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Abstract Active food packaging containing antimicrobial
additive goes beyond traditional functions of packaging, once
it can extend food shelf life maintaining its quality, safety and
reducing postharvest losses by controlling food spoilage.
Among several antimicrobial additives employed in polymer-
ic films for packaging, metallic nanoparticles outstand due to
its facility for synthesis, low-cost of production, and intense
antimicrobial properties. In this work, extruded plain films of
low-density polyethylene (LDPE) containing silver nanopar-
ticles (AgNPs) embedded in SiO2 and TiO2 carriers (namely
MS and MT, respectively) were produced and used as active
packaging for maintaining the physicochemical and microbi-
ological quality of carrots (Daucus Carota L. cv. Brasília).
The neat (LDPE) and composite films containing MS and
MT were characterized by scanning electron microscopy and
permeability to oxygen and used for packaging fresh-cut
sliced carrots stored at 10 °C for 10 days. After the storage
time, the physicochemical properties of carrots were charac-
terized, while the antimicrobial properties of films and AgNP
migration were investigated. Our results revealed that both

MT and MS packages showed antimicrobial activity even
for films containing low concentration of AgNP. In addition,
AgNP antimicrobial activity demonstrated to be carrier-
dependent, once MT-LDPE showed improved performance
compared to MS-LDPE. Regarding the physicochemical
properties of packaged carrot, lower soluble solids and weight
loss and higher levels of ascorbic acid were observed for
carrots packaged with MT-LDPE films (compared to
MS-LDPE), leading to a better postharvest quality conserva-
tion. Such differences observed in physicochemical properties
of carrots are related to the distinct antimicrobial and film
permeability properties for each composite film. In addition,
under the conditions employed in this study, AgNP migration
from the packages to fresh-cut carrot was not observed, which
is highly desirable for food packaging safety, indicating the
potential of such active packages for food preservation
application.
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Introduction

Carrot (Daucus carota L.) consumption has increased in the
last decades, especially due to its nutritional composition, in-
cluding vitamin C and other phenolic compounds, that can
benefit human health (Alasalvar et al. 2005; Klaiber et al.
2005; Kreutzmann et al. 2008). Although carrot stands as
one of the most consumed vegetables in fresh-cut form (sliced,
diced, grated) due to its versatility (Alasalvar et al. 2005). the
susceptibility of fresh-cut carrot to microbial spoilage strongly
limits its shelf life (Emmambux and Minnaar 2003).

In general, fresh-cut fruits and vegetables are a healthy
source of food with nutritional and sensory characteristics
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equivalent to intact products although conveniently displayed
to the consumer (Zhang et al. 2013; Luo et al. 2014).Washing,
peeling, and cutting operations promote physiological, bio-
chemical, and microbiological changes that accelerate the pro-
cess of deterioration such as browning, discoloration, and gen-
eration of unpleasant odors and flavors. Such process can lead
to the loss of nutritional value and firmness reducing the shelf
life of the product (Emmambux and Minnaar 2003; Saltveit
2003; Ragaert et al. 2007; Mastromatteo et al. 2012). High
respiration rate, water loss, and improper storage results in
weight loss and metabolizing protein, which are favorable
conditions for the proliferation of different microorganisms
responsible for accelerating the deterioration process, which
drastically decreases the quality and shelf life of various foods
(Mohammed Fayaz et al. 2009).

The alternatives for enhancing food shelf life have gained
enormous possibilities with nanotechnology, which enables,
for instance, the fabrication of active food packaging combin-
ing properties of external barrier and antimicrobial agents.
Such approach is capable of inhibiting or retarding microbial
growth, and as a consequence, can slow down food deteriora-
tion providing extension of shelf-life (Azeredo 2013). Silver-
based materials present intense biocidal effect for several spe-
cies of bacteria, encouraging its application for packaging
(Bosetti et al. 2002; Yang et al. 2009). In terms of safety regu-
lation, the USA (EFSA 2005) sets a limit of silver ions of
0.05 mg of Ag/kg in food matrices (Fernández et al. 2009).
However, the exposure risk of consumers relies on the migra-
tion of these nanoparticles from the packages to the food
(Simon et al. 2008). Currently, only few experimental data
about the migration of nanoparticles for foods are available in
the literature (Simon et al. 2008; Cushen et al. 2014). In this
context, the aim of this studywas to produce plain films of low-
density polyethylene (LDPE) containing silver nanoparticles
(AgNPs) embedded in SiO2 and TiO2 carriers (namely silica
(MS) and titanium dioxide (MT), respectively) and use them as
active packaging for evaluating the physicochemical and mi-
crobiological quality of carrots (Daucus CarotaL. cv. Brasília),
as well as to investigate the risks of AgNP migration to carrots.

Materials and Methods

Film Processing

Two masterbatches based on LDPE containing AgNPs em-
bedded in silica (SiO2) and in titanium dioxide (TiO2), named
MS and MT, respectively, were employed. Every masterbatch
(MS and MT) was mixed with pure LDPE pellets (PB 608,
obtained from Quattor®) in plastic bags for 3 min, using mass
percentage of 100:0, 50:50, and 2.5:97.5, according to the
procedure previously described in Becaro et al. (2015a). The
mixtures were extruded by a benchtop single-screw extruder

(AX Plastic) using three heating zones, set with the following
parameters: temperatures of 160 °C (zone 1), 145 °C (zone 2),
and 130 °C (zone 3), and screw speed of 35 rpm for all mate-
rials. After the three heating zones reached equilibrium tem-
perature, the compositions were extruded using a blown film
die, and samples were collected as plain films with a thickness
of 61±11 μm andwidth of 18 cm, yielding the samples named
MS 2.5, MS 50, MS 100 and MT 2.5, MT 50, MT 100.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images allowed the
identification of morphological features of the composite
films produced, including the agglomerates present in the
films. The samples were prepared by cryogenic fracture and
imaged using a FEI microscope, Inspect S50 model and
25 kV, in backscattering mode. To analyze the chemical com-
position of the films, energy dispersive X-ray spectroscopy
(EDS) measurements were carried out.

Permeability Analysis

The rate of oxygen permeability was determined by coulomet-
ric method, according to standard procedure described in
D3985-05 (ASTM International 2005) using an Oxtran instru-
ment (MOCON) Model 2/20, operating with pure oxygen as
permanent gas. The test was carried out at 23 °C in dry a
environment (dehumidified with silica gel) for 48 h. The ef-
fective permeation area of each specimen was determined as
100 cm2. The results were corrected to 1 atm of oxygen partial
pressure gradient. Once TPO2 was determined, we calculated
the coefficient of oxygen permeability (P) from the permeabil-
ity rate, as follows:

P ¼ TOP2 � e

p
; ð1Þ

where:

P oxygen permeability coefficient (mL (CNTP)
μmm2day−1 atm−1)

TPO2 oxygen permeation rate (mL (CNTP) m2day−1)
e average thickness of the specimen (μm)
p partial pressure of oxygen in the gas permeating side

of the diffusion cell (1 atm), once the partial pressure
of O2 on the side of dragging gas (N2+H2) is null.

Carrot Processing and Packaging Procedures

Carrots (Daucus Carota L. cv. Brasília) were purchased from
a local commercial producer (Rio Claro city, São Paulo State,
Brazil) and subjected to a selection regarding physical integ-
rity, size, and color. The carrots were washed under running
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water and then immersed into a hypochlorite solution
(200 mg L−1) for 10 min. After being peeled (using
a manual peeler), the carrots were cut into slices of 3 cm of
diameter, by using a food multiprocessor (Philco®, AllmOne
PR2), and were were sequentially sanitized by immersion into
Sumaveg® solution (chlorinated water dihydrate 20 mg L−1)
for 3 min. The sliced carrots were then centrifuged using a
domestic food centrifuge (Consul, Brazil) for 40 s, and each
batch was then divided into 50-g portions. The carrot samples
were manually packaged in plastic film bags (MS 2.5, MS 50,
MS 100 and MT 2.5, MT 50, MT 100) and stored at 10 °C
(±2 °C) and UR 88 % during 10 days. The plastic film bags
were previously sanitized by immersion in 70 % ethanol and
dried at room temperature (approximately 23 °C). Physico-
chemical and microbiological analyses were performed at
every 2 days.

Physico-Chemical Analyses

Soluble Solids

The concentration of soluble solids (SS) in homogenized car-
rot juice was determined with the aid of a digital refractometer
Atago RX-5000cx bench. The results were expressed as de-
grees Brix (Adolfo Lutz Institute 2008).

Titratable Acidity

The content of titratable acidity (TA) was determined by using
10 mL of carrot juice diluted in 50 mL of distilled water by
titration with NaOH 0.1 N. The results were expressed in
grams of citric acid per 100 mL (Adolfo Lutz Institute 2008).

Ratio (SS/TA)

The ratio rate was determined by the ratio between the two
variables (SS/TA).

pH

The pH values were determined using a benchtop potentiom-
eter (Quimis Q400A) from the juice obtained from 50-g carrot
(Adolfo Lutz Institute 2008).

Ascorbic Acid (AA)

The ascorbic acid content was determined by titration using a
solution of 2.6 diclofenolindophenol (DCFI) at 0.1 % to ob-
tain a clear permanent pink coloration, using 10 mL of carrot
juice diluted in 50 mL of 0.5 % oxalic acid at 5 °C, according
to Adolfo Lutz Institute (2008). The results were expressed in
milligrams per 100 mL of juice.

Weight Loss

The percentage of weight loss was determined according to
the following equation:

%ML tð Þ ¼
M 0−M tð Þ

M 0
� 100; ð2Þ

where: %ML(t) is the percent weight loss at time t; M0 is the
initial sample mass and M(t) is the sample mass at time t. The
sample mass was determined by a digital precision balance
(±0.01 g) from Marte AS 2000C. At each sampling time, the
mass was measured three times using different samples.

Firmness Measurement

Firmness measurements were performed with the assistance
of a digital bench texturometer TA.XT Plus Firmness
Analyzer®. The compression force was applied by using a
cylindrical flat probe of 2 mm (diameter), speed of 10 mm/s,
and penetration distance of 2 mm. The mean value (and cor-
responding standard deviation) firmness was collected using
three regions from the cortex of carrot samples (slices with
3 cm diameter), and the results were expressed in Newton (N).

Microbiological Analysis

Microbiological analyses were carried out in carrot samples of
50 g, which were washed in 1 % sterile peptone water with
proportional volume, constituting the 10−1 dilution. The 10−2

and 10−3 dilutions were obtained by consecutive dilutions of
sterile peptone water (1 %). After the incubation time for each
microorganism, the counting of the colonies was carried out.
The arithmetic mean of triplicate values was multiplied by the
respective dilution. The results were expressed by colony-
forming unit per milliliter of product (Downes and Ito,
2001). The following analyses were performed:

(a) For total count of yeasts and molds, 3M Petrifilm plates,
approved and stamped by the Association Of Analytical
Communities (AOAC 2002) (method 997.02), were
employed. The plates were inoculated with 1 mL of each
dilution in duplicate and then incubated at 25 °C for 3 to
5 days.

(b) For total count of psychrotrophic and mesophilic aerobic
microorganisms, 3M Petrifilm plates, approved and
stamped by the AOAC (method 990.12), were
employed. The plates were inoculated with 1 mL of each
diluted solution in triplicate. After plating, the plaques
were incubated at 7 °C for 24 h. For total count of aerobic
mesophilic, the plates were incubated at 35 °C for 48 h.

(c) For total count of coliforms, we used 3MPetrifilm plates,
approved and stamped by the AOAC (method 991.14).

Food Bioprocess Technol (2016) 9:637–649 639



The plates were inoculated with 1 mL of each di-
lution in triplicate. The plates were then incubated
at 35 °C for 24 h. In case of positive result for

total coliforms, the same plates were incubated
again at 45 °C for 24 h for the detection of
Escherichia coli.

Fig. 1 SEM images of MT and
MS samples (cross-section area)
of varied compositions. Red
circles in SEM images of both
MS and MT samples indicate
irregularities on the surface of
film, while the blue rectangles in
MS samples shows particle
agglomerates

Fig. 2 Results of the
permeability tests: mean of the O2

permeability coefficient and
standard deviation. Values
represented by the same letters
are not significantly different at
the 5 % level of probability,
according to Duncan’s multiple
range test
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Migration Test

For the AgNP migration test, carrot cubes (samples of 50 g)
packaged in plastic films with distinct AgNP concentrations
(MS 2.5, MS 50, MS 100 and MT 2.5, MT 50, MT 100) were
stored (in triplicate) for 10 days at 10 °C (±2 °C) and RH of
88 %. After the storage period, 5–8 g of carrot samples were
removed and placed in a digester tube, where 5 mL of a mix-
ture of nitric acid and perchloric acid (ratio 2:1) was added.
The digester tube was heated up at 150 °C and kept at this
temperature for about 1 h using a heating plate. The tempera-
ture was then increased up to 220 °C and kept for 2 h. The
samples were then removed from the heating plate, and deion-
ized water was added to digester tube up to 75 mL. The sam-
ples were subsequently homogenized, and the digestion was
carried out with nitric acid and perchloric acid in ratio 5:2, at
150 °C for 2 h, for ICP-OES (inductively coupled plasma
optical emission spectrometry) analysis using a Perkin Elmer
equipment. The following instrumental parameters were
employed for the ICP analysis: power of 1400 W; nebulizer
gas flow of 0.8 L/min; auxiliary gas flow rate of 0.2 L/min;
flame set in the axial position; and wavelength at 328,068 nm
(model Optima 7000DV) (Kimura and Miller 1957).

Statistical Analyses

The effect of silver nanoparticles addition on the film anti-
microbial properties and carrots physicochemical variables
was evaluated by multivariate data analysis, including
principal component analysis (PCA), which is a statistical
method that condenses relevant information into a smaller
set of orthogonal variables called principal components
(PCs), in an attempt to assess the discriminatory power of
the original variables (Goyeneche et al. 2014). The principal
components, whose eigenvalues were greater than unity
(Kaiser 1958). were considered for the analysis. Each pair
of PCs generates a two-dimensional representation of the
original sample space, called biplot, which demonstrates
the regions of maximum variability. The coefficients of the
linear functions, which define the PCs, were used to
interpret the data, using the sign and relative size of the
coefficients as an indication of the weight to be assigned
to each variable. Statistical analysis was performed using
SAS (SAS version 9, SAS institute, Cary, NC, USA).
Permeability test results were submitted to analysis of
variance (ANOVA) and mean values compared by
Duncan’s multiple range test at the 5 % significance level.

Fig. 3 Soluble solids (SS) of
fresh-cut carrots packaging in
films with nanoparticles. The bars
show standard deviation values
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Results and Discussion

SEM Images

Figure 1 displays SEM images of the cross-section of samples
of plastic films containing AgNP embedded in silica (MS) and
titanium dioxide (MT) carriers. According to Fig. 1, SEM
image of sample MS 100 displays bright areas, corresponding
to Si, O, and Ag elements, while SEM images of MT 2.5, 50,
and 97.5 display bright areas corresponding to Ti, O, and Ag
elements, respectively, according to EDS analysis previously
reported in literature (Becaro et al. 2015a). Red circles in SEM
images indicate irregularities on the film surface, while the
blue rectangles indicate the agglomerates of silicon in MS
samples.

Permeability Tests

Figure 2 displays the results of the O2 permeability coefficient
and standard deviation (bar). One notes that higher values of
permeability coefficient (263 and 294 mL μmm−2 dia−1 atm−1,
respectively) are displayed for samples MS 50 and MS 100,
which are significantly different from the other films (p<0.05).
As demonstrated in a previous study by Becaro et al. (2015a)

MT films present a higher degree of crystallinity, which can
contribute to its lower permeability, once crystalline domains
tend to decrease the gas diffusion path, contributing to decrease
permeability rate (Weinkauf and Paul 1990; Olkhov et al. 2003;
Siracusa 2012). In addition, the presence of irregularities onto
the film surface, displayed by SEM analysis (Fig. 1) could also
contribute to increase permeability, which was more present in
sample MS 100. The higher degree of crystallinity for sample
MT can be a consequence of TiO2 nanoparticles (carriers) in
film composition, which presence tends to increase the degree
of crystallinity of nanocomposites (Nasiri et al. 2012; Ali and
Noori, 2014).

Physico-Chemical Parameters

The soluble solid (SS) values oscillated within the range 5.19–
8.27 °Brix, according to Fig. 3. In general, fresh-cut carrots
packaged by LDPE and MS films tended to present similar
values of SS, which are slightly higher than the values found
for carrots packaged by MT films. The lower SS values for
fresh-cut carrots packaged by MT films can be a consequence
of the lower permeability of MT films, which decreased the
metabolic activity of the carrot tissue, leading also to a
decrease in weight loss (see also in Fig. 7).

Fig. 4 Titratable acidity (TA) of
fresh-cut carrots packaging in
films with nanoparticles. The bars
show standard deviation values
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Citric acid, the organic acid presented in high content in
carrots, can be determined by titratable acidity analyses (TA).
Figure 4 demonstrates that for all the samples, only small
oscillations in TA values (close to 0.04 g citric acid
100 mL−1) could be observed during storage time. Also, pH
values of samples were similar throughout the storage time,
close to 6.0 (Mastromatteo et al. 2012, Lima et al. 2001).

SS/TA ratio is related to flavor in fruits (Chitarra and
Chitarra 2005) and is an indicative of fruit ripeness level.
Figure 5 shows that carrots packaged by LDPE and MS films
tend to present a constant ratio along the storage days, while
those packaged by MT films tend to present a subtle decay on
ratio as the storage days pass by. This behavior tended to
follow the behavior of SS variable (see Fig. 3).

Results of ascorbic acid (AA) contents are represented in
Fig. 6. A similar behavior for AA change was observed for all
the samples (fresh-cut carrots packaged in LDPE, MS, and
MT films). Carrot slices showed 5.34 mg 100 mL−1 of carrot
juice (day 0) according to Fig. 6, which tended to decrease
along the storage days.

Figure 7 shows that weight loss was observed for all the
samples over the storage period. Sliced carrots packaged by
MS films presented a more pronounced weight loss than

carrots packaged byMT films. However, for carrots packaged
by MT 2.5 film, it cannot be affirmed that significant changes
occurred during the storage days, due to the high standard
deviation. In addition, no significant differences for firmness
was found for carrots packaged with the distinct films, as can
be sen in Fig. 8.

In order to better understand the correlation among the
physicochemical parameters of carrots packaged with distinct
AgNP-containing films, the statistical technique Principal
Component Analysis (Cabezas-Serrano et al. 2009;
Radziejewska-Kubzdela et al. 2014; Goyeneche et al. 2014)
was employed. In our study, the four principal components
(PC1, PC2, PC3, and PC4) explain 84 % of the total variabil-
ity (Table 1), where PC1, PC2, PC3, and PC4 explain 27.7,
25.0, 19.8, and 11.5 % of the variabilities, respectively. Each
PC identifies the variables more strongly related to the fresh-
cut carrots quality parameters and how they contribute to ex-
plain the total variability (Radziejewska-Kubzdela et al.
2014).

As can be seen in Fig. 9 (PCA plot of PC1 and PC2)., PC1
was positively correlated with compositional factor, SS, ratio,
pH, and weight loss. On the other hand, this component was
negatively correlated with TA, AA, aerobic mesophilic count

Fig. 5 Ratio (SS/TA) of fresh-cut
carrots packaging in films with
nanoparticles. The bars show
standard values
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(AM), coliform count (TC), and firmness. In order of sig-
nificance, the attributes that are more related to this
component are ratio (0.96), TA (−0.87), and SS (0.67).
These are the main parameters that express the quality of
fresh-cut products and estimate the shelf life of products.
PC1 reveals a contrast between SS and Ratio (correlations
of 0.67 and 0.96, respectively) versus TA (correlation 0.87).
PC2 was positively correlated with microbiological properties
(AM and TC) and negativity correlated with all other
variables. Bacterial growth has the opposite behavior to
quality parameters.

PC1+PC2 contains 52.7 % of the total variability of
the set of original data regarding physicochemical and
microbiological parameters. The graph shows that compo-
sitional factors are positively correlated with pH, SS, and
ratio (on the positive side of PC1) and negativity correlat-
ed with TA and AA. The attributes that are more related
to PC2 were TC (0.76) AM (0.75), pH (0.57) and AA
(−.56). Probably, pH and AA contents allowed an ideal
environment to the growth of microorganisms (Hong et
al. 2010). Film MSs (Fig. 9) were positively correlated
with PC1 and can be characterized by fresh carrots pre-
senting higher ratio, SS, and weight loss.

Microbiological Analyses

The present data provides information about the antibac-
terial capability of films containing AgNP used to pack-
age fresh-cut carrots storaged for 10 days at 10 °C. As
mentioned, colony-forming units (CFUs) were determined
by standard methodologies. Antimicrobial activity on
fresh-cut carrots of MS and MT films are displayed in
Figs. 10 and 11. The variation in mesophilic aerobic count
(MA) in fresh-cut carrots varied from 8.35×103 to 4.45×
108 CFU mL−1 (Fig. 10). The total TC for fresh-cut
carrots ranged from 1.33×105 to 4.45×108 CFU mL−1

(Fig. 10).
When comparing only MS samples, it was observed that

carrots packaged by MS 2.5 showed the lowest MA during
days of storage, (Fig. 10a). The same behavior was found for
MT films, where MT 2.5 presented a significant inhibitory
effect on MA growth (Fig. 10b). Until the eighth day, MT
2.5 showed a good antimicrobial capacity on fresh-cut carrots,
although on the last day of storage this capacity was de-
creased, probably because the MA population was high
enough to impair superficial contact between AgNP and bac-
teria colony. Although the ideal growth temperature of MA

Fig. 6 Ascorbic acid of fresh-cut
carrots packaging in films with
nanoparticles. The bars show
standard deviation values
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microflora occurs at 35 °C, these microorganisms are able to
grow at low temperatures with a reduced growth rate.
Moreover, the MA count values shown by sliced carrots pack-
aged by 2.5 films are within the acceptable limit for consumer
consumption of uncooked foods (Solberg et al. 1990).

However, for samples containing a higher concentrations
of the masterbatch MS, a different behavior was observed. For
carrots packaged by film MS 100, analysis revealed the
highest microbial growth during the days of analysis
(Fig. 10a). This result probably arises due to its higher O2

permeability coefficient (see Fig. 2), which provides a more
suitable environment for microbial growth. The weight loss
data found by carrots packaged by MS 100 (see Fig. 7) cor-
roborates these results. MT 50 and MT 100 fresh-cut carrots
showed similar performances (Fig. 10b), revealing that higher
concentration of masterbatches with silver nanoparticles does
not interfere significantly on the antimicrobial action on fresh-
cut carrots.

Figure 11 shows that antimicrobial activity of films against
coliforms remained low during the second day of storage but
began to increase from the third day on. Similarly to AM
counting, MS 100 carrots showed higher count to TC, exceed-
ing 108 CFC mL−1, due to its higher O2 permeability, as
discussed previously. MS 2.5 carrots exhibited higher

antimicrobial activity compared with MS 50 and MS 100
samples during the test days. On the other hand, carrots
packed by film MTshowed lower count to TC, not exceeding
1.5×107 CFC mL−1. Comparatively, MT 2.5 exhibed the best
antimicrobial activity, (when comparing MT samples), with
8.3×103 UFC mL−1 on second day of storage. Such behavior
can be related to the nanoparticles dispersion into the films,
which in low concentrations can be more dispersed, becoming
more effective regarding its antimicrobial activities.

MS 100 carrots showed an increase in bacterial growth for
both AM and TC over the days of storage, achieving 4.5×108

and 4.45×108 CFU mL−1, respectively. It complies with SS
results once carrots packaged byMS 100 showed lower values
of degrees Brix than LDPE, MS 2.5 and MS 50 carrots. The
main energy source to microorganism growth is sugar, thus a
decrease on SS levels during the storage can indicate that
microorganisms are developing into the medium (Lima et al.
2003). It is also important to emphasize that the presence of E.
coli and mold and yeast population was not verified in these
test conditions throughout the storage time.

Films with low masterbatch concentrations (2.5 %),
showed the best results for the microbiological tests. It is im-
portant to mention that a lower AgNP concentration can also
enhance the dispersion of masterbatches within the polymer

Fig. 7 Weight Loss of fresh-cut
carrots packaging in films with
nanoparticles. The bars show
standard values
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matrix favoring the surface contact of AgNP with carrots
(Fernández et al. 2010). Another important point is that the
low concentrations of carriers for MS 2.5 and MT 2.5 yielded

similar and lower permeability coefficients compared to MS
50 and MS 100, which can also have contributed to the anti-
microbial properties.

Migration Test

Regarding ICP analysis of carrot samples packaged in films
containing AgNP, no silver traces were found, which are a
indicative that, up to the detection limit of the technique
employed (10 ppb), no migration of AgNP occurred. The
non-migration of AgNP is highly desirable for food packaging
application, avoiding, for instance, toxic effects for humans
and animals (Becaro et al. 2015b; Griffitt et al. 2012).
However, the non-migration observed could also be caused
by some factors which include relative short contact time be-
tween the carrots and the films and the detection limit of
equipment (10 ppb) (Simon et al. 2008, Walczak et al. 2012).

Conclusion

Our results reveal that films containing AgNP were efficient as
active packaging for sliced carrots, especially when AgNP was
employed at low concentrations. Specifically, films with low

Table 1 Correlation coefficients between physicochemical attributes
and each of the principal components (PC1–PC4)

Principal components PC1 PC2 PC3 PC4

Eigenvalues 2.5 2.2 1.8 1.0

Variance (%) 27.7 25.0 19.8 11.5

Correlations

SS 0.67 −0.43 0.54 −0.05
TA −0.87 −0.26 0.21 −0.18
Ratio 0.96 −0.11 0.17 0.09

AA −0.26 −0.56 0.66 −0.11
AM −0.05 0.75 0.64 0.06

TC −0.05 0.76 0.63 0.06

Firmness −0.05 −0.26 0.02 0.91

pH 0.39 0.57 −0.41 −0.17
Weight loss 0.38 −0.38 0.13 −0.33

SS soluble solids, TA titratable acidity, ratio SS TA, AA ascorbic acid, AM
aerobic mesophilic, TC coliform count, firmness

Correlations in italics were used for interpretation (> |0.50|)

Fig. 8 Firmness of fresh-cut
carrots packaging in films with
nanoparticles. The bars show
standard deviation value
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concentration of AgNP (MS 2.5 and MT 2.5) showed higher
antimicrobial activity probably due to the an optimized contact
area between the AgNP and the microorganism. Films contain-
ing AgNP embedded in TiO2 carries showed lower permeability
coefficient (although for low concentration of carriers, no signif-
icant difference was observed), whichmight have influenced the
antimicrobial properties. For instance, carrots packaged with
MT films presented lower mesophilic aerobic and total coli-
forms count, weight loss, indicating better physicochemical
and microbiological properties. Besides, fresh-cut carrots pack-
aged with MT films maintained ascorbic acid content of fresh-
cut carrot. The presence of AgNP has not influenced significant-
ly the pH and firmness values of packaged carrots. In addition,
for the experimental conditions employed, AgNP migration
from the films to the sliced carrots was not observed, which is
highly desirable for food packaging applications.
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