the images were captured in the tapping
mode. The paper was placed on the sample table and scanned over an
area of 10 um x 10 um. The three-dimensional structure and roughness
of the antibacterial food packaging paper were quantitatively evaluated
by using a gwyddion software(Pinto et al., 2023).

2.8.5. Thermogravimetric analyzer

A thermogravimetric analyzer (TA Discovery TGA 550, USA) was
used to analyze the thermal stability of antibacterial food packaging
paper at the test temperature of 30-600 °C. The heating rate was
10.00 °C/min, and the temperature was maintained for 1 min(Zhu et al.,
2023).

2.9. Data processing and analysis

MS Excel was used to analyze the measured data, Origin 2021 soft-
ware was used for drawing. The data were statistically analyzed by
SPSS22.0, expressed as the mean value and standard deviation, and
tested by independent sample t-test.

3. Results and discussion

3.1. Effect of high temperature on the retention rate of TTO and TTO:HP-
pB-CD microcapsules

The retention curve of TTO and TTO microcapsules at 100 °C is
presented in Fig. 1A. As shown in the figure, as the sustained release
time extended, the retention rate of TTO in the microcapsules gradually
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Fig. 1. Effect of high temperature (100 °C) on the retention rate of tea tree essential oil and TTO:HP-B-CD microcapsules (A). Minimum inhibitory concentration

(MIC) of TTO microcapsules (B).

decreased. The release rate of TTO in the microcapsules was faster when
it was released for 0-10 min, which may be due to the rapid volatili-
zation of a small amount of TTO on the surface of HP-3-CD(Hu et al.,
2024). After 40 min of sustained release, the volatilization of TTO in the
microcapsules was slow, and the sustained release effect was good. As
shown in Fig. 1A, after the sample was treated at 100 °C for 70 min, the
retention rate of TTO microcapsules reached 87.1%, while the retention
rate of TTO was only 76.7%, which was higher than that of untreated
TTO; as such the retention effect was good and the high-temperature
stability was improved.

3.2. Minimum inhibitory concentration (MIC) of the microcapsules

The experimental results of the MIC concentration of TTO micro-
capsules against S. aureus and E. coli are depicted in Fig. 1B and Table 1.

Table 1

Antibacterial activity of tea tree essential oil microcapsules against Staphylo-
coccus aureus and Escherichia coli.

Sample MIC (mg/mL)
S. aureus E. coli
TTO: HP-B-CD microcapsules 112 mg/mL 224 mg/mL

As presented in the table, the TTO microcapsules inhibited the growth
and reproduction of the two tested bacteria to varying degrees. As
inferred from Fig. 1B, the MIC of the microcapsules for S. aureus was 112
mg/mL and that for E. coli was 224 mg/mL. The cell wall structure of
gram-positive and gram-negative microorganisms is different, which
leads to variations in the degree of reaction to the essential oil. Gram-
positive bacteria have a thick peptidoglycan layer, which promotes
the transport of lipophilic molecules, such as essential oil, across the
membrane. However, gram-negative bacteria have a double-layered
membrane, and the outer layer contains a lipopolysaccharide layer,
which poses difficulties in the transport of essential oil across the
membrane(Medeleanu et al., 2023). Therefore, the antibacterial effect
of TTO microcapsules on S. aureus was more prominent than that on
E. coli.

3.3. SEM of the microcapsules

Morphological examination is a qualitative technique to observe the
surface morphology of raw materials or prepared samples. The SEM
images of HP-B-CD, HP-B-CD microcapsules, and TTO/HP-B-CD micro-
capsules are shown in Fig. 2A. The original untreated HP-p-CD was
spherical, and the hollow sphere was large and uneven in size, with a
large inner cavity and a thick wall. Moreover, the spherical wall had
developed pores. The typical form of HP-p-CD was amorphous spherical
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Fig. 2. Scanning electron microscopy (SEM) revealed that HP-B-CD was untreated hydroxypropyl-p-cyclodextrin, HP-p-CD-m is HP-B-CD microcapsule, TTO-m is a
microcapsule of TTO. The magnifications of HP-B-CD, HP-B-CD-m, and TTO-m are 1500 times, 700 times, and 500 times, respectively. (A). Infrared spectrogram of

microcapsules (B). The X-ray diffraction pattern of microcapsules (C).

particles with a cavity structure(Qiang, Wei, Huang, Chi, & Fu, 2024).
During the reaction process, the morphology of HP-B-CD may change
(Munhuweyi, Caleb, van Reenen, & Opara, 2018), resulting in the
development of morphological differences before and after the HP--CD
reaction. After the formation of microcapsules, HP-B-CD changed from a
spherical hollow to an irregular homogeneous block or plate, forming

crystals of different sizes with obvious small particles on the surface.
After the microencapsulation of TTO, the TTO microcapsules were much
smaller in rhombic size and tended to aggregate compared with the HP-
B-CD microcapsules (without TTO). The inclusion compound exhibited
an irregular block structure with a significantly smaller size and rhombic
crystal (Wen et al., 2016), which agrees with the findings of previous
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studies(Guan et al., 2024; Qiang et al., 2024; Wen et al., 2016; Yang
et al., 2022). This remarkable change in particle morphology could be
attributed to the interaction between TTO and HP-B-CD and may also be
linked to the water loss during the TTO/HP--CD reaction(Qiang et al.,
2024).

3.4. Infrared spectrum of the microcapsules

Fig. 2B shows the FT-IR spectra of HP-p-CD, TTO, and TTO micro-
capsules. TTO exhibited O—H tensile vibration at 3408 em™t, 2971
em ™}, and 2924 cm ™! and symmetric and asymmetric tensile vibration
at ~CHj and -CHy-. The weak absorption peak at 1800-1600 cm ™! was
terpene C=C, and the absorption peaks at 1455 cm™* and 1371 cm™!
were aromatic C—=C, -CHs, and -CH»- vibration(Cui, Bai, & Lin, 2018).
The absorption peak at 1125 cm ™' was the tensile vibration of the C—O
bond in terpineol, and the peak at 1078 cm ™! was the symmetric tensile
vibration of 1,8-cineole C-O-C in TTO. At 860 and 800 cm ™, the peak
could be attributed to the para-position substitution of benzene in TTO
(Kong et al., 2023). The main absorption bands of HP--CD were
observed at 3353, 2924, 1650, 1157, and 1029 cm !, which corre-
sponded to the symmetric and asymmetric tensile vibration of O—H, the
tensile vibration of C—H, the bending of H-O-H, the tensile vibration of
C—O0, and the symmetric and asymmetric tensile vibration of C-O-C,
respectively. It is worth noting that the spectrum of TTO microcapsules
was predominantly HP-B-CD, and the peak of TTO at 2971-2924 cm ™
was weakened in the spectrum of TTO microcapsules, and the peak in-
tensity at 1371 cm ™! was partially reduced. Furthermore, the aromatic
C—C peak was almost completely hidden by HP-$-CD, which is consis-
tent with the observation of (Wen et al., 2016)and may be related to the
successful embedding of TTO. In addition, the O—H absorption peak of
TTO microcapsules shifted to a lower frequency (redshift) relative to HP-
B-CD, which signified the interaction of the bioactive compound TTO
with HP-B-CD via hydrogen bonds (Munhuweyi et al., 2018). These
observations confirm that the microencapsulation was successful.

3.5. X-ray diffraction of the microcapsules

The physical states of HP-B-CD, HP-3-CD microcapsules, and TTO
microcapsules were analyzed using XRD. Fig. 2C shows that the XRD
patterns of TTO microcapsules and HP-B-CD microcapsules were
consistent with those of HP-p-CD itself. HP-B-CD microcapsules and TTO
microcapsules were at 10.36°, 18.18°, and 43.68°. The characteristic
peak of HP-B-CD itself was observed(Hu et al., 2023), indicating that

TTO was completely embedded in HP-B-CD and encapsulated by it in the
form of an inclusion compound, which agreed with the results of FT-IR.
In other words, the diffraction pattern of the microcapsules was the
superposition of the peaks on the HP-B-CD diffraction pattern, and the
diffraction angles of HP-B-CD itself in TTO microcapsules and HP-f-CD
microcapsules have not changed obviously. This finding implies that
when TTO forms an inclusion complex with HP-B-CD, its crystal
configuration does not change significantly and it has no new phase
compared with HP-B-CD itself, which is consistent with past reports
(Sun, Zhu, Liu, Wang, & Wang, 2022), the peak of fucoxanthin disap-
pears, and the inclusion compound only showed diffraction peaks of 2-
HP-B-CD at 20 ~ 10° and 18°.

3.6. Antibacterial food packaging paper

3.6.1. Bacteriostatic circle and bacteriostatic rate of antibacterial food
packaging paper

The diameter of the bacteriostatic ring represents the bacteriostatic
ability to a certain extent, and the experimental results of a bacterio-
static ring of antibacterial food packaging paper are illustrated in
Fig. 3A. The antibacterial activities of S. aureus, a gram-positive bacte-
rium, and E. coli, a gram-negative bacterium, were tested using the agar
diffusion method. As portrayed in Fig. 3A, the base paper and PP paper
showed no bacteriostatic effect on E. coli and S. aureus, and the bacte-
riostatic circle was 0 mm. On the contrary, when TTO microcapsules
were added to the paper, the inhibition zones of PP/TTO paper on E. coli
and S. aureus reached 17.49 mm and 22.75 mm, respectively, and the
effect on S. aureus was better. The experimental results of inhibition rate
and zone methods were identical, but, as can be seen from Fig. 3B, the
base paper and PP paper showed some inhibition effects on bacterial
growth. We believe that the rough surface of the paper itself might have
carried some microorganisms(Gao et al., 2023), which yielded a lower
OD value compared with the control. The bacteriostatic rates of PP/TTO
paper against E. coli and S. aureus reached 55.77% and 56.14%,
respectively. The antibacterial rate of microcapsule (cinnamaldehyde)/
cellulose nanofiber membrane to E. coli reached 67.01% at 6 h and pH
4.0(Wu et al., 2024). The results further verified that the bacteriostatic
effect of PP/TTO paper against S. aureus was stronger than that against
E. coli, which is also consistent with the bacteriostatic effect of TTO
microcapsules.

3.6.2. Ultrastructure of the antibacterial food packaging paper
As can be seen from the SEM image in Fig. 3C, after adding the PP/
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and 25,000 times, respectively.

TTO paper, the ultrastructure of the two strains changed. When
compared with the non-antibacterial food packaging paper, E. coli
became slender from the original short rod, and its port was broken. For
S. aureus, its circular shape was not seen, and compared with the original
strain, the bacteria shrank, deformed, festered, and reunited and the cell
membrane was no longer complete. TTO induces bacteriostasis by
irreversibly destroying the plasma membrane. In addition, the cell

membrane is damaged, which results in the loss of protein, nucleic acid,
and other cellular components, leading to cell death. This finding is
consistent with current and previous research results(Mao et al., 2023;
Meenu, Padhan, Patel, Patel, & Xu, 2023; Wang et al., 2023), that is,
TTO has superior antibacterial effects on gram-positive bacteria.
Collectively, these results establish the antibacterial properties of the
paper containing TTO.
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3.7. Characterization and measurement of the antibacterial packaging
paper

3.7.1. Scanning electron microscopy of the antibacterial packaging paper

To explore the influence of PP and PP/TTO coating on antibacterial
packaging paper, SEM was used to examine the surface morphologies of
different papers. Fig. 4 shows the SEM images of different papers,
namely base paper, PP paper, and PP/TTO paper. As presented in the
figure, the surface and cross-section of the base paper were made up of a
plurality of staggered plant fibers, and the structure was loose and
porous. The surface fiber structure of the PP paper had obviously dis-
appeared, but large particles were present on the surface locally. In the
cross-section, the original fibrous pores were reduced and the bonding
state appeared. When PP/TTO microcapsules were added to the coating,
a smooth and flat whole structure was formed on the surface, the
porosity of the surface was very small, and there were no gaps or pores.
Half of the cross-section was the coating itself, and the other half was the
bonded fiber structure. When the paper coating was covered, because it
formed a dense film on the paper surface, its pores were considerably
reduced. The fiber gaps of cellulose in the base paper were easily
absorbed by liquid water or oil via capillary action on the surface of the
base paper. Hence, a part of the coating solution was absorbed by the
pores(Priyadarshi, Riahi, & Rhim, 2024). Therefore, PP paper and PP/
TTO paper cross-section fibers were in a bonding state, which indicates
the uniform distribution of the coating solution. The smooth surface of
PP paper and PP/TTO paper and the bonding state of the cross-section
indicate that the coating evenly filled the space between cellulose fi-
bers, which ensured better waterproof performance compared with the
base paper(Harikrishnan et al., 2023). These findings allude that the
paper becomes smoother upon adding the PP/TTO coating.

3.7.2. X-ray diffraction analysis of the antibacterial packaging paper

The analysis results of base paper, PP paper, and PP/TTO paper are
depicted in Fig. 5A. The diffraction peaks of the base paper were
observed at 15.1°, 20.4°, 22.6°, 26.5°, 29.4°, and 36.1°, which agrees
with the results of(Jiang et al., 2023). The characteristic peaks of the
base paper itself were mainly seen, and there were obvious diffraction
peaks at 20 = 15.1°, 22.6°, and 36.1°, which corresponded to the fact
that the crystal planes (110), (200), and (004) belonged to cellulose I.

Moreover, there were characteristic peaks at 20 = 20.4° and 22.6°,
which corresponded to crystal planes ((1-10) and (110)) belonged to
cellulose II type(Profili et al., 2020). 26.5°, 29.4°, and some miscella-
neous peaks were extra peaks caused by calcium carbonate additives(Lai
et al., 2022) (usually added to the paper to improve its opacity, print-
ability, brightness, and fiber coverage). The diffraction patterns of PP
paper and PP/TTO paper were consistent with those of the original
paper. Hence, the cellulose crystal structure of the paper did not change,
and the treatment method had little influence on the fiber crystal
structure. However, in PP paper and PP/TTO paper, the intensity of the
characteristic absorption peak weakened gradually, and the crystallinity
of cellulose decreased gradually, which could be ascribed to the fact that
when the paper coating is covered, the coating forms a dense film on the
paper surface. Therefore, liquid water or oil passes easily through the
gaps of cellulose fibers and is absorbed by the pores on the surface of the
base paper via capillary action(Harikrishnan et al., 2023). Furthermore,
owing to the covering of the coating solution, the degree of cellulose
dissolution increases, and certain cellulose crystallization areas are
destroyed (Li, Liu, Tang, Zhang, & Gao, 2023).

3.7.3. Fourier transform infrared spectrum of the antibacterial packaging
Dbaper

Fig. 5B shows that the absorption peaks of pullulan at 3355 cm ™! and
2900 cm™! were the stretching vibration of O—H and C—H, respec-
tively, and the characteristic peaks at 1650 cm’l, 1125 cm’l, and 1022
cm ™! were the stretching vibration peaks of 0-C-O, C-O-C, and C—O,
respectively(Sugumaran, Jothi, & Ponnusami, 2014). The peak at
approximately 845 cm ™! was due to the a-configuration of a-D-gluco-
pyranoside(D. Wang, Ju, Zhou, & Wei, 2014). The characteristic peaks
at 755 cm ™! and 920 cm ™! corresponded to the a-(1-4) and (1-6)-D-
glycosidic bonds(Xiao et al., 2024), respectively. Both pullulan powder
and pure pullulan paper exhibited the characteristic peaks of pullulan.
After adding TTO microcapsules, PP/TTO paper also mainly displayed
the characteristic absorption peaks of pullulan, of which the absorption
peaks of TTO microcapsules were seen at 2919 em ! and 1371 em™L
The characteristic peaks of pullulan at 3355 em™}, 2900 em ™}, 1650
cm’l, 1125 cm’l, 1022 cm’l, 845 cm’l, 755 crn’l, and 920 cm™!
shifted slightly, which signifies that pullulan solution and TTO micro-
capsules formed a coating via hydrogen bonds(Zhou et al., 2023).
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times, 1100 times, and 500 times, respectively; (B) the paper section; the magnification of B-p, PP-p, and PP/TTO-p are 1800 times, 1100 times, and 500 times,

respectively.

3.7.4. Thermal stability of the antibacterial packaging paper

The thermal stability of the food packaging paper was characterized
using TGA and DTG tests. Fig. 5C shows that the thermal stabilities of the
three types of paper were very similar because the raw materials from
which they were prepared were the same. The base paper, PP paper, and
PP/TTO paper demonstrated two weight loss intervals. The first weight
loss interval was between 50 °C and 85 °C, which corresponded to

evaporation and the loss of water and solvent, and the second weight
loss interval occurred between 300 °C and 350 °C. Finally, the residual
rates of base paper, PP paper, and PP/TTO paper were 25.16%, 20.41%,
and 13.32%, respectively. After adding PP and TTO, the thermal sta-
bility of the paper decreased to a certain extent. The lower the crystal-
linity of the polymer, the easier the thermal degradation(Fei, Huang,
Yin, Xu, & Zhang, 2015). However, the maximum degradation
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temperature moved to the right when TTO was added to the packaging
paper. The temperature required to attain the maximum thermal
degradation rate was the highest (347.38 °C) for PP/TTO paper, and its
degradation rate was also the greatest. Yang et al. (2024) added cin-
namon essential oil emulsion (15%) to chitosan film. When compared
with pure chitosan film, the temperature required for its maximum
thermal degradation rate increased from 260 °C to 280 °C. When cin-
namon essential oil emulsion was added to composite films, the weight
losses of all composite films were greater than those of pure gelatin
films, and the maximum degradation temperature was shifted to the
right when the concentration of cinnamon essential oil emulsion
reached 12%(Li et al., 2024). The paper prepared in this study did not
undergo thermal decomposition below 288 °C. Hence, its thermal sta-
bility is sufficient to meet the industrial requirements(Fei et al., 2015).

3.7.5. Atomic force microscopy of the antibacterial packaging paper

AFM was used to analyze the surface morphology of the antibacterial
packaging paper with coating. As presented in Fig. 6, when the AFM
scanning range was 10 pm, the surface of the base paper was rough, and
its surface roughness was 28.5 nm (Rq) and 22.1 nm (Ra). On the con-
trary, the surface roughness of PP paper was 49.4 nm (Rq) and 41.7 nm
(Ra), and the surface of PP/TTO paper was smooth. The surface
roughness of PP/TTO paper was 7.16 nm (Rq) and 5.61 nm (Ra), which
agrees with the results of SEM; the pure SA film prepared by Mao et al.
(2023) was very smooth, with an average roughness (Ra) and root mean
square roughness (Rq) of 5.70 nm and 4.52 nm, respectively. However,
the higher roughness of PP paper could be attributed to the presence of
large particles on its surface, which contribute to the roughness. For
instance, with regard to local sedimentation and agglomeration, the
values of Ra and Rq increased from 12.4 nm and 9.9 nm to 85.0 nm and
69.8 nm, respectively, for the materials prepared by Mao et al. (2023).
The PP/TTO paper had the lowest surface roughness and was the
smoothest of all.

4. Conclusion

In this work, with HP-p-CD as the wall material and TTO as the core
material, TTO microcapsules were prepared using the saturated aqueous
solution method, and antibacterial food packaging paper was prepared
using the coating method. The morphology, structure, and crystallinity
of TTO microcapsules and antibacterial food packaging paper were
observed using SEM, FT-IR, and X-ray diffraction, and the roughness of
the antibacterial food packaging paper was examined using AFM. The
findings signified that the TTO microcapsules were granular and irreg-
ular and that the bioactive compound interacted with HP-B-CD via
hydrogen bonds. The crystal configuration of TTO microcapsules did not
change significantly and a new phase was generated, which displayed
good temperature stability. The TTO microcapsules and the antibacte-
rial food packaging paper prepared using them exhibited good anti-
bacterial properties against S. aureus and E. coli. The coating was mainly
formed via hydrogen bonds, and at the same time, the pores of the paper
fibers were filled, which made the paper smooth and compact and
reduced its roughness. The cellulose crystal structure of the paper had
not changed, and the treatment method had little influence on the
crystal structure of the fibers. Based on the results, the TTO microcap-
sule packaging paper can be used for preparing environment-friendly,
smooth packaging materials with antibacterial properties. These mate-
rials hold enormous application potential in the food packaging in-
dustry. However, in this study, we did not apply plastic wrapping to real
fruits and vegetables. In the future, it can be applied to fruits and veg-
etables to examine whether plastic wrap can regulate the quality of fruits
and vegetables in addition to bacteriostasis.
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