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Abstract Silver (Ag) nanoparticles (NPs) were synthesised
and characterised, and their antimicrobial activity against
Escherichia coli, Staphylococcus aureus, Bacillus cereus,
Pseudomonas fluorescens and microflora derived from raw
chicken, beef or cooked ham was determined. Polyvinyl chlo-
ride (PVC) films or antimicrobial Ag/PVC nanocomposite
films were manufactured via a solvent casting method and
the mechanical and thermal properties of these materials de-
termined. Manufactured antimicrobial Ag/PVC nanocompos-
ite films were used to wrap chicken breast fillets, followed by
modified atmosphere packaging (using conventional lami-
nates and employing a gas mix of 60 % N2/40 % CO2), and
compared against PVC control films. In general, Gram-
negative bacteria were more sensitive to Ag NPs than
Gram-positive bacteria and microflora isolated from meat
products were more resistant than pure culture bacteria.
However, the most sensitive bacteria to Ag NPs were

Pseudomonas fluorescens. No significant differences
(p>0.05) in tensile strength and elongation at break were
observed, but glass transition temperatures (Tg) of Ag/PVC
nanocomposite films were lower (p<0.05) when compared
to PVC control films. Results also indicated that antimicrobial
Ag/PVC nanocomposite films significantly (p<0.05) extend-
ed the shelf-life of chicken breast fillets and reduced lipid
oxidation of chicken breast fillets compared to PVC-
wrapped equivalents. Overall, results indicated that antimicro-
bial Ag/PVC nanocomposite films can potentially be used as
antimicrobial packaging for food packaging applications.
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Introduction

The main approaches for the synthesis of metal nanoparticles
(NPs) are ‘top down’ and ‘bottom up’. However, the bottom
up approach has attracted more attention as a strategy to man-
ufacture inorganic nanomaterials because of the wide variety
of nanomaterials that can be produced. The chemical reduc-
tion of metal salts is the simplest, most cost-effective and
commonly used technique to synthesise metal NPs at large
scale (Cushen et al. 2012; Hannon et al. 2015; Sharma et al.
2009).

Metal NPs possess unique chemical, mechanical, optical
and electrical properties compared to their bulk material coun-
terparts largely due to their high ratio of surface area over
volume (Altan and Yildirim 2012; Anyaogu et al. 2008).
The novel properties of metal NPs lead to potential application
in areas, such as catalysis, biosensor, wastewater treatment,
medical products and food packaging (Badiou et al. 2011;
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Emamifar et al. 2011; Kaegi et al. 2011; Peterson et al. 2014;
Shang et al. 2014).

In recent years, active and intelligent packaging technolo-
gies have been developed for food packaging applications as a
means of providing information and stabilising mildly pre-
served, convenient foods (Restuccia et al. 2010). Future
Market Insight (FMI 2015) reported that active packaging
and intelligent packaging accounted for over 75 % market
value share, and it is expected that the market value of these
packaging technologies will reach US$58 billion by 2025,
while the market value for antimicrobial active packaging
has been forecasted to reach $3.6 billion by 2020.

Many metal NPs with antimicrobial activity have been
reported; however, silver (Ag) NPs have been shown to
have good antimicrobial activity against a wide range of
microorganisms, including bacteria, fungi, viruses, algae,
parasites, etc., and have been widely used to develop an-
timicrobial active packaging or nanocomposite films
(Egger et al. 2009; Espinosa-Cristóbal et al. 2009; Kim
et al. 2009; Lara et al. 2010; Navarro et al. 2008). Several
mechanisms have been proposed to explain the antimicro-
bial activity effect of Ag NPs, and the major mechanisms
include the following: reaction with sulphur-containing
amino acids inside or outside the cell membrane, leading
to the disruption of ATP production and DNA replication,
which in turn affects bacterial cell viability. It was also
suggested that silver ions (particularly Ag+) released from
Ag NPs can interact with phosphorus moieties in DNA,
resulting in inactivation of DNA replication, or interaction
with proteins, particularly at thiol groups (sulfhydryl,
−SH) leading to the inhibition of enzymatic functions.
There is also evidence that Ag NPs generate large quan-
tities of reactive oxygen species (ROS), which can have
an antimicrobioal effect. Silver NPs can also get attached
to the abundant sulphur-containing proteins on bacterial
cell membrane leading to greater membrane permeability
which can result in leakage of cell components and inter-
ference with the bacterial respiratory chain eventually
causing the death of the bacteria (Marambio-Jones and
Hoek 2010; Palza 2015; Park et al. 2009; Pelgrift and
Friedman 2013; Sondi and Salopek-Sondi 2004).

Commonly, most of the contamination of food products
occurs on the surface of the food due to the post-process han-
dling; therefore, the use of antimicrobial nanocomposite films
to package food products could delay or inactivate the micro-
organisms present on food surfaces, thereby leading to
prolonged product shelf-life and reduced food waste
(Appendini and Hotchkiss 2002). Previous studies demon-
strated that incorporation of Ag NPs on food carrier containers
or absorbent pads or embedded into packaging films signifi-
cantly extended the shelf-life of beef meat, chicken meat, fruit
juice, asparagus, fresh cut fruits and cheese (An et al. 2008;
Azlin-Hasim et al. 2015; Costa et al. 2011; Emamifar et al.

2010; Fernández-Pan et al. 2014; Incoronato et al. 2011; Zhou
et al. 2011).

Poly(vinyl) chloride (PVC) is one of the most commonly
used polymer materials for packaging fresh food products, due
to its low cost, good transparency, chemical resistance, good
mechanical performance and flexibility (Becerra et al. 2012).
Moreover, PVC has been used to manufacture antimicrobial
PVC nanocomposite films containing ZnO, Cu and TiO2/Ag
ion (Ag+) (Becerra et al. 2012; Cheng et al. 2006; Liu et al.
2012; Seil and Webster 2011). Cushen et al. (2013) reported
that Ag NPs embedded in a PVC polymer matrix were unlike-
ly to migrate from Ag nanocomposite films into chicken meat
and that the exposure result was 8.85 mg/kg or 0.84 mg/dm2,
which fell well below than the European Union (EU) legisla-
tion limits for Ag intended to come into contact with food-
stuffs, no more than 60 mg/kg or 10 mg/dm2 (EC 2002).

Chicken meat is a popular food around the world due to its
high nutritional value (Mexis et al. 2012). However, chicken
meat is highly perishable and provides an ideal medium for
the growth of pathogenic microorganisms. It was reported that
the shelf-life of chicken breast fillets were less than 5 days
under aerobic and chilled conditions (4 °C) (Bolton et al.
2013). Hence, any systems that could extend the shelf-life of
the chicken products would be of significant interest to poultry
processors, retailers and consumers (Azlin-Hasim et al. 2015).

To the best of our knowledge, there is little informa-
tion on the development of antimicrobial Ag/PVC nano-
composite films manufactured via solvent casting and
the application of the developed antimicrobial nanocom-
posites to extend the shelf-life of fresh chicken breast
fillets. Therefore, the objectives of this study were to
synthesise, characterise and assess the antimicrobial ac-
tivity of Ag NPs against a wide range of microorgan-
isms; manufacture antimicrobial PVC nanocomposite
films containing Ag NPs (0.5 wt.%) via a solvent cast-
ing method; characterise the manufactured packaging
films and investigate the effects of wrapping chicken
breast fillets with Ag/PVC nanocomposite films follow-
ed by MAP (using conventional laminates and
employing a gas mix of volume ratio of 60:40 N2/
CO2) on the physicochemical and microbiological qual-
ity of chicken breast fillets during storage at 4 °C.

Materials and Method

Materials

PVC pellets, silver nitrate (AgNO3, 99 % min), polyvinylpyr-
rolidone (PVP, Mw=40,000), ethanol (99 %), acetone, tetra-
hydrofuran (THF) and 2-bis-ethylhexyl adipate (DEHA) were
purchased from Sigma-Aldrich, Ireland. All chemicals were
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used as received. Milli-Q water (MQW) (18.2 MΩcm) was
obtained with a PURELAB Option-Q (Elga, UK).

Metal Nanoparticles

Synthesis of Metal Nanoparticles

Silver NPs of 20 nm diameter were synthesised using a meth-
od adapted from Chen et al. (2009). Briefly, an ethanolic so-
lution of AgNO3 (0.1 M) was heated to 30 °C and an equal
amount of 0.1 M PVP solution in ethanol was added at a rate
of 0.667 mL min−1 using a programmable peristaltic pump
(Dose It P910, Integra Biosciences AG Switzerland). The so-
lution was stirred at a rate of 800 rpm for 2 h on a hot plate
magnetic stirrer device (MSH-20D, Wise Stir, Korea), and the
solution had turned a stable orange-brown colour. Ag NPs
were separated by addition of acetone at a volume ratio of
approximately 1:4, respectively. The solution was then soni-
cated using an ultrasonicator (Cole-Palmer 8891) for 10 min
and centrifuged at 6000 rpm for 15 min in a Beckman J2-21
centrifuge (Beckman Instruments Inc., USA). The supernatant
was discarded and the pellet was redispersed in ethanol. The
separation step was repeated once again, and the pellet was
dried in an oven overnight at 60 °C and finally crushed into a
powder.

Characterisation of Metal Nanoparticles

Transmission electron microscopy (TEM) image of the
Ag NPs was obtained using a JEOL 2000 FX at an
accelerating voltage of 200 kV. The Ag NPs were dis-
persed into absolute ethanol, and one or two drops of
the ethanolic solution was placed on a holey carbon
film on copper grids under dry ambient atmosphere at
room temperature and left overnight. The average size
of the Ag NP is reported as the average of ten mea-
surements of different NPs. The crystallinity and purity
of the Ag NPs in the powder form were examined by
X-ray diffractometer (XRD, PANalytical MPD) using an
Xcelerator detector and a Cu Kα radiation (45 kV/
40 mA). The scans were performed with a step size of
0.0084° from a 2θ of 10° to 70°. Energy-dispersive X-
ray analysis (EDS) was carried out using a built-in
Oxford INCA x-sight detection spectrometer combined
with a scanning electron microscope (SEM). Before use,
Ag NPs in powder form were mounted on a carbon tape
and sputter-coated with gold under vacuum in an argon
atmosphere to determine the elemental composition on a
selected area. The formation and stability of Ag NPs in
ethanolic solution was confirmed by UV–Vis spectros-
copy (UV–Visible spectrophotometer Cary 60, Agilent
Technology, Santa Clara, USA).

Antimicrobial Test

Bacteria Strain

In this study, antimicrobial activity of Ag NPs against Gram-
positive bacteria (Staphylococcus aureus (S. aureus) (NCIMB
13062) and Bacillus cereus (B. cereus) (NCIMB 9373)) and
Gram-negative bacteria (Escherichia coli (E. coli) (NCIMB
11943) and Pseudomonas fluorescens (P. fluorescens)
(NCIMB 9046)) or microflora isolated from raw chicken
breast fillets, beef or cooked ham was assessed. Before use,
all pure culture bacteria were grown for 18 h at 30 °C
(P. fluorescens and B. cereus) or 37 °C (S. aureus and
E. coli) in 10 mL Mueller Hinton broth (MHB) (Oxoid, UK)
under constant agitation at 170 rpm on an orbital shaker
(Innova 2300, New Brunswick™, Germany).

For the isolation of microflora from raw chicken breast
fillets, beef or cooked ham, 10 g of chicken, beef or cooked
ham was placed aseptically in a filter stomacher bag and
90 mL of sterile MHB was added. After homogenising this
mixture in a stomacher (Colworth Stomacher 400, Seward
Ltd., England) for 3 min, 10 mL of the resulting homogenate
was transferred into a sterile tube (Sterilin, UK) and incubated
for 18 h at 37 °C under constant agitation at 170 rpm on an
orbital shaker. Themicrobial load of pure culture ormicroflora
was determined using the spread plate method.

Antimicrobial Activity Test

The antimicrobial activity of Ag NPs against pure culture
bacteria and meat-derived microflora was qualitatively
assessed by the disk diffusion method as recommended by
the Clinical and Laboratory Standards Institute (CLSI 2007).
Serial dilution of an overnight grown culture was carried out
using maximum recovery diluent (MRD) (Oxoid, UK) to ob-
tain ∼log 6 CFU mL−1 of the target microorganism and
swabbed on Mueller Hinton agar (MHA) (Oxoid, UK) using
a sterile swab (Starstedt, Italy). Before the disk-like diffusion
antimicrobial activity test, Ag NPs (0.5 wt. %) were dissolved
in sterilizedMQW, sonicated for 10min and filtered through a
sterile membrane filter (0.2 μm,Whatman). Ten microlitres of
the filtered Ag NP solution was loaded on 6-mm-diameter
sterile Whatman No. 40 paper discs (Whatman International
Ltd, UK) and subsequently placed aseptically onto the inocu-
lated MHA plates using sterile forceps and incubated for 24 h
at the temperatures mentioned above. A 10-μg standard anti-
microbial streptomycin susceptibility disk (Oxoid, UK) was
used as a positive control. The sensitivity of the microorgan-
isms to the antimicrobial was classified according to the di-
ameter of the inhibition zone (DIZ) as outlined by Azevedo et
al. (2014): DIZ ≤9 mm, not sensitive; DIZ ≥9 to <15 mm,
sensitive; DIZ ≥15 to <20 mm, very sensitive and DIZ
≥20 mm, extremely sensitive. The DIZ was measured using
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an electronic calliper (Model ECA 015D, Moore & Wright,
Paintain tools Ltd., UK), and the results are the average of six
replicates (two independent experiments × three measure-
ments). The DIZ of Ag NPs are presented as percentage (%)
of control (streptomycin) samples.

The antimicrobial activity of Ag NPs was measured by
determining minimum inhibitory concentration (MIC) against
the target microorganisms in 96 flat bottom well tissue culture
microplates (Sarstedt Inc., NC, USA) according to the
NCCLS (2000) broth microdilution method as described by
Cruz-Romero et al. (2013). Bacterial strains were cultured
overnight at the appropriate temperature on double-strength
MHB (2XMHB) and adjusted to a final density of 105 CFU/
mL and used as an inoculum within 15 min of preparation.
Briefly, 100 μL of 2XMHB was added to each well in rows A
to F, 150 μL of the adjusted culture suspension was added to
each well in row H, columns 1–11 and the same amount of
sterile 2XMHB was added to column 12. In each well of row
G, 150 μL of AgNP solutions (0.25 wt. %) was dispensed and
a threefold serial dilution was performed by transferring
50 μL of Ag NP solution from row G into the corresponding
wells of row F through to row B. After mixing, 50 μL of the
resultant mixture on row B was discarded. Finally, using a 12-
channel electronic pipette (Model EDP3-Plus, Rainin, USA)
15 μL of the tested microorganisms was pipetted from each
well in row H into the corresponding wells in row A followed
by rows B to G. Positive and negative growth controls were
included in each assay plate. The inoculated plates were incu-
bated in a wet chamber for 24 h at 30 °C (P. fluorescens and B.
cereus) or 37 °C (E. coli, S. aureus, chicken microflora). The
lowest concentration showing inhibition of growth was con-
sidered to be the MIC for the target microorganisms. The test
was repeated in triplicate in two independent experiments
(two independent experiments× three samples).

PVC Films or PVC Nanocomposite Films

Preparation of PVC Films or PVC Nanocomposite Films

PVC nanocomposite films were manufactured using a
casting method. The concentration of Ag NPs added to
the polymer matrix was chosen based on preliminary re-
sults stating that films with good antimicrobial activity
were obtained when a minimum concentration of Ag
NPs (0.5 %) was used to manufacture the Ag/PVC nano-
composite films (data not shown). It was also found that
concentrations higher than 0.5 % of Ag NPs affected the
mechanical properties of the PVC nanocomposite films
(Moloney et al. 2012). PVC (5 wt.%) was dissolved in
THF and Ag NPs at a concentration of 0.5 wt.% of dry
matter dissolved in minimum amount of ethanol which
was added drop-wise into the PVC/THF solutions under
stirring condition, and then DEHA was added as

plasticiser at a level of 30 wt.% of PVC. The cloudy
solution was stirred at a rate of 800 rpm on a magnetic
stirrer device (MSH-20D, Wise Stir, Korea) until the so-
lution had turned into a stable transparent solution. At this
stage, the thick solution was poured onto a glass pane and
cast to a thickness of approximately 500 μm using a 17.8-
cm hand-held film applicator (AP-99500703, Gardco,
Florida, USA). The cast PVC nanocomposite films were
dried overnight under the fume hood and then removed
from the glass pane. The obtained films were stored be-
tween A4 sheets of paper in an environmental chamber at
25 °C and 75 % relative humidity until further analysis.
PVC control films were prepared as above except that no
Ag NPs were added into the solution of PVC/THF/
DEHA.

Characterisation of PVC Films or PVC Nanocomposite
Films

The thermal analysis of the PVC or Ag/PVC nanocomposite
films were determined using differential scanning calorimetry
(DSC) 200F3 (Netzsch Group, Selb, Germany) with liquid N2

used as coolant. PVC or Ag/PVC nanocomposite samples
(∼5 mg) were weighed into an aluminium pan and hermeti-
cally sealed. Samples were scanned at 10 °C min−1 in the
temperature range of −130–100 °C. An empty pan was used
as reference. In order to cancel the effect of the thermal histo-
ry, samples were rescanned after cooling and Tg (glass transi-
tion) was evaluated from the DSC thermogram obtained from
the second scanning.

The mechanical properties of the PVC control or Ag/PVC
nanocomposite films (tensile strength (TS) and elongation at
break (EAB)) were determined according to the ASTM-
D882-02 (ASTM 2002) using a Mecmesin force and Torque
software (Imperial 2500 instruments, Mecmesin Ltd.,
Slinfold, West Sussex, England). PVC films were cut using
a standard template (size 10 cm×2 cm). The initial grip sep-
aration was set at 50 mm and was pulled at the speed of
50 mm min−1. Each value represents the average of 12 read-
ings (two independent experiments× six samples).

The changes in colour of PVC control films or Ag/
PVC nanocomposite films were measured using a
Minolta chroma meter (CR-300, Minolta Camera Co.,
and Osaka, Japan) as outlined in Chen et al. (2010).
Before any measurement, the instrument was calibrated
using a white calibration plate provided by the manufac-
turer (Y= 86.0, x = 0.3166 and y = 0.3237). The PVC con-
trol or Ag/PVC nanocomposite films were then placed on
the white calibration plate before the colour of the films
was measured. Five random films from two independent
experiments were measured three times (n= 30), and the
average values of CIE L-value (lightness), a-value
(redness) and b-value (yellowness) were reported. Total
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colour difference (ΔE*) is a parameter that quantifies the
overall colour difference of a given sample compared to a
reference sample, and ΔE* between PVC control films
and PVC nanocomposite films containing Ag NPs was
calculated as follows:

ΔE* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔL*ð Þ2 þ Δa*ð Þ2 þ Δb*ð Þ2
q

The smaller the value ofΔE*, the closer the samples are in
colour. Values of ΔE* between 0 and 0.2 indicate undetect-
able colour difference, 0.2–0.5 for a very small difference,
0.5–1.5 for a small difference, 1.5–3.0 for distinct, 3.0–6.0
for very distinct, 6.0–12.0 for great and >12 for a very great
difference (Cruz-Romero et al. 2007).

Preparation and MAP Packaging of Chicken Breast
Fillets

To avoid cross-contamination, all utensils used, including
PVC control or Ag nanocomposite films, were disinfected
using ethanol 70 %. Excess fat and cartilage of the chicken
breast fillets were trimmed, and then chicken breast fillets
were wrapped with sterilised PVC control or Ag/PVC
nanocomposite films. The wrapped chicken breast fillets
were placed individually onto low-O2-permeable
(8–12 cm3 m−2 day−1 at standard temperature & pressure
(STP)) polystyrene/ethylene vinyl alcohol (EVOH)/PE
trays and heat sealed using a low-O2-permeable
(3 cm3 m−2 day−1 at STP) lidding material comprising a
laminate of 20-μm oriented polypropylene (OPP)
and a 50-μm co-extruded tri-layer construction of PE/
EVOH/PE (Cryovac/WR Grace Europe Inc., Lausanne,
Switzerland). A packaging system type VS 100 BS
(Gustav Muller and Co., Bad Homburg 6, and Germany)
was used for MAP-packed samples using a gas ratio of
60 % N2/40 % CO2. The MAP-packed samples were stored
at 4 °C up to 9 days. Sampling was carried out every 3 days,
and for each sampling day, two trays were randomly se-
lected for microbiological and physicochemical analysis.
The whole experiment was repeated twice in replicates
(two independent experiments × two samples).

Shelf-Life Stability During Chilled Storage of Chicken
Breast Fillets

Microbiological Analysis

For the microbiological analysis, 10 g of sample was
taken aseptically from the surface of the chicken breast
and placed into a sterile stomacher filter bag, and 90 mL
of sterile MRD was added aseptically and homogenised
for 3 min using BA6021 stomacher 400 (Colworth, Bury

St. Edmunds, UK). The homogenate was then tenfold
diluted and used for enumeration of total viable counts
(TVCs), Pseudomonas spp., lactic acid bacteria (LAB),
and total coliforms. TVCs were enumerated on plate
count agar (PCA, Merck) plates after incubation for
48 h at 30 °C. Pseudomonas spp. were enumerated after
a 48-h incubation at 30 °C on a Pseudomonas agar base
(Oxoid, UK) to which CFC supplement was added
(SR0103E, Oxoid, UK). For LAB count, overlaid MRS
agar (Oxoid, UK) plates were incubated at 30 °C for
72 h. For the enumeration of total coliforms, appropriate
dilution was placed on coliform agar (Oxoid, UK) plates
and incubated at 37 °C for 24 h. The bacterial counts
were converted to log10 colony-forming units per gram
(CFU g−1) prior to statistical analysis.

Colour Changes

The colour changes on the surface of the chicken breast
fillets during storage at 4 °C were monitored using the
same colorimeter as described before. On each measure-
ment day, ten random areas of the chicken breast fillets
were measured per sample. Each value of the CIE L-
values, a-values , b-values and ΔE* represents the aver-
age of 40 readings (two independent experiments × two
samples × ten readings). The ΔE* between chicken breast
fillets wrapped with PVC control films and chicken
breast fillets wrapped with Ag/PVC nanocomposite was
calculated as outlined above.

Lipid Oxidation of Chicken Fillets as Measured
by TBARS Number

The level of lipid oxidation of chicken breast fillets wrapped
with PVC control or Ag/PVC nanocomposite films and MAP
packed were assessed by the thiobarbituric-acid-reacting sub-
stances (TBARS) assay as outlined by Siu and Draper (1978).
The results were expressed as milligrams of malondialdehyde
(MDA) per kilogram of chicken breast fillets, and each value
represents the average of eight readings (two independent
experiments× two samples× two readings).

Statistical Analysis

All data was analysed for means, standard deviations and
analysis of variance. A t test of variance of data was carried
out using SPSS 22 for Windows (SPSS Statistical software,
IBM Corp., Armonk, NY, USA) software package. A differ-
ence between pairs of means was resolved by means of con-
fidence intervals using Tukey’s test. The level of significance
was set at p<0.05.
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Results and Discussion

Characterisation of Silver Nanoparticles

TEM Image

The TEM image indicated that the primary size of the synthe-
sised Ag NPs was in the nanometer size range (see
Supplementary S1). The synthesised Ag NPs had a spherical
shape with an average particle size of 19.79±5.51 nm.

XRD and EDS

The XRD pattern of Ag NPs (Fig. 1) was compared to stan-
dard data from the International Centre of Diffraction Data
(ICDD). Four peaks for Ag NPs appeared at 37.44°, 44.43°,
50.43° and 61.30° and can be attributed to the (1 1 1), (2 0 0),
(2 2 0) and (3 1 1) reflections of elemental Ag (JCPDS number
04-0783). XRD results for synthesised Ag NPs are in agree-
ment with data presented by Shameli et al. (2012). Ruparelia
et al. (2008) reported that high atom density facets of (1 1 1)
were highly reactive compared to other face-centred cubic
planes.

The elemental composition of synthesised Ag NPs deter-
mined using EDS (Fig. 2) indicated the presence of carbon
peaks in the Ag NPs profile, and these may derive from the
PVP nanoparticle stabiliser (Silva et al. 2014). The same au-
thor also suggested that the peaks can arise from the carbon
tape that was used to attach AgNPs or through the exposure of
metals to atmospheric conditions. Existence of an oxygen
peak in the Ag NP profile suggested the presence of an oxide
layer (Ren et al. 2009). No other peakwas detected in the EDS
profile which indicated that the Ag NPs utilised in this study
were of a high purity (data not shown).

UV–Vis Spectroscopy

The presence of Ag NPs in ethanolic solutions was confirmed
by the absorption peak of the spectra obtained using UV–Vis
spectrometer (Fig. 3). An absorbance peak at 420 nm in the
ethanolic solution spectrum indicated the formation of Ag
NPs. Similar results were reported by Ajitha et al. (2015)

who synthesised Ag NPs using sodium borohydride as a re-
ducing agent.

Antimicrobial Activity

Antimicrobial activity for Ag NPs indicated that all bacteria
tested were susceptible to AgNPs. The results of DIZ (Fig. 4a)
showed that Gram-negative bacteria (P. fluorescens and
E. coli) were more susceptible than were Gram-positive bac-
teria (S. aureus and B. cereus) and that microflora isolated
from food products (chicken, beef and cooked ham) were less
sensitive against Ag NPs compared to pure culture bacteria.
However, antimicrobial activity of Ag NPs against microflora
from raw beef was 35.1 % higher than streptomycin, indicat-
ing that antimicrobial activity of Ag NPs depended on the
background microflora isolated from the meat product. Jay
et al. (2005) reported that higher number of Gram-negative
bacteria such as Moraxella, Psychrobacter, and Aeromonas
are found on red meat than in poultry meat, and this may
explain why microflora isolated from raw beef was more sus-
ceptible to Ag NPs compared to microflora isolated from raw
chicken breast fillets. The DIZ values for S. aureus, B. cereus,
chicken, beef or ham microflora were in the range of 9–
15 mm, indicating that they were sensitive to Ag NPs accord-
ing to the classification outlined by Azevedo et al. (2014).
However, DIZ for P. fluorescens was 16.84 mm, indicating
that this microorganism was very sensitive to Ag NPs. Similar
results were reported by Kamrupi et al. (2011) on Ag-
polystyrene nanocomposites with a higher DIZ for
P. fluorescens compared to S. aureus and E. coli.

The MIC for Ag NPs against pure culture bacteria and
microflora isolated from meat products is shown in Fig. 4b.
In general, Gram-positive bacteria were more resistant than
Gram-negative bacteria. Of all the bacteria tested in this study,
the most sens i t ive bacter ia were P. f luorescens
(MIC=0.004 %), while the most resistant to Ag NPs were
S. aureus (MIC=0.029 %). Among the three meat microflora
tested, beef-derived microflora showed the least susceptibility
against Ag NPs which had an MIC value =0.016 %. Similar
MIC values were obtained for E. coli, B. cereus, chicken-
derived microflora and cooked ham-derived microflora
(MIC=0.0113 %).

Overall, the data showed that all pure culture bacteria were
more susceptible to Ag NPs compared to the microflora iso-
lated from raw chicken, raw beef or cooked ham. This may be
due to the fact that microflora from meat products are more
complex systems with heterogeneous populations of Gram-
positive and Gram-negative bacteria and which could have
different resistances to the antimicrobial compared to pure
cultures of the homogeneous population of each Gram-
positive or Gram-negative bacterial strain (Lianou and
Koutsoumanis 2013; Pin and Baranyi 1998). This critical dif-
ference can lead to lower susceptibility of food microflora
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Fig. 1 X-ray diffraction (XRD) pattern of synthesised silver
nanoparticles
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against Ag NPs compared to pure culture bacteria. Lower
susceptibility rate of meat microflora against food grade
nano-sized solubilisates compared to pure culture bacteria
was also reported by Cruz-Romero et al. (2013).

The difference in antimicrobial resistances can be ex-
plained by the properties of the bacterial cell membrane which
are highly specific to the respective bacterial strain; for exam-
ple, Gram-negative cell membranes are chemically and struc-
turally more complex but possess a thinner layer of peptido-
glycans compared to Gram-positive bacterial equivalents
(Hajipour et al. 2012). Since the antibacterial effects of Ag
NPs involve the penetration of the Ag NPs into the cell, there-
fore Gram-negative bacteria may be more susceptible than
Gram-positive bacteria, owing to the influence of the cell
membrane structure (Pelgrift and Friedman 2013).

Characterisation of PVC Films or PVC Nanocomposite
Films

Thermal and Mechanical Properties

Thermal analysis indicated that the glass transition tempera-
ture (Tg) of PVC films were 95 °C and that the addition of 0.5
wt.% of Ag NPs into the PVC polymer matrix significantly
(p<0.05) decreased the Tg value to 72 °C. This noticeable
decrease on Tg values may be due to van der Waals interac-
tions between Ag NPs and the PVC polymer chains (Olad
et al. 2013). Hanemann and Szabó (2010) have suggested that

the repulsive force between NPs and the interfacial layer may
lead to polymer chain mobility, thus yielding plasticizing
effects by decreasing the Tg value. Conversely, Elashmawi
et al. (2010) showed that Tg values increased for PVC films
containing ZnO (2.5–15 wt.%). These differences may be due
to the concentration or type of nanomaterial used in the man-
ufacture of PVC nanocomposite films.

TS and EAB values for PVC films or Ag/PVC nanocom-
posite films are shown in Table 1. No significant difference
(p>0.05) was observed in TS and EAB values for Ag/PVC
nanocomposite films compared to PVC control films. The
small differences in the mechanical properties may be due to
the lower concentration of Ag NPs added to the polymer ma-
trix. Moloney et al. (2012) reported that concentrations of Ag
NPs higher than 2.5 % negatively affected the mechanical
properties of the PVC nanocomposite films. These results
are in agreement with data reported by Chinkamonthong
et al. (2012) who showed no significant changes (p>0.05)
in TS and Young Modulus values when nano-Ag colloids
were inserted into the PVC matrix compared to control films;
however, a significant reduction (p<0.05) in EAB values was
observed.

Colour Changes

The colour changes produced after insertion of Ag NPs into
the PVC matrix is shown in Table 1. L-values for the films
indicated that Ag/PVC nanocomposite films were darker
(p<0.05) than PVC control films. Regarding a-value and b-
values, incorporation of Ag NPs into the PVC matrix in-
creased (p<0.05) the blueness and yellowness of the Ag/
PVC nanocomposite films compared to PVC control films.
Similar results were obtained by Rhim et al. (2013) where
Ag nanocomposite films had significantly (p<0.05) lower
L-values and higher b-values of compared to control films.
The total colour difference (ΔE*) classification indicated that
Ag/PVC nanocomposite films were very distinctive compared
to PVC control films. Similarly, Kanmani and Rhim (2014)
reported significant changes on theΔE* on gelatin nanocom-
posite films when compared to control films .

Element Weight% 
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Fig. 2 Differential scanning
calorimetry (EDS) of synthesised
silver nanoparticles
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Fig. 3 UV–Vis spectra of silver nanoparticles in ethanolic solutions
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Shelf-Life Study

The poultry industry uses TVC, Pseudomonas spp., LAB and
total coliform counts as indicators of processing hygiene and
microbiological quality (Bolton et al. 2013). Chicken products
are not only considered spoiled due to the presence of high
bacterial counts (>log 7 CFU g−1) but also when discoloration,
off-smelling odors and/or slime appear due to development of
psychrotrophic bacteria, especially Pseudomonas spp.
(Bolton et al. 2013). The recommended microbiological limits
of acceptability for raw chicken is 5–7 log CFU g−1 (ICMFS
1990). Thus, in this study, a marginal value of 6 log CFU g−1

for TVC was set as the maximum limit of acceptability.
Changes in TVC, Pseudomonas spp. and LAB of MAP-

packed chicken breast fillets during chilled storage are shown
in Fig. 5.

The initial microbiological quality of a food product signif-
icantly impacts upon the antimicrobial performance of Ag
NPs. To obtain a longer shelf-life for a food product, the initial
quality of the foodstuff has to be of a superior nature because
the active packaging containing NPs and used for the same
said foodstuff can only maintain the existing quality of the
food product or delay the onset of spoilage by controlling
the factors that contribute to microbiological spoilage. The
initial TVC value of the chicken breast fillets was 3.8 log
CFU g−1, thereby indicating good chicken meat quality.

Regardless of the packaging system used to pack the chick-
en breast fillets, TVC increased over time. Throughout the

(a)

(b)

0

5

10

15

20

25

E. coli S. aureus B.cereus P.

fluorescens

Chicken

microflora

Beef

microflora

Cooked Ham

microflora

D
ia

m
et

er
 o

f 
in

h
ib

it
io

n
 z

o
n

e 
(m

m
)

B. cereus S. aureus E. coli P.  
fluorescens 

-18.1% 

-31.0% 
-36.1% 

-20.9% 

+35.1% 
-8.0% 

-31.3% 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

E. coli S. aureus B.cereus P. fluorescens Chicken

microflora

Beef

microflora

Cooked Ham

microflora

M
IC

 (
m

g
 m

L
-1

) 

B. cereus S. aureus E. coli P.  
fluorescens 

Fig. 4 a Diameter of inhibition
zone (DIZ) and b minimum
inhibition concentration of silver
nanoparticles (red bars) against
Escherichia coli, Staphylococcus
aureus, Bacillus cereus,
Pseudomonas fluorescens or
microflora derived from raw
chicken, raw beef and cooked
ham with streptomycin (white
bars) as a control. The results are
the average of six replicates (two
independent experiments × three
measurements). The DIZ of silver
nanoparticles are presented as
percentage (%) of control
(streptomycin) samples

1668 Food Bioprocess Technol (2016) 9:1661–1673

Table 1 Tensile strength (TS), elongation at break (EAB) and colour changes of PVC control films or PVC nanocomposite films containing 0.5 wt.%
of silver nanoparticles

Sample TS§ EAB§ L-valuesξ a-valuesξ b-valuesξ ΔE*ξ

PVC films 3.56± 1.12a 163.62 ± 63.64a 94.00 ± 0.45a −0.66± 0.04a 4.22 ± 0.18a –

Ag/PVC nanocomposite films 3.37± 0.79a 116.56 ± 45.25a 90.87 ± 1.40b −3.18± 0.53b 18.06 ± 4.49b 3.58± 2.60

Mean values ± standard deviation in the same column with different lowercase letters are significantly different (p < 0.05)
§ Each value represents the average of 12 readings (two independent experiments × six samples)
ξEach value represents the average of 30 readings (two independent experiments × five samples × three times)



storage period, the TVCs of chicken breast fillets were higher
for chicken breast fillets wrapped with PVC control films and
which reached the upper limit of 6 log CFU g−1 by day 5 of
storage. However, for chicken breast fillets wrapped with an-
timicrobial Ag/PVC nanocomposite films, the set limit of ac-
ceptability was reached by day 6 of storage. The antimicrobial
Ag/PVC nanocomposite packaging films effectively
prolonged the TVC lag phase on chicken breast fillets com-
pared to control films (Fig. 5a) and therefore extended the
shelf-life of chicken meat. Panea et al. (2014) reported that
the use of LDPE nanocomposite films containing Ag and ZnO
NPs increased (p<0.05) the shelf-life of chicken breast fillets
for more than 2 days compared to control films, even though
the concentration of Ag antimicrobial was tenfold higher than
the concentration of Ag NPs used in the present study (0.5 %).

Conversely, the initial value of Pseudomonas spp. was 3.6
log CFU g−1, but this value increased throughout storage
(Fig. 5b). It was also noticed that Pseudomonas spp. was
one of the dominant spoilage microorganisms at the end of
the shelf-life (∼6 days), with a value of 5.0 log CFU g−1.
Slower growth (p<0.05) of Pseudomonas spp. was observed
in chicken breast fillets wrapped with Ag/PVC nanocompos-
ite films from the beginning of storage until day 6 of storage
time compared to PVC control films. Similar results were also
reported by Latou et al. (2014) who found that Pseudomonas
spp. were the main spoilage microorganisms present on fresh
meat.

The initial count for LAB on chicken breast fillets was 3.3
log CFU g−1, but counts increased significantly (p<0.05) dur-
ing chilled storage (Fig. 5c). However, the LAB count did not
exceed the log 6 CFU g−1 after 9 days of storage, regardless of
the PVC film treatment used. However, in a previous study,
Azlin-Hasim et al. (2015) found that LAB on chicken breast
fillets stored at 4 °C under MAP exceeded the log 6 CFU g−1

after 6 days of storage. The differences may be due to that in
the present study, the main spoilage microorganism of chicken

breast fillets was Pseudomonas spp. (Figure 5b). No signifi-
cant differences (p>0.05) were observed in relation to total
coliform counts during chicken breast storage, regardless of
the type of packaging film used to wrap the chicken fillets
(data not shown).

The results of the antimicrobial activity study (see
BAntimicrobial Activity^ section) show that microflora
from raw or cooked meat products showed higher resis-
tance to Ag NPs compared to pure culture bacteria. Apart
from that, Ilg and Kreyenschmidt (2011) reported that
antimicrobial activity of Ag NPs can be affected by food
components and low antimicrobial activity of Ag NPs
may be due to the presence of protein functional groups
in the chicken breast fillets that can potentially bind with
Ag+ and reduce the potency of antimicrobial activity of
Ag NPs. Direct insertion of Ag NPs into PVC can be
ineffective since the dispersion of the Ag NPs can be
non-homogeneous and the majority of them are not in
direct contact with the food product, and, further, the an-
timicrobial effects become highly mass transport limited
(Kumar et al. 2005). This may explain the low activity of
Ag/PVC nanocomposite films when tested on the shelf-
life of chicken breast fillets.

Physicochemical Changes During Chilled Storage
of the Chicken Breast Fillets

Colour Changes During Storage of the Chicken Meat

The effects of PVC control or Ag/PVC nanocomposite films
on the colour of chicken breast fillets are shown in Fig. 6.
During storage, the L-values (lightness) of chicken meat
wrapped with PVC control or Ag/PVC nanocomposite films
increased (p<0.05) up to day 3; however, a gradual decrease
(p<0.05) was noticed throughout the remaining storage peri-
od (Fig. 6a). This indicated that the colour of the chicken meat
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Fig. 5 Microbiological count of a total viable count, b Pseudomonas
spp. and c lactic acid bacteria of chicken breast fillets during chilled
storage under MAP condition using (circle) PVC control films or (black

triangle) Ag/PVC nanocomposite films. Error bars represent standard
deviation of analysis from eight readings
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darkened during storage time, and this may relate to protein
decomposition within the muscle amongst other processes
(Latou et al. 2014). The results are in agreement with the
results reported by Petrou et al. (2012), who found that light-
ness of chicken meat stored at 4 °C increased significantly
during storage for up to 6 days, followed by a gradual decrease
to the end of the shelf-life (12 days). The a-values (redness) of
chicken meat increased (p<0.05) during the storage period
independent of the film used (PVC control or Ag/PVC nano-
composite films) as a wrappingmaterial (Fig. 6b). Conversely,
the b-values (yellowness) of chicken breast fillets packaged
using PVC control films decreased (p<0.05) while the b-
values of chicken wrapped with Ag/PVC nanocomposite
films increased (p<0.05) compared to control films at the

end of storage (Fig. 6c). In a previous study, Azlin-Hasim
et al. (2015) reported that there were no significant changes
in a- or b-values during storage of chicken breast fillets
wrapped with Ag/LDPE nanocomposite films, and this may
be due to the material used as a polymer matrix to insert Ag
NPs. Using the classification scale for ΔE* reported by Cruz-
Romero et al. (2007), it can generally be concluded that during
storage regardless of the type of PVC films used to wrap
chicken breast fillets, it resulted in very distinct colour differ-
ences. Taking as a reference the initial colour of unwrapped
chicken at day 0, the ΔE* increased significantly (p<0.05)
during storage and the highest colour difference was obtained
at day 3, resulting in very distinct significant differences
(Fig. 6d).

0

1

2

3

4

5

6

0 3 6 9

∆
E*

Storage time (days)

0

1

2

3

4

0 3 6 9

b-
v

a
lu

es

Storage time (days)

0

0.5

1

1.5

2

2.5

3

3.5

0 3 6 9

a-
v

a
lu

es

Storage time (days)

44

46

48

50

52

54

56

0 3 6 9

L-
v

a
lu

es

Storage time (days)

a,A a,A 

a,A a,A 
a,AB 

b,B

a,AB 

a,A

a,Aa,A 

a,AB
a,B 

a,AB 

a,Ba,B 

a,AB a,AB 
a,AB 

a,B

a,A
a,AB 

a,B 

b,A 

a,B 

A 
A

B

C 
B 

B

(b)

(c)

(d)

(a)Fig. 6 Changes in a L-values, b
a-values, c b-values and d ΔE* of
chicken breast fillets wrapped
with PVC control films (white
bars) or Ag/PVC nanocomposite
films (red bars) during storage
time under MAP conditions.
Error bars represent standard
deviation of analysis from forty
readings. Values with different
letters are statistically different
(p < 0.05) amongst treatments in
the same storage day (a, b) or
during storage (A, B, C).

1670 Food Bioprocess Technol (2016) 9:1661–1673



Lipid Oxidation

Generally, chicken meat contains high levels of unsaturated
fatty acids and low levels of natural antioxidants such as vita-
min E which make this product susceptible to lipid oxidation
(Gatellier et al. 2007). The effects of the packaging systems
employed in this study on the lipid oxidation stability of
chicken breast fillets are shown in Fig. 7. The mean initial
TBARS value for fresh chicken breast fillets was 0.12 mg
MDA kg−1. Similar values were reported by Azlin-Hasim
et al. (2015). Irrespective of the packaging system used to
pack chicken breast fillets, TBARS values increased
(p< 0.05) during chilled storage. The TBARS values for
chicken breast fillets packed using Ag/PVC were lower
(p<0.05) from day 6 to the end of storage compared to sam-
ples packed using PVC control films. Results indicated that
the presence of Ag NPs in the polymer matrix can delay or
lower lipid oxidation in chicken breast fillets. Similar results
were reported by Panea et al. (2014) who obtained lower
TBARS values for chicken meat when wrapped with LDPE
films containing Ag and ZnO NPs.

Conclusions

Antimicrobial activity indicated that all bacteria tested (pure
culture and microflora isolated from meat products) were sen-
sitive to Ag NPs and that Gram-negative bacteria were more
susceptible to Ag NPs than Gram-positive bacteria. The addi-
tion of Ag NPs significantly reduced the thermal properties of
PVC films, while no changes were observed in relation to
mechanical properties. PVC nanocomposite films containing
AgNPs significantly (p<0.05) extended the product shelf-life
and reduced the lipid oxidation of packed chicken breast fil-
lets. Results also indicated that the initial microbiological
quality of the chicken fillets used in this study significantly

affected the performance of the Ag NPs. Therefore, in order to
obtain an increased shelf-life for a food product, the initial
quality of the foodstuff has to be of the highest quality such
that the active packaging material employed can impact pos-
itively on microbial control and shelf-life extension. As evi-
denced by these results, the use of Ag/PVC nanocomposite
films has the potential to be used as antimicrobial packaging,
especially in food packaging applications.
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