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ABSTRACT: The proliferation of microorganisms is an important
reason for meat spoilage and deterioration. Freezing and packaging by
polymer films and preservatives are commonly used to preserve meat.
While the energy consumption of freezing is very big, the polymer
films made by petroleum bring up heavy environmental pressure. In
the present study, biodegradable antibacterial ZnO@PLA (ZP) and
ZnO@PVA/PLA (ZPP) nanocomposite films used as food packaging
have been synthesized by the solvent evaporation method and coating
method, respectively. Compared with films without ZnO NPs, ZP and
ZPP both had long-term bacteriostasis for 24 and 120 h at
temperatures of 25 and 4 °C, respectively. Moreover, the antibacterial
effect showed positive relevance with the increase of the ZnO NP
concentration. In addition, the antibacterial effect of ZPP was better
than that of ZP in the same condition. Scanning electron microscopy showed that the numbers of methicillin-resistant
staphylococcus aureus (MRSA) on ZP and ZPP were significantly reduced compared to that in the blank film, and ZPP caused the
morphology of MRSA to change, which means that the antibacterial mechanism of ZP and ZPP composite films might be related to
antibacterial adhesion. In conclusion, ZPP films have great potential to be regarded as the candidate of food packing to extend the
shelf life of pork.

■ INTRODUCTION
Considering the increasing public interest in an increased shelf
life of meat to ensure long-distance transportation, the usage of
active packing, using nanotechnology to improve the quality and
safety of food, is increasing.1 Numerous methods have been
developed to extend the shelf life, including the use of a natural
plant extract compound coated on the packing paper for
antibacterial effects. However, the volatile component in it could
affect the odor and quality of meat.2 Recently, an increasing
number of studies have been carried out on the application of
nanoscale inorganic matter in smart packaging systems for food.
Food packing with the elements of nanomaterial elements
provided improved physical performances, durability, barrier
properties, and biodegradation. Moreover, the nanoscale
antibacterial material has a high ratio of surface area to mass,
which ensures better antibacterial properties.3 Thus, nanoma-
terials have high potential for use as additives in active packing to
extend the meat shelf life.
Poly(lactic acid) (PLA) has high potential for use in food

packaging due to its biocompatibility, biodegradability, and
nontoxicity.4,5 In addition, PLA can be easily modified for
provision of desired characteristics. The flexibility and
crystallization properties of PLA could be enhanced by adding
zinc oxide nanoparticles (ZnO NPs).6,7 ZnO@PLA (ZP)

nanocomposites exhibit good antibacterial performances.8−10

ZnO NPs have been defined as a generally recognized as safe
material by the US Food and Drug Administration.11 The
excellent antibacterial properties make them superior for various
applications. The minimum inhibitory concentrations of the
ZnO NPs, with a size of approximately 5 nm, are 0.0782 and
0.3125 mg/mL against Staphylococcus aureus and E. coli,
respectively.12 ZnO NP-loaded nanomaterials have excellent
antibacterial activities. Ding et al13 used ZnONPs in situ loaded
on palygorskite and introduced the composite into a chitosan/
gelatin film to form an antibacterial packing film. Roberto
Pantani et al reported that the ZP nanocomposite exhibited
significant antimicrobial properties compared to a PLA film.5

Similarly, the ZP nanocomposite fabricated by Murariu et al.
exhibited a high ability to inhibit the growth of S. aureus and
Klebsiella pneumoniae.14 However, many studies have been

Received: May 15, 2022
Accepted: November 8, 2022
Published: November 28, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

44657
https://doi.org/10.1021/acsomega.2c03016

ACS Omega 2022, 7, 44657−44669

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luoyan+Duan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feiyi+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yichi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyuan+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoping+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuaiyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuaiyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jijing+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huihui+Bao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianlong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c03016&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03016?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03016?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03016?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03016?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03016?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c03016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


focused on the results, while the antibacterial mechanism of
ZnO NPs has not been elucidated.
Polyvinyl alcohol (PVA) is a surface-stabilizing agent that can

reduce the size of ZnO NPs. Stankovic et al. revealed that
compared to other groups, ZnO NPs/PVA exhibited the largest
specific surface area and the smallest particle size, which has
been regarded as the main reason for the highest antibacterial
activity.15 Antibacterial adhesion is a significant property in
inhibition of bacterial colonization and proliferation. For
example, Klemm et al. reported that the adhesion of both S.
aureus andCandida glabrata to a polythiourethane matrix coated
with ZnO NP fillers was decreased. Moreover, the number of
bacterial adhesions was negatively correlated with the
concentration of ZnO NPs.16 Therefore, it is reasonable to
speculate that the combination of ZnO NPs and PVA could
enhance the antibacterial performance of PLA films and that the
usage of ZnO NPs could hinder the bacterial adhesion to the
PLA.Nevertheless, the antibacterial effect of ZnONPs/PVA as a
surface-coating agent on a PLA film and comparison of the
antibacterial effects between the traditional ZP and novel ZnO@
PVA/PLA (ZPP) nanocomposites have not been extensively
studied. In addition, no extensive studies have been carried out
on the influences of several factors on the shelf life considered
simultaneously, such as the concentration of ZnO NPs17,18 and
storage temperature.19

In this study, we tested two methods with mixing directly
inside the PLA packaging film as a nanocomposite and applied
ZnO@PVA on the surfaces (nano-coatings) of PLA films.
ZnO@PLA nanocomposites obtained by a solvent evaporation
method (ZP) and ZnO@PVA/PLA nanocomposites obtained
by a coating method (ZPP) were successfully synthesized. The
antibacterial effects of ZP and ZPP on pork purchased from the
market with different concentration gradients at various storage
times at 4 and 25 °C were evaluated. According to the optimal
conditions at 25 °C, an experiment on the antibacterial effects of
the two types of nanocomposites on methicillin-resistant
staphylococcus aureus (MRSA) was carried out. Scanning
electron microscopy (SEM, HITACHI, Japan) images were
acquired to analyze the performances of ZP and ZPP in
antibacterial adhesion. The sub-acute toxicity of ZnO NPs was
assessed after oral uptake to investigate the application
potentials of the nanocomposites.

■ MATERIALS AND METHODS
Materials. PLA was purchased from Nature Works LLC

(USA). PVAwas purchased from Sigma-Aldrich (St. Louis, MO,
USA). Pork was purchased from Beijing MerryMart Chain
Commerce Co. Ltd. (Beijing, China). Nutrient agar was
purchased from Coolaber Company (Beijing, China). All
other reagents and chemicals used in this study were of
analytical grade.
Preparation of ZnO NPs. The ZnO NP synthesis has been

described.20 2.75 g of zinc acetate and 1 g of dimethyl sulfone
were added to 75 mL of methanol, and then, the solution was
quickly heated to 65 °C and sustained for at least 1 h. 1.47 g of
hydroxide potassium was thoroughly dissolved in 25 mL of
methanol, which was added to the above solution at 1 drop/2 s
with a peristaltic pump. This reaction lasted for 2 h to obtain the
final reaction product.
Characterization of ZnO NPs. Transmission electron

microscopy (TEM, HITACHI H-7500, Japan) samples were
prepared on carbon-coated copper grids. TEM measurements
on the ZnO NPs after drying were performed at an accelerating

voltage of 120 kV.21 X-ray diffraction (XRD, Rigaku Ulima IV,
Japan) patterns were acquired using Ni-filtered Cu Kα radiation
with a wavelength of 1.5408 Å in a wide-angle 2θ region of a 20
to 70° scale to confirm the crystalline structure of the ZnO
NPs.22 In addition, the antibacterial effect of ZnONPs against E.
coli (ATCC25922) was estimated.20

Synthesis of the ZP Film.The synthesis has been described
in ref 23. 0.4 g of PLA was dissolved into 18, 19, 19.5, and 19.75
mL of dichloromethane and stirred for 2 h, respectively. 2, 1, 0.5,
and 0.25 mL of 10 mg/mL ZnO NPs were then added to the
above solution and stirred with magnetic stirrers until all NPs
were completely mixed. The solution was then poured over a
polytetrafluoroethylene plate (10 cm × 10 cm). After the
dichloromethane was evaporated completely, composite mem-
branes were peeled off and placed into a vacuum dryer for a
constant temperature drying for 12 h. Therefore, 5, 2.5, 1.25, and
0.625% ZP films were prepared. They are abbreviated as ZP-5%,
ZP-2.5%, ZP-1.25%, and ZP-0.625%, respectively.
Synthesis of the ZPP Film.The PLA films were synthesized

as mentioned above. Then, 10, 5, 2.5, and 1.25 mg/mL of ZnO
NPs were ultrasonically dispersed for 2 h in 1% PVA,
respectively, which was previously completely dissolved in
distilled water. In addition, 0.1 mL of the above solution was
coated on the surface of the synthesized PLA films. Accordingly,
5, 2.5, 1.25, and 0.625% ZPP films were prepared, denoted as
ZPP-5%, ZPP-2.5%, ZPP-1.25%, and ZPP-0.625% in short,
respectively.
Characterization of ZP and ZPP Films. The morpho-

logical and compositional analyses of all the samples were
carried out using an SEM−energy-dispersive X-ray spectroscopy
instrument (JEOL-JSM-8040, Tokyo, Japan). All ZP and ZPP
films were analyzed by inductively coupled plasma mass
spectrometry (ICP−MS, 8800, Agilent Technologies, USA) to
determine the zinc contents on the films.24

Migration Test for the ZP Composite. This test was
guided by China’s national standard GB/T5009.156−2003 and
European Union Standard (EU) no. 10/2011. To be specific,
65% (v/v) ethanol, 4% (w/v) aqueous acetic acid, N-hexane,
and distilled water were applied to simulate the effect of
alcoholic food, acidic food, and fat- and water-based food,
respectively. 5 cm × 5 cm ZnO NP/PLA films with a
concentration of 2% were added into the blue-mouth bottles
equipped with the above simulation liquids for 10 days at 4 and
25 °C, separately. Finally, all samples were analyzed by ICP−MS
to detect the zinc content migrated from the film.24

Bacterial Inhibition Test on Pork. Pork used for this
research purchased from the market was cut into cubes (2 cm ×
2 cm ×2 cm) after washing with water. All of the samples of
nanocomposites were sterilized with an ultraviolet lamp for at
least 20 min before application. The pork cubes were then
wrapped by ZP and ZPP films with the concentrations of 5, 2.5,
1.25, and 0.625%. The pork cubes cloaked by films were then
placed into the 5 mL Eppendorf tubes previously autoclaved for
30 min. The Eppendorf tubes with samples were then separately
placed at the sterile incubator shakers at 4 and 25 °C for different
periods. We sampled at 0, 2, 4, 6, 12, and 24 h in the 25 °C
groups, while, for the 4 °C groups, besides the periods
mentioned above, we sampled every 12 to 120 h. In the end,
the colony-forming unit (CFU) of each sample was determined
by the colony-counting method.25,26

Assessment of the Bacterial Inhibition Ability of
Nanocomposites against MRSA. The process of this section
was similar to that of the former experiment. The pork cubes
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were sterilized with an ultraviolet lamp for approximately 20 min
before use. Besides, the pork cubes were soaked into an MRSA
solution with 1.8 × 102 cfu for 30 s. The best antibacterial effect
conditions with different concentrations of the films at 25 °C
were chosen for further assessment. They were 1.25% ZP and
0.625% ZPP at 4 h, 2.5% ZP and 1.25% ZPP at 6 h, and 5% ZP,
2.5% ZPP, and 5% ZPP at 12 and 24 h, respectively.
SEM Analysis of Bacterial Adhesion. The films (1 × 1

cm2) were soaked in a 10 mL nutrient broth medium, which
contained approximately 5 × 107 cfu of MRSA. After 4 h of
incubation at 37 °C, the films were washed three times in sterile

phosphate-buffered saline to remove the unattached bacteria
and fixed with 2.5% glutaraldehyde overnight. The samples were
then fixed in 1% osmic acid and dehydrated with gradient
alcohol (30.50, 70, 80, 90, and 100%) for 15 min. The films were
then dried in a drying oven and carefully stuck on a conductive
adhesive. The films were gold-coated at 30 mA for 1 min and
imaged by using a scanning electron microscope (ZEISS Sigma
300) at magnifications of 1000× and 8000×.
Animals and Treatment. Thirty female pathogen-free

Institute of Cancer Research (ICR) mice (age: 6 weeks) were
provided by Beijing Vital River Laboratory Animal Technology

Figure 1. Characterization of ZnO NPs, ZnO NP films, and migration of Zn from the ZP film into four different kinds of food simulants. (A) TEM
image of ZnO NPs. (B) XRD patterns of ZnO NPs. (C) Photograph of the inhibition zone of ZnO NPs to E. coli. (D) Measurement of the inhibition
zone of ZnONPs to E. coli. (E) EDS image of ZPP films.(F) EDS image of ZP films. (G) ZnONP distribution of ZPP films. (H) ZnONP distribution
of ZP films. (I) Profile display of ZPP films. (J) Profile display of ZP films. (K) SEM image of ZPP films. (L) SEM image of ZP films. (M)Migration of
Zn from the ZP film into 65% (v/v) ethanol, 4% (w/v) aqueous acetic acid, N-hexane, and distilled water for 10 days under 20 °C. (N)Migration of Zn
from the ZP film into 65% (v/v) ethanol, 4% (w/v) aqueous acetic acid, N-hexane, and distilled water for 10 days under 40 °C. (O) Comparison of the
Zn content of migration from the ZP film into 65% (v/v) ethanol, 4% (w/v) aqueous acetic acid, N-hexane, and distilled water for 10 days between 20
and 40 °C.
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Co. Ltd. The animal experiment was performed strictly
according to the guidelines approved by the China Agricultural
University Animal Centre Laboratory, China. The ICR mice
received ZnO NPs dispersed in distilled water by intragastric
administration at different levels of 63 to 200 mg/mL,
determined by the maximum tolerated dose by preliminary
studies.27 Mice that received distilled water by intragastric
administration were used as a control. Five mice were raised in
one cage as one group. After intragastric administration, the
symptoms and mortality of each mouse were recorded carefully
every day. On the 14th day after the intragastric administration,
all mice were sacrificed, and the serum and organs were sampled.
The major organs were utilized for a histological examination
with standard techniques.
Blood Routine Examination and Serum Biochemical

Analysis. A hematology analysis was performed using standard
collection techniques. There were several standard markers
selected for further analysis: red blood cells (RBCs),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), white blood
cells (WBCs), and platelets (PLTs). Blood samples were
centrifuged at 3000 rpm for 20 min to separate the serum. There
were two important indicators chosen to assess the hepatic
function: alanine aminotransferase (ALT) and aspartate amino-
transferase (AST). Blood urea nitrogen (BUN) and creatinine
(CREA) were used to determine the nephrotoxicity. A
biochemical autoanalyzer (Type 7170, Hitachi, Japan) was
used to evaluate all parameters.
Statistical Analysis. The data were represented as means ±

standard deviations. An analysis of variance was carried out using
GraphPad Prism version 8.0 (GraphPad Inc, San Diego, CA,
USA). Duncan’s multiple range test methods were used to
compare means for each test, with statistical significance defined
at a level of p < 0.05.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of ZnO NPs. Figure 1A

shows the TEM image of the synthesized ZnO NPs. The ZnO
NPswere spherical, with an average size of approximately 10 nm.
The XRD patterns reflect the existence of ZnONPs.28 Figure 1B
shows that the diffraction peaks of the ZnO NPs are consistent
with the Joint Committee on Powder Diffraction Standards
(JCPDS) PDF#36−1415.The antibacterial ability of ZnO NPs
is related to their size.20 Figure 1C shows various inhibition
zones after the treatment with different concentrations of ZnO
NPs against E. coli. As can be seen from Figure 1D, the
antibacterial effect of the ZnO NPs against E. coli exhibited
presented a concentration dependence. Moreover, at the lowest
concentration of 12.5 μg/mL, the antibacterial ability of the
ZnO NPs was still good.
Characterization of the ZnO NP Films. Energy-dispersive

X-ray spectroscopy (EDS) elemental analysis results of the two
films are shown in Figure 1E,F. Besides Si, Al, and O signals,
signals of Zn were also detected in the ED spectra. The detailed
EDS elemental mapping of the nanocomposites shown in Figure
1G,H confirmed the Zn element distribution on the surfaces of
the films. The two films were clear, thick, and transparent
(Figure 1I,J). Figure 1K,L shows that the thickness of this type of
film was approximately 5 μm. Even though the amount of ZnO
NPs on the film could not be determined, the Zn contents of the
films detected by ICP−MS could demonstrate the existence of
ZnO NPs (Table 1). According to Table 1, the effective

concentration of ZnONPs on the ZP filmwas lower than that on
the ZPP film when the same concentration of ZnO NPs was
added.

In addition, the physical properties of the two films, such as
water vapor transmission, oxygen permeability, light trans-
mission, and mechanical properties, were evaluated (Figure S1
and Table S1). The relative results demonstrate that films
synthesized in this research have good physical properties
compared to the PLA film and are consistent with other
studies.8,29,30

Migration of ZnO NPs from the ZP Films. The ZP film
possesses antibacterial characteristics owing to various factors
including the migration of ZnO NPs from the film. The ZnO
NPs could compromise the lipids and proteins of bacteria and
accelerate their death.31 Therefore, it is essential to investigate
the fate of themigration of the ZP film. Figure 1M shows that the
migration of Zn from the ZP film into a 4% (w/v) aqueous acetic
acid for 10 days at 20 °C is significantly higher than the Zn
contents detected in the three other types of food simulants
under the same conditions (P < 0.001), while there is no
difference among 65% (v/v) ethanol, N-hexane, and distilled
water. According to Figure 1N, themigrations of Zn from the ZP
film into 65% (v/v) ethanol and 4% (w/v) aqueous acetic acid
for 10 days at 40 °C are significantly higher than those for N-
hexane and distilled water, respectively (P < 0.001). As shown in
Figure 1O, themigrations of Zn from the ZP film into 65% (v/v)
ethanol and N-hexane for 10 days at 40 °C are significantly
higher than those at 20 °C (P < 0.05), while themigrations of Zn
for the 4% (w/v) aqueous acetic acid and distilled water do not
seem to be correlated with the temperature (P > 0.05). The
reason is mainly because the increase of temperature accelerates
the molecular thermal motion in the alcoholic and oil food
stimulants, allowing Zn ions to migrate out of the PLA
polymer.32,33 These results demonstrate that the temperature
should be considered for ZP film applications regarding storage
of alcoholic foods and oily foods, consistent with other
reports.34−38

Bacterial Inhibition Test on the Two Films under
Natural Conditions at 25 °C. The consumption of animal
foods, mostly pork, has rapidly increased.39 The storage
temperature of pork is regarded as one of the important factors
that influence the quality and shelf life due to the relation with
the properties of bacterial growth.19 To estimate the
antibacterial ability of the ZP film at 25 °C, a pork cube was
wrapped with ZP or ZPP films with different concentrations of
ZnO NPs and packaged in 5 mL Eppendorf tubes previously
autoclaved for 30 min. Then, the Eppendorf tubes with samples

Table 1. Comparison of Zn Content Detected by ICP−MS
between ZP and ZPP Composite Films

groups
added ZnO NPs
concentration

detected Zn
content

detectable
rate(%)

PLA 0 0
ZP 5% 3.8% 76% a
ZPP 5% 4.6% 92% b
ZP 2.5% 1.91% 76.4% a
ZPP 2.5% 2.31% 92.4% b
ZP 1.25% 0.9% 72.4% a
ZPP 1.25% 1.1% 88% b
ZP 0.625% 0.45% 72% a
ZPP 0.625% 0.56% 90% b
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were separately placed in sterile incubator shakers at 25 °C for
different periods. According to Figure 2A, compared to the other
counterparts, the ZP-5% composite group exhibited the slowest
bacterial count curve, and its bacterial counts were always
significantly lower than those of the blank and single PLA in the
period of 2 to 24 h. However, the bacterial counts of the ZP-2.5%
and ZP-1.25% composite groups were significantly lower than

those of their counterparts in the period of 4 to 6 h and 2 to 4 h
(Figure 2B,C). Figure 2D shows that the bacterial counts of ZP-
0.625% were not significantly different from those of the blank
and single PLA during the recorded periods. Accordingly, the
antibacterial ability of the ZP film at 25 °C exhibited a
concentration-dependent trend. The ZP-5% composite could be
regarded as the most effective film against bacteria in pork. The

Figure 2. Bacterial counts in wrapped pork samples with different concentrations of ZP and ZPP films during different periods at 25 °C. (A−D)
Bacterial counts in wrapped pork samples with 5, 2.5, 1.25, and 0.625%ZP films during different periods at 25 °C, respectively. (E−H) Bacterial counts
in wrapped pork samples with 5, 2.5, 1.25, and 0.625% ZPP films during the storage time at 25 °C, respectively.
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minimum effective concentration was obtained for ZP-1.25% at
4 h, ZP-2.5% at 6 h, and ZP-5% at 12 and 24 h. Thus, they were
chosen as optimal to assess the antibacterial activity of ZP films
against MRSA at different periods at 25 °C. The antibacterial
abilities of the ZPP films at 25 °C were also investigated.
According to Figure 2E,F, the bacterial counts of the ZPP-5%
and ZPP-2.5% nanocomposites were always significantly lower

than those of the blank and single PLA in the periods of 2 to 24 h
and 2 to 12 h. In the period of 4 to 6 h, the bacterial counts of
both ZPP-1.25% and ZPP-0.625% films were significantly lower
than those of their counterparts (Figure 2G,H). Overall, the
concentration-dependent trend has also been observed. The
minimum effective concentrations at 4, 6, 12, and 24 h were
obtained for ZPP-0.625%, ZPP-1.25%, ZPP-2.5%, and ZPP-5%,

Figure 3. Bacterial counts in wrapped pork samples with different concentrations of ZP and ZPP films during different periods at 4 °C. (A−D)Bacterial
counts in wrapped pork samples with 5, 2.5, 1.25, and 0.625% ZP films during different periods at 4 °C, respectively. (E−H) Bacterial counts in
wrapped pork samples with 5, 2.5, 1.25, and 0.625% ZPP films during the storage time at 4 °C, respectively.
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respectively. Therefore, we selected these conditions as optimal

to assess the antibacterial activities of ZPP films againstMRSA at

different periods at 25 °C.

Bacterial Inhibition Test on Films in Natural Con-
ditions under 4 °C. The antibacterial abilities of the
nanocomposites synthesized by the two different methods
were also evaluated at 4 °C. Regarding the ZP films, as shown in

Figure 4. Total inhibition rate in wrapped pork samples with different concentrations of nanocomposites in different methods during the storage time
at 25 and 4 °C and the colony formation of the wrapped pork samples with different concentrations of nanocomposites in different methods during the
storage time at 25 °C. Shaded areas represent bacterial inhibition rates which are more than 90%. (A) Total inhibition rate in wrapped pork samples
with different concentrations of ZP films during the storage time at 25 °C. (B) Total inhibition rate in wrapped pork samples with different
concentrations of ZPP films during the storage time at 25 °C. (C) Total inhibition rate in wrapped pork samples with different concentrations of ZP
films during the storage time at 4 °C. (D) Total inhibition rate in wrapped pork samples with different concentrations of ZPP films during the storage
time at 4 °C. (E) Comparison of the formation of bacterial colonies of pork samples coated with ZP or ZPP films at 25 °C.
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Figure 3A,B, compared to the counterparts, the bacterial counts
of ZP-5% and ZP-2.5% were always significantly lower than
those of the blank and single PLA in the period of 4 to 120 h and
6 to 120 h. At 24 and 108 h, the bacterial counts of ZP-1.25% and
ZP-0.625% were significantly lower than those of their
counterparts (Figure 3C,D). Regarding ZPP, Figure 3E,F
shows that the bacterial counts of ZPP-5% and ZPP-2.5%
were always significantly lower than those of the blank and single
PLA in the period of 6 to 120 h. In the period of 12 to 120 h,
except at 72 h, the bacterial counts of ZPP-1.25% were
significantly lower than those of their counterparts (Figure
3G). Nonetheless, for ZPP-0.625%, at 12 to 24 and 48 h and 108
to 120 h, the bacterial counts were significantly lower than those
of the blank and PLA groups (Figure 3H). Besides, a

concentration-dependent trend was observed for the bacterial
counts of ZP and ZPP.
Comparison of Bacterial Counts of ZP and ZPP. To

reveal the differences between the antibacterial abilities of the
ZP and ZPP films, comparisons of bacterial counts at the same
concentration under both 25 and 4 °C were carried out. At 25°,
Figure S2A shows that the bacterial counts of ZPP-5% were
significantly lower than those of the ZP-5% group in the period
of 2 to 6 h (P < 0.001). Figure S2B shows that the bacterial
counts of ZPP-2.5% were lower than that of the ZP-5%
counterpart at 2 and 6 h. At concentrations of 1.25% (Figure
S2C) and 0.625% (Figure S2D), the bacterial counts of the ZPP
films were significantly lower than those of the ZP films at 6 and
12 h. At 4 °C, Figure S2E shows that the bacterial counts of ZPP-
5% were significantly lower than those of the ZP-5% group at 36,

Figure 5. Inhibition rate of films to MRSA in wrapped pork samples with films at different storage points under 25 °C. (A) Inhibition rate of films to
MRSA in wrapped pork samples with ZP-1.25% and ZPP-0.625% films at the point of 4 h under 25 °C. (B) Inhibition rate of films toMRSA in wrapped
pork samples with ZP-2.5% and ZPP-1.25% films at the point of 6 h under 25 °C. (C) Inhibition rate of films to MRSA in wrapped pork samples with
ZP-5%, ZPP-5%, and ZPP-2.5% films at the point of 12 h under 25 °C. (D) Inhibition rate of films to MRSA in wrapped pork samples with ZP-5%,
ZPP-5%, and ZPP-2.5% films at the point of 24 h under 25 °C. (E) Formation of bacteria colonies: antibacterial activity of ZP-5%, ZPP-5%, ZP-2.5%,
and ZPP-2.5% films at the points of 12 and 24 h under 25 °C.
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84, and 120 h (P < 0.001). According to Figure S2F, G, andH, in
the period of 36 to 60 h, the bacterial counts of ZPP-2.5%, ZPP-
1.25%, and ZPP-0.625% were significantly lower than those of
their counterparts at the same time point. These results
demonstrate that the antibacterial abilities of the ZPP films
were better than those of the ZP films, consistent with the Zn
amounts detected by ICP−MS (Table 1). It is regarded that
ZnONPs can inhibit the growth of bacteria as they induce excess
reactive oxygen species. The electrostatic interactions between
ZnO NPs and the cell surface may damage the membrane.40

However, Kadiyala et al. demonstrated that ZnO NPs result in
changes in energy metabolism, such as large increases in
pyrimidine biosynthesis and sugar metabolism and decreases in
amino acid synthesis, which could reflect a novel mechanism.41

The ZPP films had better antibacterial effects than those of the
ZP films in this study likely because of the decreased swelling
ratio. Thus, less water is kept on the nanocomposites.
Accordingly, the concentration of dissolved Zn2+ increases.42

The dissolved Zn2+ has an important role in the cytotoxicity.43

PVA could accelerate the degradation of PLA in seawater.44

With the degradation of PLA, more ZnO NPs can be released
from the films and have an antibacterial role.
Inhibition Rates of Films. As a main indicator of the

bacterial effect, the inhibition rate was also evaluated. Figure 4A
shows that when the temperature was 25 °C, ZP-5%was the only
structure with an inhibition rate exceeding 90% at 4 and 12 h.
Nevertheless, both ZPP-5% and ZPP-2.5% exhibited inhibition
rates exceeding 90% at 4, 6, and 12 h (Figure 4B). At 4 °C, for
the ZP films, Figure 4C shows that the inhibition rate exceeded
90% for ZP-5% in the period of 48 to 120 h and at 60 h for ZP-
2.5%. Nonetheless, the inhibition rates of the ZPP films
exceeded 90% at various concentrations and periods. As for
ZP-5%, in the period of 48 to 120 h, the inhibition rate of ZPP-
5% exceeded 90%. The inhibition rate of ZPP-2.5% exceeded
90% in the period of 48 to 60 h and 84 h and from 108 to 120 h.
For ZPP-1.25%, the inhibition rate exceeded 90% in the period
of 48 to 60 and 120 h. Notably, the inhibition rate of ZPP-
0.625% exceeded 90% at 48 h (Figure 4D). Overall, these
inhibition rates are consistent with the bacterial counts. The
antibacterial results are more clearly shown in Figures 4E and S3.
Bacterial Inhibition Test on Films against MRSA at 25

°C with Different Periods.MRSA is a type of highly resistant
zoonotic microorganism considered as the third most significant
factor of disease worldwide among reported food-borne
illnesses.45 Many countries have reported outbreaks of live-
stock-associated MRSA, including Korea,46,47 Denmark,48

China,49 Italy,50 and India.51 These pathogens are derived
from many sources, including pigs, pig farmers, slaughterhouse
environment,52 open markets,52 food products,51 nursing
homes,53 and pork,53,54 which increases the risk of human
exposure to MRSA with toxic infections. Therefore, we
investigated the antibacterial effects of nanocomposites on
MRSA under the previously chosen superior conditions at 25
°C. Figure 5 shows the inhibition rates of the films against
MRSA at different storage points at 25 °C. Even though the
inhibition rates of ZP-1.25%, ZPP-0.625%, ZP-2.5%, and ZPP-
1.25% at 4 (Figure 5A) and 6 h (Figure 5B) were lower than
90%, inhibition rates above 90% were observed when the ZP-
5%, ZPP-5%, and ZPP-2.5% nanocomposites were employed in
the package of pork containing MRSA at 12 (Figure 5C) and 24
h (Figure 5D). This indicates that ZPP-5% and ZPP-2.5% could
inhibit the growth of MRSA at 25 °C.

Bacterial Adhesion. Figure 6 shows SEM images of the
adherent MRSA on different films. The PLA films (Figure 6A)

containedmany bacteria. Figure 6B (magnified view) shows that
the patterns of MRSA were normal. The same result was
obtained for the PVA-PLA films (Figure 6C,D). However, when
ZnO NPs were added in the PLA films, the MRSA number was
largely decreased (Figure 6E,F). Moreover, the coated ZnONPs
on the ZP-1.25% film could be found on the surface. On the
ZPP-1.25% films, there was a low content of MRSA (Figure 6G)
with a changed morphology: the original sphere shriveled up
(Figure 6H), which could be a possible mechanism of the ZnO
NPs antibacterial effect.
Subacute Toxicity Experiment.During the first 10 days of

observation, one mouse died in each of the 400, 600, and 1000
mg/kg groups on the second day after administration, while no
mice died in the other groups (Figure S4A). According to Figure
S4B, the mice in the 1000 and 400 mg/kg groups lost 11% of
their body weight, while the mice in the 600 and 300 mg/kg
groups lost 10% of their body weight. However, the body
weights of the mice in the 100 and 200 mg/kg and control
groups did not exhibit a downward trend. Therefore, the
maximum tolerated dose (MTD) of ZnO NPs was 200 mg/kg.
According to theMTD of ZnONPs, experimental groups with a
maximum concentration of 200mg/kg were used to evaluate the

Figure 6. SEM micrographs of the films. (A) PLA (1 K), (B) PLA (8
K), (C) PVA-PLA(1K), (D) PVA-PLA (8K), (E) ZP-1.25% (1K), (F)
ZP-1.25%(8 K), (G) ZPP-1.25% (1 K), and (H) ZPP-1.25% (8 K).
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oral toxicity of ZnO NPs. Within 14 days of the experiment, no
death occurred in each group, and there was no considerable
abnormal activity. All mice lost weight slightly on the day after
administration and gradually gained weight (Figure S4C). RBC,
HGB, HCT, MCV, MCH, MCHC, WBC, and PLT in routine
blood assays (eight items) (Figure S5) and AST, ALT, BUN,
and CREA in blood biochemical assays (four subjects) (Figure
S6) were examined. Compared to the control group, there were
no significant changes in the mentioned serum levels of the ZnO
NP-treated groups. Furthermore, histopathological examina-
tions were carried out to assess the toxicity of ZnO NPs with
different concentrations. As illustrated in Figure 7, there were no
abnormal histological and morphological changes in the main
organs of livers, spleen, lung, and kidney of the ZnO NP-treated
groups with doses of 63 to 200 mg/kg. Kong et al. investigated
the long-term toxic effects of unmodified 50 nm ZnO NPs
administered by gavage in mice and reported damages to the
liver and kidney in the mice after a 90 day exposure had been
discovered.55 In this study, 10 nm ZnO NPs were used for the
experiments, considerably smaller. It is of interest to evaluate the
biocompatibility of ZnO NPs in various manners.

■ CONCLUSIONS
In this study, nanocomposite films were successfully synthesized
by two methods. For the first time, we not only assessed the
antibacterial effects of the ZnO nanocomposite films synthe-
sized by the solvent evaporation method and coating methods
but also employed different storage temperatures and
concentrations of ZnO NPs to investigate their effects on the
pork shelf life. The ZP films and ZPP films exhibited
concentration-dependent antibacterial abilities. The latter
exhibited better performances in extending the shelf life of
pork and anti-MRSA abilities than those of the former at both 25
and 4 °C. The superior anti-bacterial abilities may be explained
as ZnO NPs can decrease the bacterial adhesion and even cause

bacterial rupture. The subtoxic experiment evidenced that the
ZnONPs had a lower toxicity tomice with themaximum dose of
200mg/mL. The ZPP films are promising to extend the shelf life
of pork regardless of the natural conditions or the existence of
MRSA. The ZnO NPs are expected to provide remarkable
contributions to antibacterial food packing.
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