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ABSTRACT Zinc oxide nanoparticles (ZnO NPs) are regarded as a safe and stable
antimicrobial that can inactivate bacteria by several potential working mecha-
nisms. We aimed to incorporate ZnO NPs into packaging material to control
Campylobacter in raw chicken meat. ZnO NPs were first incorporated into three-
dimensional (3D) paper tubes to identify the lethal concentration against Campy-
lobacter jejuni, which was selected as the working concentration to develop 2D
functionalized absorbing pads by an ultrasound-assisted dipping technique. The
functionalized pad was placed underneath raw chicken meat to inactivate C. je-
juni and the predominant chicken microbiota at 4°C within 8 days of storage. Im-
mobilized ZnO NPs at 0.856 mg/cm2 reduced C. jejuni from �4 log CFU/25 g raw
chicken meat to an undetectable level after 3 days of storage. Analysis by induc-
tively coupled plasma-optical emission spectroscopy showed that the Zn level in-
creased from 0.02 to 0.17 mg/cm2 in treated raw chicken meat. Scanning elec-
tron microscopy validated the absence of nanoparticle migration onto raw
chicken meat after treatment. Inactivation of C. jejuni was associated with the in-
crease of lactic acid produced by Lactobacillus in raw chicken meat in a pH-
dependent manner. Less than 5% of Zn2� was released from ZnO NPs at neutral
pH, while up to 88% was released when the pH was �3.5 within 2 days. Whole-
transcriptome sequencing (RNA-Seq) analysis demonstrated a broad effect of
ZnO NPs on genes involved in various cellular developmental processes as anno-
tated by gene ontology. Taken together, the results indicate that functionalized
absorbing pads inactivated C. jejuni in raw chicken meat by immobilized ZnO
NPs along with the controllable released Zn2�.

IMPORTANCE Prevalence of Campylobacter in raw poultry remains a major food
microbiological safety challenge. Novel mitigation strategies are required to en-
sure the safety and quality of poultry products. Active food packaging can con-
trol pathogens without directly adding antimicrobials into the food matrix and
extend the food’s shelf life. The functionalized absorbing pad with ZnO NPs de-
veloped in this study was able to inactivate C. jejuni in raw chicken meat and
keep the meat free from C. jejuni contamination during shelf life without any ob-
served migration of nanoparticles. The controllable conversion of immobilized
ZnO NPs to free Zn2� makes this approach safe and eco-friendly and paves the
way for developing a novel intervention strategy for other high-risk foods. Our
study applied nanotechnology to exploit an effective approach for Campylobac-
ter control in raw chicken meat products.
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Campylobacter jejuni colonizes the chicken intestine early in the life of the birds (1,
2) and is routinely detected in chicken carcasses (3). Numerous reports in Europe

and North America demonstrate that about 70 to 90% of commercial raw chicken meat
is Campylobacter positive (4, 5). Recent epidemiology studies indicated that poultry is
the main reservoir and route of transmission of campylobacteriosis to humans (6).
Campylobacter-contaminated poultry products have been ranked as the number one
pathogen-food combination among 14 foodborne pathogens in 12 different food
categories based on significant health burdens on consumers and negative impacts on
the economy (7).

High Campylobacter load is a challenge to the poultry industry. Classical intervention
strategies on farms (8) or in slaughterhouses (9) have limited impacts on the reduction
of Campylobacter loads due to the complexity of both systems. Effective and sustain-
able Campylobacter control is highly challenging due to the large number of birds, high
microbial load and diversity, and rapid horizontal transmission of this microbe within
and between batches (10). Nevertheless, Berrang and coworkers isolated Campylobac-
ter from the skin of chicken carcasses even before evisceration or any contact with the
internal organs (11), indicating that other parts and fluids (e.g., feathers, blood, and/or
water) can also be involved in cross-contamination by this bacterium. Many other
factors, including the farm and plant design, waste management, water quality, and
washing systems, can have a significant influence on the prevalence of Campylobacter
in the final poultry and food products as well.

Campylobacter is an obligately microaerobic bacterium, but it can survive through-
out raw poultry meat production from the slaughterhouses to the retail outlets (12).
Campylobacter organisms are frequently detected from raw chicken meat at a level as
high as 4 to 6 log CFU/chicken carcass (13–15). In addition, the attachment of C. jejuni
to the contact surfaces can lead to the development of biofilms that extend its survival
outside hosts; but even this fact does not fully explain the long-term survival of
culturable cells in processing plants (16). In response to processing conditions, such as
extreme pH, temperature fluctuation, and starvation, C. jejuni can enter the viable-but-
nonculturable (VBNC) state, which cannot be detected by the conventional plating
assay (17). A recent study identified several emerging hyper-aerotolerant C. jejuni
clones isolated from raw chicken meat with a potential impact on human Campylo-
bacter infections (18). Generally, the intervention strategies used in the poultry industry
are not sufficient to overcome the safety concerns associated with this microorganism
(9).

Antimicrobial treatments for raw chicken meat show a significant reduction in
Campylobacter (up to 5 log CFU/ml) in the laboratory (19) but have a minimal effect (0.5
to 1.5 log CFU/ml) in large processing plants (13). The U.S. Department of Agriculture
(USDA) Food Safety and Inspection Service (FSIS) has proposed several antimicrobial
agents for the control of Campylobacter in poultry slaughterhouses (20). The efficacies
of many approved antimicrobials (e.g., acidified sodium, chlorite, cetylpyridinium,
chlorine, chlorine dioxide, peroxyacetic acid, and trisodium phosphate) on the reduc-
tion of Campylobacter in poultry processing plants have been reported in several review
articles (9, 21). For example, single or combined antimicrobial agents with heat and/or
cold shock(s) reduce Campylobacter loads by 1 to 2 log CFU/ml of carcasses rinse.
Although the use of commercial antimicrobials may not be effective in reducing
Campylobacter, they are still widely used to try to prevent cross-contamination (20). To
date, there is no effective control strategy, recommendation, or guideline that can be
applied to eliminate or at least significantly reduce Campylobacter in raw chicken meat
(12). The use of commercial antimicrobial agents in the poultry industry is limited due
to their low inactivation effect on pathogens, chemical residues that constitute poten-
tial risks to humans, equipment corrosion, large water consumption, and high cost (15).

Active antimicrobial packaging is an effective control method to enhance the safety
of some high-risk food products, such as raw meat and fresh produce. It is usually
applied for quality preservation, shelf life extension, and food safety, with a major focus
on the control of food freshness and inhibition of spoilage organisms (22). The study of

Hakeem et al. Applied and Environmental Microbiology

November 2020 Volume 86 Issue 22 e01195-20 aem.asm.org 2

https://aem.asm.org


integrating antimicrobials into the packaging material to inactivate pathogenic bacteria
in foods is still in its infancy. One example is the use of immobilized bacteriophages to
control Escherichia coli O104:H4 in alfalfa sprouts and Listeria monocytogenes in canta-
loupes and ready-to-eat meat (23). The stability of antimicrobials in the packaging
material is a major concern due to the slow dehydration of paper during shelf life (24).
To overcome this limitation, absorbing pads have started to be used under raw meat
to absorb moisture and fluids so as to maintain the quality and freshness of red meat,
poultry, and fish. However, meat juice (e.g., chicken juice) is not only a rich source of
nutrients for the survival and growth of microorganisms but has also been found to
enhance the surface attachment and biofilm formation of foodborne pathogens,
including C. jejuni (25). The area under the packed meat is difficult to reach by
conventional active packaging approaches, such as the combination of modified
atmosphere packaging (MAP) and aerosolized antimicrobial treatments. Alternative
antimicrobials are thus required to develop novel active packaging techniques to be
used in the agri-food industry.

Nanotechnology improves the functionality and physiochemical properties of ma-
terials at the nanoscale level and generates sustainable industrial applications. Metal
oxide nanoparticles (NPs) are potential candidates for food packaging applications due
to their antimicrobial effect and stability under harsh conditions. ZnO is a stable
antimicrobial agent that inactivates bacterial cells by several mechanisms involving
different chemical species, such as Zn2� and reactive oxygen species (ROS) (26). It is
generally recognized as safe by the U.S. Food and Drug Administration (21CFR182.8991)
(27). A few studies indicated that C. jejuni was more susceptible to ZnO NPs than other
major foodborne pathogens (28, 29). For instance, 0.005% (wt/vol) ZnO NPs could
eliminate �8 log CFU/ml of C. jejuni within 3 h, whereas an 8- to 16-fold-higher
concentration was required to inactivate E. coli O157:H7 and Salmonella enterica (29).
The electrostatic force between ZnO NPs (positively charged) and bacterial cell wall
(negatively charged) leads to the destabilization and disruption of bacterial outer
membranes. In addition, the semiconductive property of ZnO allows the generation of
ROS that can attack different cytoplasmic and extracytoplasmic targets. A previous
study confirmed that treating C. jejuni with ZnO NPs could lead to significant overex-
pression of several oxidative stress response genes, including katA and ahpC, as well as
the disruption of bacterial cell membrane (29).

No single control method is yet known to fully address Campylobacter contamina-
tion in the poultry industry. Controlling Campylobacter in the end production of raw
chicken meat is a promising strategy that might replace or at least improve ineffective
mitigation strategies being used. The objective of this study was to investigate the
antimicrobial efficacy of an innovative functionalized absorbing pad by immobilized
ZnO NPs to control C. jejuni in raw chicken meat.

RESULTS
Minimal bactericidal concentrations and inhibition zones of immobilized ZnO

NPs against C. jejuni. Three-dimensional (3D) paper tubes and two-dimensional (2D)
absorbing pads were designed and developed, as shown in Fig. 1. The 3D paper tubes
were designed to determine the minimal bactericidal concentrations (MBCs) of the
immobilized ZnO NPs against C. jejuni in broth. Immobilized ZnO NPs in the paper
tubes had a concentration-dependent bactericidal effect against C. jejuni F38011 after
3 h of incubation at 37°C under microaerobic conditions (see Fig. S1 in the supple-
mental material). For example, immobilized ZnO NPs at 25 ppm could reduce �90% of
the bacterial population, and 50 ppm could inactivate �99% of the bacterial popula-
tion (i.e., 2.61 log reduction). Immobilized ZnO NPs at 100 ppm reduced the bacterial
population to an undetectable level (�8-log reduction). Thus, 100 ppm of ZnO NPs was
identified as the MBC, according to its definition as the lowest concentration that leads
to no observed bacterial growth in broth medium (30). In contrast, immobilized ZnO
NPs at 3.12, 6.25, and 12.5 ppm did not significantly (P � 0.05) affect C. jejuni viability
compared to the negative control. The MBC of immobilized ZnO NPs against C. jejuni
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in 3D paper tubes provided a quantitative prerequisite to further generate the effective
functionalized absorbing pads. A diffusion assay was then used to test the effect of
functionalized absorbing pads on inactivating C. jejuni F38011 grown on MH agar
medium according to a previously established method (31). The functionalized absorb-
ing pads showed clear inhibition zones against bacteria at all concentrations tested (i.e.,
102, 105, and 108 CFU/plate), as shown in Fig. S2. Taken together, these data show that
the functionalized paper products with ZnO NPs were able to effectively inactivate C.
jejuni in a pure culture.

Quantification and visualization of ZnO NPs in the functionalized absorbing
pads. The final Zn concentrations in the two absorbing pads were separately deter-

FIG 1 Schematic diagrams of the development of 2D absorbing pads and 3D paper tubes (A) and functionalization
of the absorbing pads by ZnO nanoparticles (B). The 3D paper tubes were functionalized by filling them with
diluted ZnO NP suspensions and allowing them to dry at 22°C for 24 h. ZnO NPs attached to the cellulose fibers
were observed and confirmed by scanning electron microscopy (SEM).
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mined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) to be
0.856 � 0.082 mg/cm2 and 0.075 � 0.012 mg/cm2. Scanning electron microscopy (SEM)
images suggested that ZnO NPs were successfully used to coat the surface of individual
cellulose fibers and formed a thin layer around individual cellulose fibers after 5 min of
sonication-assisted dipping (Fig. 2), including small individual nanoparticles with dif-
ferent shapes (mainly irregular and spherical shapes). In addition, unattached free ZnO
NPs were not observed in the cavities between the coated cellulose fibers. In contrast,
smooth and uncoated surfaces of cellulose fibers were observed for the uncoated
group (Fig. 2). Taken together, ICP-OES analysis and SEM imaging confirmed that a
certain percentage of ZnO NPs successfully coated the surface of individual cellulose
fibers and formed the functionalized absorbing pads.

FIG 2 Representative scanning electron microscopic (SEM) images of uncoated absorbing pads (A) and
absorbing pads coated with immobilized ZnO nanoparticles at 0.856 mg/cm2 (B). Coating was conducted
using a sonication/ultrasound-assisted dipping technique for 5 min, followed by immersion in distilled
water for three washes and drying at 80°C for 45 min. SEM accelerating voltage was 2.0 kV, and the
magnification ranged from �250 to �5,000 (n � 7).
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Inactivation of C. jejuni cocktail on raw chicken meat by the functionalized
absorbing pads. We investigated the effects of functionalized absorbing pads on
inactivating C. jejuni-contaminated raw chicken meat at both refrigeration and abuse
temperatures (i.e., 4°C and 7°C). The initial inoculum of C. jejuni cocktail (i.e., 4 log
CFU/25 g raw chicken meat) did not increase in raw chicken meat during 8-day storage
at 4°C in any of the treated or untreated groups (Fig. 3). C. jejuni on the untreated raw
chicken meat was able to remain viable during the storage at 4°C for 8 days (Fig. 3A)
regardless of cold stress and the presence of a relatively high level of competitive
bacteria in the raw chicken meat microbiota, such as Lactobacillus and psychrotrophs
(Fig. 3B and C). As shown in Fig. 3A, the functionalized absorbing pads with ZnO NPs
at 0.075 mg/cm2 did not have a significant antimicrobial effect (P � 0.05) against C.
jejuni after 3 and 5 days of storage but resulted in a reduction of �0.5 log CFU/25 g raw
chicken meat at day 8 (P � 0.001). In comparison, the functionalized absorbing pads
with ZnO NPs at 0.856 mg/cm2 resulted in a reduction of 1.45 log CFU/25 g raw chicken
meat after 3 days, followed by a decrease to an undetectable level (�500 cells) after 5
and 8 days of storage. As confirmed by plating assay, no native Campylobacter bacteria
were detected in raw chicken meat samples at all tested temperatures and time points
(data not shown). The total counts of other predominant microbiota, including the
undefined Lactobacillus and psychrotrophic bacteria, were 4 to 5 log CFU/g after 3 days
and 6 to 9 log CFU/g after 8 days (Fig. 3B and C). No interaction between the
predominant microbiota and functionalized absorbing pads was observed at all time
points at 4°C (Fig. 3B and C). In addition, no reduction of C. jejuni in raw chicken meat

FIG 3 Counts of Campylobacter jejuni cocktail (F38011, Human 10, 1173, and ATCC 33560) (A), Lactobacillus (B), and
psychrotrophs (C) on raw chicken breasts stored at 4°C with or without functionalized absorbing pads, including
immobilized ZnO nanoparticles at 0.075 and 0.856 mg/cm2, for 8 days. Campy-Cefex was used as the plating assay
for enumerating C. jejuni, and plates were incubated at 42°C under microaerobic conditions. DeMan, Rogosa and
Sharpe agar (MRS) and tryptic soy agar (TSA) were used in the plating assay to enumerate Lactobacillus and
psychrotrophs separately, and the plates were incubated aerobically at 30°C (48 h) and 7°C (72 h), respectively. The
limit of detection was determined to be 500 CFU/25 g raw chicken meat. Data were analyzed by using one-way
ANOVA, followed by the post hoc Tukey’s test for multiple comparisons.
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products was observed after 24 h of storage at 7°C (Fig. S3A). The predominant microbiota
in raw chicken meat grew rapidly at 7°C within 24 h and was not affected by the
functionalized absorbing pads (Fig. S3B and C). No further time points were investigated
due to the high level of psychrotrophs (�6 log CFU/g) after only 24 h of incubation at this
abuse storage temperature, as the cutoff value of microbial spoilage was identified as 7 log
CFU/g in raw chicken (32). Altogether, a significant reduction of the C. jejuni cocktail by the
functionalized absorbing pads was observed after 5 days at 4°C.

The antimicrobial effect of the functionalized absorbing pads with immobilized ZnO
NPs at 0.856 mg/cm2 on individual C. jejuni strains was determined to be strain
dependent (Fig. S4). In particular, the clinical strains (F38011 and Human 10) were
reduced to undetectable levels after 3 days at 4°C, whereas the other two strains
isolated from agri-foods (ATCC 33560 and 1173) were identified to be more tolerant to
the treatment by the functionalized absorbing pads. In addition, the bovine isolate
ATCC 33560 was more susceptible to immobilized ZnO NPs in the functionalized pads
than strain 1173, isolated from chicken, with a variation of �1.5 log CFU/25 g raw
chicken meat. Taken together, these results show that immobilized ZnO NPs (0.856 mg/
cm2) in the functionalized pads were able to eliminate two C. jejuni strains after 3 days
(Fig. S4) and inactivate all four tested strains after 5 days on raw chicken meat (Fig. 3A).

Migration of Zn from the functionalized absorbing pads to raw chicken meat.
Studies were conducted to determine whether Zn would migrate from the function-
alized absorbing pads to raw chicken meat. Zn levels in the treated raw chicken meat
continuously increased from 0.02 mg/cm2 to 0.41 mg/cm2 after 8 days at 4°C, as
determined by using ICP-OES (Fig. 4). SEM images of the treated raw chicken meat
surface were collected to investigate the presence of ZnO NPs after 5 days of treatment
with the functionalized absorbing pads containing ZnO NPs at 0.856 mg/cm2. During
this time period, the Zn level increased from 0.02 to 0.22 mg/cm2 (Fig. 4) and all C. jejuni
strains were reduced to undetectable levels (Fig. 3A). No ZnO NPs were observed on the
surface of raw chicken meat exposed to the functionalized absorbing pads for 5 days
(Fig. 5C), which was similar to the result for the negative-control group (i.e., untreated
raw chicken meat [Fig. 5A]). In comparison, clear accumulation of ZnO NPs on the
surface of raw chicken meat was observed for the positive control, which was artificially
spiked with 0.22 mg/cm2 of ZnO NPs (Fig. 5B). In conclusion, no ZnO NPs were observed
in raw chicken meat using the functionalized absorbing pads, while Zn ion levels
increased and C. jejuni bacteria decreased to an undetectable level.

FIG 4 Quantification of Zn ion in treated raw chicken meat with functionalized absorbing pads contain-
ing immobilized ZnO NPs at 4°C for up to 8 days. Treated raw chicken pieces were spiked with ZnO NPs
to generate calibration curves for quantification. Standards and samples were incinerated at 550°C for 2.5
h to remove the organic contents. Samples were then analyzed using inductively coupled plasma-optical
emission spectroscopy (ICP-OES). The results are presented as means � standard deviations (SD) from
three independent experiments. Data were analyzed by using one-way ANOVA, followed by the post hoc
Tukey’s test for multiple comparisons.
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Release of Zn ions at different pH levels. Considering that there was a correlation
between Zn2� level and antimicrobial effect of ZnO NP-functionalized pads, we then
investigated the release of Zn2� from ZnO NPs at various pHs (i.e., neutral to acidic pH)
and 4°C. There was a minor release (2.8% to 6.0%) of Zn2� at pHs of 4, 5, 6, and 7 after
24 h and 48 h of storage at 4°C (Fig. 6). A pH of 3.5 was identified as the cutoff value
for the significant release of Zn2� (P � 0.01). The largest release of Zn2� (i.e., 47% and
88% after 24 h and 48 h, respectively) was observed at a pH of 3. The release of Zn2�

could be controlled at different pHs in the presence of lactic acid and by refrigeration.
Whole-transcriptome sequencing analysis. To investigate the antimicrobial mech-

anism, we performed whole-transcriptome sequencing (RNA-Seq). This enabled us to
identify the Cj0131, Cj0132, Cj1339c, Cj0942c, Cj0944c, Cj0946, Cj1409, and Cj1626c genes,
which are differentially expressed in response to ZnO NPs treatment. These differen-
tially expressed genes are involved in many cellular developmental processes, as
annotated by gene ontology, including the synthesis of outer membrane proteins,
flagellum synthesis, heat and oxidative stress response, and ion transport, as well as the
metabolism of amino acids and fatty acids (Table 1). Among these differentially
expressed genes, genes responsible for the integral of outer and plasma membrane,
including Cj0944c, Cj1626c, Cj0942c, and Cj0946, are among the most upregulated ones.
This observation suggests a potential antimicrobial mode of ZnO NPs by targeting the

FIG 5 Representative scanning electron microscopic (SEM) images of raw chicken meat samples,
including an untreated sample (A), a sample spiked with ZnO nanoparticles at 0.22 mg/cm2 (B), and a
sample treated with the functionalized absorbing pads containing immobilized ZnO nanoparticles at
0.856 mg/cm2 for 5 days (C). All samples were lyophilized for 24 h before imaging. SEM accelerating
voltage was 2.0 kV, and the magnification ranged from �250 to �5,000 (n � 7).

FIG 6 Quantification of Zn ions released by ZnO nanoparticles in the dialysis devices at pH 3 to 7 at 4°C. The pH
levels were adjusted using 10% (vol/vol) lactic acid. Dialysate samples of Zn ions were collected and then analyzed
by using inductively coupled plasma-optical emission spectroscopy (ICP-OES) after 24 h (A) and 48 h (B). The results
are presented as means and SD from three independent experiments. Data were analyzed by using one-way
ANOVA, followed by the post hoc Tukey’s test for multiple comparisons.
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C. jejuni outer and plasma membrane. Interaction network analysis further reveals that
a possible consequence of impacting cell membrane synthesis is that both flagella and
transmembrane transport are affected, because the genes involved are either function-
ally or structurally related (Fig. 7). We also noticed that genes involved in the synthesis
of amino acids (Cj0130 and Cj0134) and lipids (Cj0132 and Cj1409) are significantly
underexpressed, indicating a low intracellular anabolic activity.

DISCUSSION

Campylobacter control in the poultry industry is challenging (9). So far, no commer-
cially available methods can be effectively applied to reduce Campylobacter load during

TABLE 1 Differentially expressed genes in C. jejuni treated with ZnO NPs (100 ppm)

Gene group and tag GO term and/or function Fold change

Overexpressed genes
Cj1339c GO:0071973; flagellum motility 2.60
Cj0944c Periplasmic protein 33.36
Cj1626c Periplasmic protein 8.85
Cj0942c GO:0065002; intracellular protein transmembrane transport 3.75
Cj0946 Membrane lipoproteins and porins 20.97
Cj0422c Broad regulatory functions 2.21
Cj1387c Broad regulatory functions 2.78

Underexpressed genes
Cj0128c GO:0046854; phosphatidylinositol phosphorylation 	2.27
Cj0129c GO:0043165; outer membrane assembly 	3.22
Cj0131 GO:0016021; putative peptidase M23 protein 	3.88
Cj0132 GO:0009245; lipid biosynthesis 	3.88
Cj1409 GO:0006633; fatty acid biosynthesis 	2.04

FIG 7 Interaction network of genes associated with outer membrane synthesis in C. jejuni F38011 (A).
Genes are represented by nodes, and interaction sources are indicated by various colors (B). The network
was built with medium confidence (interaction score, 0.400) in the STRING database (61).
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poultry meat production (8). Advanced biosecurity systems might be the only option to
prevent the presence of Campylobacter in poultry farms. However, this approach is
costly compared to the controls at the endpoint of the farm-to-fork pathway (i.e.,
poultry meat), as bacterial transmission can occur via multiple routes, such as the
environment, food processing chain, water, and direct contact (8). In addition, poultry
carcasses collected from different farms might have distinct Campylobacter contami-
nation levels but end up in the same poultry processing plant, where the
Campylobacter-positive birds can pollute the food contact surfaces, equipment, and
water system, leading to cross-contamination of clean batches of poultry carcasses. The
current available antimicrobial agents can achieve only a 1- to 2-log-CFU/ml reduction
of Campylobacter in poultry plants (9, 21). Due to inefficient Campylobacter control
measures, the incidence of human campylobacteriosis via the consumption of contam-
inated chicken products has remained unchanged during the past decade (6, 33). Even
with the use of available intervention strategies and fast/sensitive detection methods,
Campylobacter-free raw chicken meat at the retail level may be unattainable (34).
However, mitigation of Campylobacter in postchilling poultry products can remarkably
reduce campylobacteriosis risk. For example, a risk assessment study demonstrated
that reducing Campylobacter by 3 log CFU/g of chicken intestinal contents in slaugh-
terhouses or by 1 log CFU/carcass in raw chicken end products can reduce Campylo-
bacter infection risks by 50 to 90% (35). Thus, a new generation of antimicrobials and
mitigation strategies need to be investigated to enhance the safety of raw chicken
meat, especially at the endpoint of food processing chains.

Nanotechnology offers a variety of novel approaches to improve the quality and
safety of foods. Application of metal oxide nanoparticles in foods is still in its infancy
due to the general health concerns of nanomaterials in agri-food products on the part
of different stakeholders, such as consumers, regulators, and the food industry (36).
ZnO NPs should not be added directly to food products, but they can be incorporated
into food packaging materials for the inactivation of foodborne pathogens. In the
current study, we developed an innovative antimicrobial packaging as an alternative
strategy to reduce C. jejuni in raw chicken meat at the retail level. This novel strategy
provides consumers protection from Campylobacter-contaminated raw chicken meat at
the final stage of the food processing chain, regardless of the contamination levels of
chicken in farms or processing plants. Considering the potential migration of ZnO NPs
from food packaging materials onto raw chicken meat, we immobilized ZnO NPs at
minimum lethal concentrations against C. jejuni and also monitored the presence of
ZnO NPs on the surface of the treated raw chicken meat.

Two types of paper-based active packaging (i.e., 3D tubes and 2D pads) were
developed for the inactivation of C. jejuni. First, the broth dilution method was
performed to identify the MBC of immobilized ZnO NPs in 3D paper tubes. The
identified MBC (i.e., 100 ppm) of the functionalized 3D tubes was selected to develop
the 2D functionalized absorbing pads, achieving a final surface area concentration of
ZnO NPs of 0.856 mg/cm2. The attachment efficiency of ZnO NPs onto 2D functional-
ized absorbing pads was only 10% by using the ultrasound-assisted dipping technique.
This relatively low attachment efficiency was mainly due to the repeated washing steps
(i.e., three washes) for the removal of any unattached ZnO NPs (Fig. 1B). This washing
step was of great importance because the absence of unattached nanoparticles en-
sured no migration of free ZnO NPs from the functionalized absorbing pads to raw
chicken meat. C. jejuni strain F38011 was selected as the representative isolate for
antimicrobial testing of both 3D and 2D functionalized paper products (Fig. S1 and S2).
This strain was recovered from a human with severe clinical disease and has been
determined to effectively colonize the gastrointestinal tract of chickens (37, 38). To
investigate the impact of immobilization on the antimicrobial activity of ZnO NPs, we
compared the antimicrobial efficacy of immobilized ZnO NPs in 3D paper tubes with
free ZnO NPs in solution. Previous studies reported that 100 ppm of free ZnO NPs could
cause a �8 log CFU/ml reduction of C. jejuni after only 3 h treatment under microaero-
bic conditions with constant shaking at 37°C (39) or under static conditions at 42°C (29).
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ZnO NPs immobilized in 3D paper tubes showed antimicrobial efficacy comparable to
that of free ZnO NPs at the same concentration and under the same incubation
conditions. Given that immobilization did not influence the antimicrobial effect of ZnO
NPs, we immobilized ZnO NPs in 2D functionalized absorbing pads at the MBC level
(0.856 mg/cm2) for further food packaging application.

Functionalized absorbing pads with immobilized ZnO NPs were used for the inac-
tivation of C. jejuni in raw chicken meat. According to a ZnO NP quantification assay
using ICP-OES, the final concentration of immobilized ZnO NPs on the functionalized
absorbing pads was 0.075 mg/cm2 after dipping the absorbing pads in 1,000 ppm of
ZnO NPs suspension. This absorbing pad showed a limited inhibition zone when it was
used to inactivate C. jejuni by using the diffusion assay. It also showed limited
antimicrobial effect against a cocktail of four C. jejuni strains on the surface of raw
chicken meat products. Specifically, �1 log CFU/25 g raw chicken meat reduction was
obtained after 8 days of treatment at 4°C. A few factors could contribute to the reduced
antimicrobial effect of this absorbing pad against C. jejuni in raw chicken meat. First,
other tested C. jejuni strains (i.e., Human 10, ATCC 33560, and 1173) could be more
tolerant to ZnO NPs than C. jejuni F38011. Second, complex chicken matrices (e.g., lipids
and proteins in blood and chicken juice) and/or native chicken microbiota might be
protective to C. jejuni, thereby reducing the antimicrobial effect of ZnO NPs. In fact, C.
jejuni does not grow below 30°C but remains viable, performs respiration, and responds
normally to chemotaxis and aerotaxis, even at 4°C (40). This is consistent with our
results, as the C. jejuni level did not decline in raw chicken meat for up to 8 days if the
meat was not treated with the immobilized ZnO NPs. This finding highlights the need
for an effective intervention strategy to control C. jejuni in raw chicken meat during
cold-chain transportation and storage.

To achieve sufficient inactivation of C. jejuni in raw chicken meat, functionalized
absorbing pads with a higher concentration of immobilized ZnO NPs dipped in
10,000 ppm of ZnO NPs suspension were developed. The final concentration of the
immobilized ZnO NPs was determined to be 0.856 mg/cm2. This level of immobilized
ZnO NPs showed clear inhibition zones on C. jejuni lawns regardless of the initial
concentrations of this microorganism.

The functionalized absorbing pads at both ZnO NP concentrations (0.075 and
0.856 mg/cm2) were used to test the antimicrobial effect of immobilized ZnO NPs
against a cocktail of C. jejuni on the surface of raw chicken meat. The immobilized ZnO
NPs at 0.856 mg/cm2 were able to cause a 4-log reduction in the bacterial count for the
C. jejuni strains in raw chicken meat after 3 days of treatment at 4°C, which was
equivalent to a 5.60-log reduction of this microbe per 1 kg of raw chicken meat. This
contamination level is the maximum level of Campylobacter reported in raw chicken
meat so far (14, 15, 41). It is noteworthy that the interaction between the immobilized
ZnO NPs and C. jejuni was relatively slow and was time and strain dependent. A
significant reduction (P � 0.0001) was observed after 3 days for two clinical strains
(F38011 and Human 10). In contrast, the other two food-isolated strains (ATCC 33560
and 1173) were more resistant to the immobilized ZnO NPs (Fig. S4). This could be due
to the ecology and adaptation and/or different membrane surface charges of various
strains (42). A significant reduction in C. jejuni (P � 0.05) was observed with all the
strains tested after 5 days of storage at 4°C (Fig. 3A).

Although the antimicrobial effect of ZnO NPs is well known, the antimicrobial
mechanism has not been fully investigated yet. Several previous studies reported that
Zn2� had a minor contribution to the antimicrobial effect of ZnO NPs due to its low
dissociation (26, 43). However, the antimicrobial role of Zn2� depends on several
factors, including environmental conditions (e.g., pH), exposure time, UV irradiation,
presence of other substances or microorganisms, and physiochemical properties of
nanoparticles (e.g., size, shape, porosity, and concentration). For example, a recent
study investigated the antimicrobial interaction between E. coli and ZnO NPs, along
with their released compounds, such as Zn2� and ROS (43). Polyvinyl chloride (PVC) film
coated with ZnO NPs was able to induce a potent antimicrobial affect even without
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direct contact with bacterial cells. Unlike free ZnO NPs, ZnO NPs coating the PVC films
did not induce any outer membrane damage (29), but they disrupted the intracellular
integrity of carboxyfluorescein-filled liposomes and caused leakage of K�. The release
of Zn2� did not reduce bacterial populations, while ROS played a role in the lethality
of the immobilized ZnO NPs at neutral pH within a 3-h treatment. However, the authors
did not consider the antimicrobial effect of ZnO NPs at different pH levels. In another
study, several microorganisms, including E. coli, Pseudomonas aeruginosa, Staphylococ-
cus aureus, and Candida albicans, were reported to be sensitive to ZnO NPs, and the
contribution of Zn2� to their effects varied from 15% to 100% (26). This study also
determined that the release rate of Zn2� was more consistent in buffered solution than
distilled water within 24 h. The dissolution profiles of ZnO NPs varied based on the
particle characteristics and morphologies (e.g., size, surface area, and type). Smaller
nanoparticles released a larger amount of Zn2�. Altogether, the contribution of Zn2�

to the overall antimicrobial effect of ZnO NPs is multifactorial.
The correlation between time/pH and the release of Zn2� from ZnO NPs was

previously studied in simulated uterine solution (44). The contribution of Zn2� to the
overall antimicrobial effect of ZnO NPs was negligible at neutral pH, whereas a greater
contribution of Zn2� was obtained at a lower pH (44). The release of Zn2� at an acidic
pH was due to the reaction between ZnO and protons (ZnO � 2H� ¡ Zn2� � H2O)
(44). This chemical dissociation may control antimicrobial delivery, such as the release
of Zn2�, in food packaging applications. Zn2� was identified to have potent antimi-
crobial activity (45) and could treat several bacterial infectious diseases, such as
pneumonia, diarrhea, and prostatitis (45, 46). Bacterial cells maintain the intracellular
concentration of Zn2� at a low level (10	4 M) even when they are grown in Zn2�-rich
environments, such as soil, oysters, and red meat (47). The antimicrobial effect of Zn2�

is mainly a result of unspecific binding to the intracellular proteins and enzymes that
are involved in protein synthesis and important metabolic pathways (48). These include
proteins that are involved in DNA transcription and translation, sigma factor proteins,
tRNA synthesis proteins, RNA polymerases, and ribosomal proteins. As far as we know,
Zn2� release from ZnO NPs immobilized in food packaging materials has not been
investigated.

In the current study, we observed a slow antimicrobial effect of immobilized ZnO
NPs against C. jejuni on the surface of raw chicken meat. The level of Zn increased in
chicken meat over time, as determined by using ICP-OES (Fig. 4), but no nanoparticles
were observed by using SEM (Fig. 5). Thus, we hypothesized that the increase of lactic
acid generated by Lactobacillus in the packaging system, including raw chicken meat,
chicken juice, and functionalized absorbing pads, allowed the slow release of Zn2�,
which eventually led to the inactivation of C. jejuni after 3 to 5 days at 4°C (Fig. 3A). An
additional experiment showed a significant and controllable release of Zn2� from ZnO
NPs in the presence of lactic acid at different pH levels (Fig. 6). Such a controlled release
of Zn2� not only improves the inactivation speed against Campylobacter in raw chicken
meat but also expands the applications of ZnO NP-functionalized absorbing pads to
control other more tolerant pathogenic and spoilage microorganisms in agri-food
commodities. It is noteworthy that the immobilized ZnO NPs might also partially
disrupt the bacterial cell wall and cell membrane via electrostatic interactions and thus
allow the accumulation of extracellular Zn2� in the cells.

ZnO NPs can strongly bind to bacterial cells and disrupt cell membranes (49). This
can be associated with the release of Zn2�, which can accumulate inside bacterial cells.
Our RNA-Seq analysis indicated that ZnO NPs alter the regulation of genes with broad
functions, which is consistent with previous studies (48, 50–53). In addition, downregu-
lation of intracellular anabolism, such as the synthesis of amino acids and lipids,
illustrates potential antimicrobial mechanisms that require further studies.

Conclusions. We developed a novel functionalized absorbing pad that enabled the
reduction of C. jejuni in raw chicken meat from �4 log CFU/25 g raw chicken meat to
an undetectable level after 3 days at 4°C. No migration of ZnO NPs from the function-
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alized absorbing pad to raw chicken meat was detected, while Zn level increased
during raw chicken meat storage. We also identified that the presence of lactic acid was
associated with a significant increase in the release of Zn ions from the functionalized
absorbing pad to raw chicken meat. This novel approach has great potential to be
applied in the poultry industry to improve the safety of raw chicken meat product.

MATERIALS AND METHODS
Chemical reagents and bacterial strains. ZnO NPs (size, 40 to 100 nm; surface area, 12 to 24 m2/g)

were obtained from Alfa Aesar (Haverhill, MA). Spruce-pine-fir softwood kraft paper sheets were donated
from the Paper and Pulp Centre at The University of British Columbia (Vancouver, BC). Two clinical C.
jejuni isolates (F38011 and Human 10), one bovine fecal isolate (ATCC 33560), and one chicken isolate
(1173) were routinely cultivated on Mueller-Hinton (MH) agar (Oxoid, Nepean, ON, Canada) plates
supplemented with 5% defibrinated sheep blood (Alere, Stittsville, ON, Canada) for 48 h. Fresh bacterial
cultures were prepared by suspending C. jejuni colonies in MH broth with constant shaking for 18 h at
37°C under microaerobic conditions (85% N2, 10% CO2, 5% O2). Equal volumes of C. jejuni cultures were
combined as a cocktail at an initial concentration of 1 � 109 CFU/ml.

Development and antimicrobial functionalization of 3D paper tubes and 2D absorbing pads.
Three-dimensional (3D) paper tubes and two-dimensional (2D) absorbing pads were designed and
developed, as shown in Fig. 1A. Briefly, a spruce-pine-fir softwood kraft paper sheet was cut into smaller
sheets before being soaked in distilled water for 10 min to allow the paper to adequately absorb water.
The paper sheets were then mixed with water and blended for 10 min using a blender to obtain a
homogeneous paper pulp. Then, water was removed from the homogenized pulp by squeezing and
drying at 22°C for overnight. The dry paper pulp (4 g) was immersed in distilled water again to form a
homogenous mixture, which was subsequently pressed between two wire mesh filters to remove the
excess water and obtain paper sheets with a surface area of 25 cm2 (5 by 5 cm). This paper sheet was then
removed from the wire meshes and dried at 22°C for overnight. To make 3D paper tubes, the paper pulp
between the wire meshes was shaped using a spherical object before removing the meshes and allowing
it to dry. Finally, the outsides of all paper tubes were coated with wax to make them water resistant and
able to hold the bacterial liquid culture.

A ZnO NP suspension was prepared at a concentration of 10,000 ppm and then placed in a fixed
power sonicator (model FS110; Fisher Scientific, Ottawa, ON, Canada) for 10 min. The pH was adjusted to
8 by using 0.1 M NH4OH to make it consistent with the alkalinity of the paper (54). Twofold serial dilutions
from 100 to 1 ppm of ZnO NP aqueous suspensions were individually added to different paper tubes. The
negative control was a paper tube without the addition of ZnO NPs. The tubes were kept at 22°C
overnight to dry and allow the absorption between ZnO NPs and cellulose fibers via electrostatic
attraction and hydrogen bonding (55). Next, 3D tubes were washed three times with distilled water to
remove any free ZnO NPs and then dried at 80°C for 45 min.

ZnO NPs were also immobilized on the 2D absorbing pads according to the protocol described in a
previous study, with some modifications (54). Briefly, two different ZnO NP suspensions at concentrations
of 1,000 ppm and 10,000 ppm were separately prepared under sonication and pH adjustment conditions
as described in reference 54. A spruce-pine-fir softwood kraft paper sheet was used to make flat thick
(2 mm) paper sheets as the substrates to generate functionalized absorbing pads. Specifically, paper
substrates were placed facedown on ZnO NP suspensions (Fig. 1B). Paper substrates were dipped under
sonication for 5 min, followed by immersion in distilled water three times to remove the free nanopar-
ticles. The coated papers were detached from the dipping setup and dried at 80°C for 45 min. By using
ZnO NP suspensions at 1,000 ppm and 10,000 ppm, two different concentrations of ZnO NPs in the
functionalized absorbing pads were generated.

Testing the antimicrobial effect of functionalized 3D paper tubes and 2D absorbing pads
against C. jejuni F38011. Both functionalized paper products (i.e., functionalized 3D tubes and 2D
absorbing pads) were sterilized by autoclave for 15 min at 121°C before antimicrobial testing. The
functionalized 3D tubes were filled with 1.5 ml of C. jejuni F38011 culture at early stationary phase
(1 � 108 CFU/ml) and incubated with constant shaking (175 rpm) at 37°C under microaerobic conditions.
Microbial counts were determined after 3 h of incubation by plating assay, and the minimum bactericidal
concentration (MBC) of immobilized ZnO NPs was consequently identified. In addition, the growth of C.
jejuni F38011 was examined with either ZnO NP-coated or uncoated absorbing pads using the diffusion
assay (31). Three concentrations (1 � 102, 1 � 105, and 1 � 108 CFU/ml) of C. jejuni F38011 (1 ml) at early
stationary phase were separately streaked onto the entire surface of MH agar plates supplemented with
5% defibrinated sheep blood and dried for 30 min at 22°C. Both coated and uncoated absorbing pads
(�1 cm2) were then applied to the surface of C. jejuni-inoculated plates and incubated at 37°C for 48 h
under microaerobic conditions until C. jejuni lawns developed. Visual comparison of the size of inhibition
zones was carried out to determine the antimicrobial effect of the functionalized absorbing pads.

Investigating the antimicrobial effect of functionalized absorbing pads to control a C. jejuni
cocktail in raw chicken meat. Boneless raw chicken breasts were obtained from local grocery stores in
Vancouver (BC, Canada) and used immediately after their arrival in the laboratory. Chicken breasts were
cut into pieces of 25 g, aseptically mixed in a sterile container, and aged at 4°C overnight to obtain an
evenly distributed microbiota on the raw chicken meat surface. The chicken pieces were mixed several
times during overnight refrigeration. Each piece of raw chicken breast was then placed in a sterile petri
dish and inoculated with a cocktail of four C. jejuni strains (i.e., F38011, Human 10, ATCC 33560, and
1173). The initial inoculum of C. jejuni was adjusted to 4 log CFU/25 g raw chicken meat, which is the level

Active Packaging To Control C. jejuni in Raw Chicken Meat Applied and Environmental Microbiology

November 2020 Volume 86 Issue 22 e01195-20 aem.asm.org 13

https://aem.asm.org


of this microbe commonly observed in raw chicken meat (14, 15, 41). Inoculated raw chicken samples
were separately treated by absorbing pads with ZnO NPs and a negative control (i.e., absorbing pad with
no ZnO NPs). Two different concentrations of immobilized ZnO NPs in the absorbing pads (0.075 and
0.856 mg/cm2) were selected against the C. jejuni cocktail used to spike raw chicken meat at 4°C. One
nonspiked and untreated control group was also included to track the native Campylobacter load in raw
chicken meat samples. After treatment, absorbing pads were aseptically removed, and raw chicken meat
samples were immersed in 225 ml of phosphate-buffered saline (PBS, pH 7.4), followed by a manual
massage for 10 min. Raw chicken rinses were serially diluted and plated on Campy-Cefex agar (56),
DeMan, Rogosa, and Sharpe agar (MRS) (Fisher Scientific, Ottawa, ON, Canada), and tryptic soy agar (TSA)
(VWR, Mississauga, ON, Canada) plates, followed by incubation at 42°C, 30°C and 7°C, respectively.
Bacterial counts were enumerated for C. jejuni and Lactobacillus after 72 h of incubation and psychro-
trophic bacteria after 3 to 7 days of incubation. When necessary, up to 10 ml of raw chicken meat rinse
was directly plated on 10 Campy-Cefex agar plates (1 ml each) to improve the limit of detection of the
plating assay. Each biological sample was tested at least in triplicate.

Testing the antimicrobial effect of functionalized absorbing pads against individual C. jejuni
strains in raw chicken meat. Chicken breasts were decontaminated to remove the native microbiota
before testing the effect of functionalized absorbing pads on each individual Campylobacter strain.
Briefly, raw chicken breasts were soaked in 3% (vol/vol) hydrogen peroxide for 2 min with constant
shaking (100 rpm). Samples were air dried for 2 min and soaked in 98% (vol/vol) ethanol for another
1 min following the same procedure. A sterilized knife was then used to remove the outer layer of
chicken and cut the raw chicken meat into pieces of 5 g or 5 cm2 (2.236 cm by 2.236 cm). Random
portions of decontaminated chicken meat (5 g) were separately placed in stomacher bags with 45 ml of
PBS and then manually massaged for 10 min. Chicken rinses were plated on TSA and incubated at 37°C
for at least 48 h to confirm the absence of native microbiota. Four strains of C. jejuni (i.e., F38011, Human
10, ATCC 33560, and 1173) were inoculated individually onto the surface of meat samples and then
treated with either coated or uncoated absorbing pads for 3 days at 4°C. Samples were collected after
0 days and 3 days of storage. Absorbing pads were removed, and meat samples were placed in 45 ml of
PBS and then manually massaged for 10 min. These samples were plated on MH agar plates with 5%
defibrinated sheep blood. Each sample was tested at least in triplicate.

Determination of Zn levels in both functionalized absorbing pads and treated raw chicken
meat. Zn levels in both functionalized absorbing pads and treated raw chicken meat were quantified
according to the protocol described in a previous study (57), with modifications. Briefly, ZnO NPs were
used to spike 4 cm2 (equivalent to 0.2 g) of absorbing pads at concentrations of 0, 50, 250, 625, 1,250,
and 2,500 ppm to generate a calibration curve for quantification. Similarly, ZnO NPs were used to spike
5 cm2 (equivalent to 5 g) of raw chicken meat at concentrations of 0, 0.1, 0.2, 1, 2, 10, 20, 50, and 400 ppm
to quantify the migration level of Zn in raw chicken meat. Samples of both groups (i.e., functionalized
absorbing pads and treated raw chicken meat) were separately transferred to ceramic crucibles and
incinerated at 550°C for 2.5 h. The samples obtained were placed in 10 ml of 6 N HCl and diluted by
adding 30 ml of double-distilled water. The remaining ashes were removed by filtration through
Whatman no. 42 paper (Millipore Sigma, Oakville, ON, Canada). The supernatant was collected and
analyzed using ICP-OES (Varian model 725ES spectrometer; Agilent Technologies, Inc., USA) to quantify
Zn levels. Three batches of either functionalized absorbing pads or raw chicken samples were processed
individually and then tested by ICP-OES.

Electron microscopy was conducted to determine if ZnO NPs coated the surfaces of functionalized
absorbing pads or migrated to the treated raw chicken meat using a Hitachi-S4700 field emission
scanning electron microscope (SEM) (Hitachi, Tokyo, Japan). Raw chicken samples were cut into �0.5-cm
slices, stored at 	80°C for overnight, and then lyophilized at 	53°C by using a 12-liter console
freeze-dryer (Labconco, Kansas City, MO) until complete dryness. Both samples were cut into �1-cm2

pieces and sputter coated with platinum to get an electron-conductive surface. The raw chicken samples
used as the negative control for SEM were processed without the treatment of functionalized absorbing
pads or without the addition of ZnO NPs, and the positive control was raw chicken meat spiked with ZnO
NPs at 0.22 mg/cm2. Images were collected at an accelerating voltage of 2.0 kV and a magnification range
of �50 to �50,000.

Determination of the release of Zn2� at different pH levels. As lactic acid is the key metabolite
produced by native raw chicken meat microbiota (e.g., Lactobacillus), we used lactic acid to precisely
adjust the pHs under different release conditions. Different pHs (i.e., 3, 3.5, 4, 5, 6, and 7) were prepared
in 200 ml of deionized water and adjusted by 10% (vol/vol) lactic acid. Five milliliters at each pH was used
to prepare ZnO NP suspensions by sonication for 10 min and then placed in a floating dialysis device with
a molecular weight cutoff of 8 to 10 kDa (Spectra-Por Float-A-Lyzer G2; Millipore Sigma, Oakville, ON,
Canada). Each dialysis device was placed against 195 ml of deionized water with lactic acid at different
pHs. ZnO NP suspensions were dialyzed for 48 h in the dark with stirring at 160 rpm and at 4°C. The
dialysates were collected after 24 h and 48 h and then analyzed using ICP-OES to quantify the level of
the released of Zn2�. Each sample was tested at least in triplicate.

Whole-transcriptome sequencing analysis of C. jejuni under ZnO NP treatment. The whole-
transcriptome profile of C. jejuni F38011 after ZnO NP treatment was investigated. An adjusted concen-
tration of an overnight culture (108 CFU/ml) was prepared in fresh MH broth and incubated for 2 h before
ZnO NP treatment (100 ppm). C. jejuni cells were either treated with ZnO NPs or untreated at 37°C under
microaerobic conditions with constant shaking at 175 rpm for 15 min. The bacterial cultures were then
placed on ice, and the pellets were collected by centrifugation at 8,000 � g for 3 min at 4°C. Extraction
of total RNA from either treated or untreated C. jejuni cells was conducted using a GENEzol TriRNA Pure
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kit, according to the manufacturer’s protocol, with modifications (Froggabio, North York, ON, Canada).
Briefly, bacterial cultures were treated with lysozyme, GENEzol reagent, and DNase for total RNA
extraction, homogenization, and purification, respectively. Each sample was then separately loaded into
a spin column for purifying the extracted RNA. A Nanodrop1000 spectrophotometer (Thermo Fisher, MA,
USA), gel electrophoresis, and Agilent bioanalyzer RNA Nano Chip (Agilent Technologies, Santa Clara, CA)
were used to assess both quantity and quality of the purified RNA.

We then conducted a genome-wide transcriptome analysis of ZnO NP treatment against C. jejuni
along with a negative control (untreated cells). The cDNA library was constructed, and RNA-Seq was run
on the HiSeq 2500 system (Illumina, CA). Sequencing length was 75 bp, and each library yielded in an
average of 29.4 million reads. RNA-Seq raw data were processed according to a previous study (58), and
the reads were mapped to the reference genome of C. jejuni NCTC 11168 of �1,600 genes (59). CLC
genomics workbench software was used for mapping transcripts to the reference genome, calculation of
differentially expressed genes, and visualization of the whole-transcriptomic profile (CLCBio, Cambridge,
MA, USA). Genes were considered differentially expressed at a cutoff value between 0.05 and 2 log fold
change. The Gene Ontology (GO) term tools (http://geneontology.org) was used to define the biological
processes or molecular functions of altered genes (60).

Statistical analysis. Prism6 (version 6.01; GraphPad Software Inc., San Diego, CA) was used for graph
generation and statistical analysis. Data were analyzed using one-way analysis of variance (ANOVA),
followed by a post hoc Tukey’s test for multiple comparisons. P values were adjusted at 0.05 or lower. All
experiments were conducted at least in triplicate.
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