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Abstract The effect of an active film of polyamide 6/chi-
tosan/silver-exchanged zeolite (PA-6/Q/Zeolite-Ag") on the
stability and shelf life of sliced Visking-type cooked ham
during refrigerated storage was evaluated, using polyam-
ide 6 (PA-6) bags as a control treatment. Physical, chemi-
cal, microbiological, and sensory indicators were analyzed
over 60 days of storage, and shelf life was estimated using
the Weibull distribution, considering sensory failure as the
rejection criterion. The active system reduced the rate of
product deterioration, evidenced by greater moisture reten-
tion, less acidification, less malondialdehyde accumulation,
better preservation of texture, and less growth of aerobic
microorganisms and Pseudomonas spp. It also delayed the
loss of characteristic sensory attributes and the decline in
overall quality. Probabilistic analysis determined a sensory
shelf life of 38.4 days for PA-6 and 52.19 days for PA-6/Q/
Zeolite-Ag", representing a 35.9% increase. The active film
showed potential to extend the stability of sliced cooked ham
under refrigeration, primarily by delaying sensory deterio-
ration associated with physicochemical and microbiological
changes.

Keywords active packaging, sliced cooked ham, chitosan,
silver-exchanged zeolite, shelf life, Weibull distribution.

Resumen Se evaluo el efecto de una pelicula activa de poli-
amida 6/quitosana/zeolita intercambiada con plata (PA-6/Q/
Zeolita-Ag") sobre la estabilidad y vida 1til de jamon cocido
tipo Visking rebanado durante almacenamiento refrigerado,
utilizando bolsas de poliamida 6 (PA-6) como tratamiento
control. Se analizaron indicadores fisicos, quimicos, micro-
bioldgicos y sensoriales durante 60 dias de conservacion, y
la durabilidad se estimé mediante la distribucion de Weibull
considerando el fallo sensorial como criterio de rechazo.
El sistema activo redujo la velocidad de deterioro del pro-
ducto, evidenciada por una mayor retencion de humedad,
menor acidificacién, menor acumulacion de malondialdehi-
do, mejor conservacion de la textura y menor desarrollo de
microorganismos aerobios y Pseudomonas spp. Asimismo,
retrasé la pérdida de atributos sensoriales caracteristicos y
la disminucion de la calidad global. El analisis probabilisti-
co determind una vida util sensorial de 38,4 dias para PA-6
y de 52,19 dias para PA-6/Q/Zeolita-Ag", lo que representa
un incremento del 35,9 %. La pelicula activa mostr6 poten-
cial para prolongar la estabilidad del jamon cocido rebanado
bajo refrigeracion, principalmente mediante el retardo del
deterioro sensorial asociado con cambios fisicoquimicos y
microbioldgicos.

Palabras clave envase activo, jamon cocido rebanado, qui-
tosana, zeolita intercambiada con plata, vida 1til, distribu-
cion de Weibull.
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Introduction

The preservation of refrigerated meat products, particularly
ready-to-eat products such as sliced cooked ham, represents
a technological challenge because of their high susceptibility
to microbiological spoilage and lipid oxidation. These pro-
cesses limit shelf life and affect sensory acceptability, which
has encouraged the development of packaging solutions that
go beyond a passive barrier function. In this context, active
packaging has gained relevance because of its capacity to
interact with the food or its environment, thereby delaying
spoilage mechanisms (Yemenicioglu, 2024).

Innovation in food-packaging materials has explored se-
veral strategies, including the incorporation of antimicrobial
and antioxidant agents into polymer matrices. Among these,
composite systems integrating polyamide, chitosan, and sil-
ver-exchanged zeolites have shown potential for applications
in meat products (Patifio et al., 2014; Patifio et al., 2022).
The combination of a synthetic matrix with structural and
barrier functionality, together with active components such
as chitosan—because of its antimicrobial properties—and
silver zeolite—as a reservoir of metal ions with inhibitory
activity—offers a promising approach to extending food sta-
bility. However, the effectiveness of these materials cannot
be inferred exclusively from in vitro assays and must be vali-
dated under actual storage conditions using the specific food
product (Diblan & Kaya, 2023).

Sliced cooked ham is particularly relevant for this evalua-
tion because slicing increases the exposed surface area and
the opportunities for contamination after heat treatment. Du-
ring refrigerated storage, changes in the microbiota—with
a predominance of lactic acid bacteria—and their relations-
hip with sensory changes such as increased acidity and the
appearance of off-odors and discoloration have been docu-
mented (Spampinato et al., 2022). Therefore, shelf-life esti-
mation requires an integrated approach that simultaneously
considers physical, chemical, microbiological, and sensory
indicators, since loss of acceptability may precede the excee-
dance of conventional microbiological limits.

To translate this information into a probabilistic shelf-li-
fe criterion, Weibull analysis makes it possible to model the
temporal distribution of deterioration from units classified
as failed or non-failed. This approach, proposed by Nufiez
de Villavicencio et al. (2017), estimates the scale parameter
(characteristic life) and the shape parameter of the distribu-
tion and allows determination of the time corresponding to a
predefined percentage of deteriorated units, providing a con-
servative basis for establishing shelf life.

In this context, the objective of this study was to estimate
the shelf life of sliced Visking-type cooked ham packaged
in bags made from an active polyamide 6/chitosan/silver-ex-
changed zeolite film, in comparison with conventional pol-
yamide 6 bags, by evaluating its physical, chemical, micro-
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biological, and sensory stability during refrigerated storage
(2-5 °C) and applying the Weibull distribution.

Methodology

A refrigerated-storage trial was conducted to evaluate the
effect of an active packaging system on the stability and shelf
life of sliced Visking-type cooked ham. Two treatments were
compared: a control treatment consisting of ham packaged
in polyamide 6 (PA-6) bags and an active treatment in which
the product was packaged in bags made from a PA-6/chi-
tosan/silver-exchanged zeolite film (PA-6/Q/Zeolite-Ag"),
previously selected through an optimization process for a
formulation composed of 96.0% PA-6, 4.0% chitosan, and
5% Ag-zeolite. Through this trial, the physical, chemical,
microbiological, and sensory evolution of the product was
determined in order to estimate its shelf life during refrigera-
ted storage between 4 and 5 °C.

The experimental follow-up extended to 60 days, accor-
ding to the final execution of the trial. Physical and chemical
determinations were performed at 0, 7, 14, 21, 28, 35, 40,
50, 55, and 60 days of storage, whereas microbiological and
sensory evaluations were carried out at 0, 14, 28, 40, 55, and
60 days, covering a time range in which sensory deteriora-
tion occurred in both treatments and thus providing sufficient
observations for probabilistic shelf-life estimation.

The Visking-type cooked ham used as the food model was
obtained from a certified processing plant immediately after
production. The product was transported to the laboratory
under refrigeration and, under hygienic conditions, sliced
into approximately 2-mm-thick slices. Before packaging, the
portions were kept in closed containers under refrigeration
until use in order to preserve product freshness and obtain a
model representative of the commercial conditions of sliced
ham.

For the active treatment, films corresponding to the op-
timized PA-6/chitosan/silver-exchanged zeolite formulation
were used. The films were produced by casting, cut into 15
x 15 em pieces, and paired by heat sealing. The side edges
and bottom edge were sealed at 130 °C for 5 s under cons-
tant pressure; the sliced ham was then introduced and the
top edge was sealed under the same conditions. The control
treatment was maintained in PA-6 bags and subjected to the
same handling and storage conditions as the active treatment.

For shelf-life evaluation, the packaged samples were
maintained under refrigeration at 4 to 5 °C for 60 days. Sto-
rage was designed with successive samplings that allowed
the temporal evolution of the main deterioration indicators to
be characterized using a partially staggered design, with the
same number of units evaluated in each period and a reduc-
tion in the evaluation interval once the first sensory rejection
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was observed, thereby concentrating sampling within the ex-
perimental period in which the samples were exceeding the
practical acceptability limit.

Units intended for physical, chemical, and microbiological
analyses were removed at the corresponding times and pro-
cessed immediately. Portions intended for sensory evalua-
tion were presented to the panel at each established period.

The physical and chemical stability of the ham was evalua-
ted by determining moisture (mass percentage) according to
AOAC 950.46 (AOAC International, 2019a), water activity
(a,) according to the Krispien method (Rodel et al., 1979),
pH (Metrohm Herisau, Model E-510) after homogenizing a
10-g portion in 90 mL of distilled water for 1 min (ISO 2917,
1999), and titratable acidity according to AOAC 942.15
(AOAC International, 2019b), expressed as mass percentage
of lactic acid. In addition, lipid oxidation was determined
through the concentration of malondialdehyde (MDA), ex-
pressed as pmol/kg (Garcia et al., 2016).

For texture analysis, shear force was determined in kilo-
grams (Garcia et al., 2008) using a five-blade Kramer cell
(Model HDP/KSS). Samples at 25 °C (20 mm diameter x 10
mm height) were compressed and sheared using a 20-kg load
cell at a speed of 100 mm/min in a texturometer (TA-XT21i,
Stable Micro Systems Ltd., Godalming) with Texture Expert
software.

These were the variables recorded during storage in both
packaging systems. The selection of these indicators made
it possible to characterize different mechanisms associated
with product quality loss.

The microbiological quality of the ham was evaluated at
the beginning and after 14, 28, 40, 55, and 60 days of sto-
rage. Aerobic microorganisms at 30 °C (ISO 4833-1, 2013),
molds and yeasts (ISO 21527-1, 2008), total coliform mi-
croorganisms (ISO 4832, 20006), Escherichia coli (ISO
7251:2005), Staphylococcus aureus (ISO 6888-1, 2021),
lactic acid bacteria (LAB) (ISO 15214, 1998), Pseudomonas
spp. (ISO 13720, 2010), and Salmonella spp. (ISO 6579-1,
2017) were determined. Microbial counts were expressed as
log CFU/g; coliform microorganisms were reported using
the most probable number (MPN), and Salmonella spp. as
presence/absence.

For interpretation of microbiological stability, the limit
of 6 log CFU/g for aerobic mesophilic microorganisms was
maintained as a reference. This value was used as a com-
plementary indicator of deterioration and not as the primary
event for construction of the probabilistic Weibull model.
Likewise, microbiological evolution was used to verify that
the loss of sensory acceptability was not accompanied by mi-
crobiological conditions incompatible with product stability.

Sensory evaluation was performed by quantitative des-
criptive analysis (De Pilli et al., 2024). Descriptor genera-

tion and reduction were carried out using the controlled as-
sociation method (Damasio & Costell, 1991), following the
criteria of NC-ISO 11035 (2015), including the elimination
of semantic redundancies, hedonic terms, attributes with low
discriminatory capacity, and the grouping of terms into sen-
sory families. As a result, eight descriptors were selected:
pink color for appearance; typical odor and atypical odor
for the olfactory dimension; typical flavor, acidic flavor, and
rancid flavor for taste; and firmness and juiciness for texture.

The panel consisted of 15 judges. Evaluations were per-
formed according to a balanced complete block design (ISO
13299, 2016), meaning that each judge individually evalua-
ted a portion or slice of ham corresponding to each treatment
and storage time and scored the selected descriptors using
a structured 10-cm scale with increasing intensity from left
to right. Additionally, each judge assigned an overall quality
score on a structured 0-to-10-point scale, conceived as the
individual integration of the judge’s perception of the gene-
ral condition of the sample.

Sensory evaluations were performed at 0, 14, 28, 40, 55,
and 60 days. Overall quality was used exclusively to define
the acceptance or rejection condition subsequently used in
the shelf-life analysis. The eight descriptors did not constitu-
te, separately, mandatory failure criteria, but rather explana-
tory variables for the judge’s overall decision. Consequently,
no specific combination of defects was established before-
hand as necessary to declare rejection of a sample. Each jud-
ge integrated the different attributes sensorially and assigned
an overall quality score.

The judges could supplement each evaluation with qua-
litative observations intended to support the overall score
assigned. These comments, together with the QDA descrip-
tor scores, were used to interpret the sensory characteristics
associated with loss of acceptability, but they did not modify
the quantitative criterion used to classify failure.

For the probabilistic shelf-life analysis, a cutoff point of
5 was established a priori for overall quality (OQ). An indi-
vidual response was classified as non-failure or acceptable
product when overall quality was equal to or greater than
5 points (OQ > 5), whereas failure or sensory rejection was
considered when the score was below 5 points (OQ < 5).

The individual response of each judge, obtained from the
evaluation of a portion or slice at a given time, constituted
the observation unit for failure analysis. Thus, each evalua-
tion time provided 15 individual observations per treatment.
Considering the six sensory evaluation times, the design ge-
nerated up to 90 acceptance/rejection observations for each
packaging system. A time was considered a failure time
when a minimum significant number of judges agreed, ba-
sed on a binomial distribution with p = 0.01. The use of the
individual overall quality score made it possible to opera-
tionalize the failure event explicitly and reproducibly before
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probabilistic fitting.

The sensory shelf life of the ham for each packaging sys-
tem was estimated using the direct Weibull analysis method
or hazard technique described by Nuifiez de Villavicencio et
al. (2017). This procedure is applicable to refrigerated foods
with short or medium shelf life and uses the life times and
failure/non-failure condition of the evaluated units. Once the
storage and characterization trials were completed, the life
times of the experimental units could be used to estimate
product shelf life probabilistically.

The analysis was performed independently for the control
treatment and the active treatment. Observations were orde-
red in ascending order according to storage time, while retai-
ning the failure or non-failure classification for each record.
An inverse rank (k) was then assigned to each observation,
calculated as:

k=n—i+1 Equation |

where n represents the number of observations included in
the analysis and i the position of each observation in the or-
dered series. For each observation classified as a failure, the
instantaneous hazard (h) was calculated using Equation 2:

h(t) :i Equation 2

The cumulative hazard H(?) was obtained by sequentially
summing the hazard corresponding to each failure and the
hazards associated with preceding failures. This procedure
reproduces the hazard plotting technique (Nuilez de Villa-
vicencio et al., 2017), in which non-failed observations re-
main within the set exposed to risk but do not add a hazard
increment.

The parameters of the Weibull distribution were obtained
from the linearized relationship between storage time and
cumulative hazard according to Equation 3:

In(t) = In(a) —I—%In[H(t)] Equation 3

where a corresponds to the scale parameter or characte-
ristic life and P to the shape parameter. The model intercept
allowed estimation of In(a), whereas the slope corresponded
to 1/B. According to the procedure of Nuilez de Villavicen-
cio et al. (2017), observations whose cumulative hazard was
greater than 1 were excluded from the linear fit. The Weibull
cumulative distribution function was expressed as:

B
F(t) =1—exp [— G) ] Equation 4
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where F'(2) represents the cumulative probability that a unit
has experienced sensory failure by time t. Complementarily,
the probability of remaining in an acceptable condition was
expressed through the following survival function:

S(t) =1—F(t) = exp [_ Gﬂ Equation 5

The parameters o and  were estimated together with their
95% confidence intervals. The adequacy of the Weibull dis-
tribution to the failure data was verified using the modified
Kolmogorov-Smirnov test, following the procedure indica-
ted by Nufiez de Villavicencio et al. (2017). The model was
considered appropriate when, at a 95% confidence level, the
hypothesis that the failure times came from a Weibull distri-
bution could not be rejected.

Once the parameters o and  had been estimated, the ti-
mes corresponding to different percentiles of the distribution
were calculated as follows:

tp = a[—In(1 - p)]E Equation 6

where p represents the admitted cumulative proportion of
deteriorated units. Nufiez de Villavicencio et al. (2017) defi-
ned these percentiles as the percentage of deteriorated units
accepted within a lot and proposed their use for selecting
product shelf life.

In the present study, a maximum of 5% of units with sen-
sory failure was established as the primary shelf-life crite-
rion. Therefore, probabilistic shelf life corresponded to the

5th percentile of the Weibull distribution (B; or ¢, )

toos = a[—In(0,95)]1/# Equation 7

This criterion implies an estimated probability of 95% that
a unit remains sensorially acceptable up to the time establi-
shed as shelf life. The selection of 5% is consistent with the
procedure developed by Nuifiez de Villavicencio et al. (2017).

In addition to B, the B,, B, B, , B,,, By, B, By, B,,, and
B,, percentiles were calculated, as appropriate, to compre-
hensively characterize the temporal distribution of deterio-
ration risk. B, was nevertheless retained as the main shelf-li-
fe estimator. Values were accompanied by 95% confidence
intervals. When shelf life was expressed in whole days for
technological purposes, the continuous B, value was conser-
vatively rounded down to the next lower integer, following
the criterion of Nuiiez de Villavicencio et al. (2017), who
established this approximation for the selected percentile.

Physical and chemical results were analyzed considering
packaging system and storage time as experimental fac-
tors. A two-way analysis of variance (ANOVA) (treatment
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x time) was applied to determine the main effects and their
interaction. When significant differences were identified,
means were compared using Tukey’s HSD multiple-compa-
rison test at a significance level of p < 0.05. Model fit quality
was verified through residual analysis and the corresponding
coefficients of determination. STATISTICA software (v. 7,
2005, StatSoft Inc., Tulsa) was used for statistical proces-
sing.

Scores for the QDA descriptors and overall quality were
analyzed as a function of treatment and storage time. For
sensory attributes, the judge was considered a blocking
factor because individual scores were obtained from the
same panel throughout the evaluation sessions. Descriptive
information from the eight attributes was used to interpret
changes in the sensory profile and their relationship with the
decline in overall quality. A two-way ANOVA (time X treat-
ment) was applied, together with integration of the sensory
information with microbiological and oxidation indicators.

Weibull analysis was performed independently for each
treatment using individual failure/non-failure data. For each
distribution, a, B, their 95% confidence intervals, cumulative
failure probability F(?), survival function S(?), and life-time
percentiles were estimated. Comparison between packaging
systems was based primarily on the displacement of the fai-
lure curves and differences between their B, estimates, using
the corresponding confidence intervals to express the uncer-
tainty associated with the estimate.

Results and discussion

The physical and chemical properties of Visking-type
cooked ham changed during the 60 days of storage in both
packaging systems. The samples showed similar initial con-
ditions; subsequently, moisture, water activity, pH, and shear
force decreased, whereas acidity and MDA increased. Ove-
rall, these changes were less pronounced in the PA-6/chito-
san/zeolite-Ag" treatment.

Moisture decreased from 72.0 to 62.5% in PA-6 and to
65.5% in the active material (Figure 1), corresponding to
losses of 9.5 and 6.5 percentage points, respectively. Di-
fferences between treatments were observed from day 28
onward, indicating greater water retention in ham packaged
with PA-6/chitosan/zeolite-Ag*. Similar results were repor-
ted by Chang et al. (2019), who associated improved barrier
properties of chitosan materials with lower drip losses in re-
frigerated meat. Although the system used by those authors
differs from the material evaluated here, both findings show
that incorporating chitosan into packaging structures can
help reduce water loss when barrier properties are favorably
modified.

74 4
72 4
70 4
68
66

Moisture (%)

64

62 4

60

0 7 14 21 28 35 40 50 55 60
Time (d)
——PA-6 PA-6/Chitosan/Zeolite-Ag*

Figure 1. Changes in moisture content of Visking-type
cooked ham during refrigerated storage in the two packa-
ging systems. Different lowercase letters indicate significant
differences among storage times within the same packaging
system; different uppercase letters indicate significant diffe-
rences between packaging systems at the same storage time
according to Tukey HSD multiple comparisons, p < 0.05.

Water activity (a ) decreased from 0.975 to 0.955 in PA-6
and to 0.957 in the active material (Figure 2). No differen-
ces were observed between packaging systems; therefore,
the greater moisture retention in the active treatment was not
accompanied by an appreciable change in water availabili-
ty. This behavior agrees with Patifio et al. (2022), who also
found no differences in a_ in sausages packaged in a PA-6/
silver-zinc system. Therefore, moisture content and a w
should be interpreted independently because they represent
different properties of the water present in the food.

f
gIA ghA

\t\hitA\

I

ghA i
hiA i

iA

0 7 14 21 28 35 40 50 55 60
Time (d)

——PA-6 PA-6/Chitosan/Zeolite-Ag*

Figure 2. Changes in water activity of Visking-type cooked
ham during refrigerated storage in the two packaging sys-
tems. Different lowercase letters indicate significant di-
fferences among storage times within the same packaging
system; different uppercase letters indicate significant diffe-
rences between packaging systems at the same storage time
according to Tukey HSD multiple comparisons, p < 0.05.

The pH decreased in both treatments (Figure 3), whereas
acidity increased during storage (Figure 4). In PA-6, pH de-
creased from 6.40 to 5.45 and acidity increased from 0.86 to
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1.55%. In the active material, the final values were 5.70 and
1.40%, respectively, indicating less intense acidification.

The smaller change in pH in the active treatment differs
from the findings of Patifio et al. (2022), who observed no
effect of a PA-6/silver-zinc system on the pH of beef and
chicken sausages. These differences may be related to mate-
rial composition, product type, and storage time, confirming
the need to evaluate each active system in the food matrix
of interest.

6.6
6.4

6.2

pH

5.8

5.6

5.4

0 7 14 21 28 35 40 50 55 60
Time (d)

——PA-6 PA-6/Chitosan/Zeolite-Ag*

Figure 3. Changes in pH of Visking-type cooked ham during

refrigerated storage in the two packaging systems. Different

lowercase letters indicate significant differences among

storage times within the same packaging system; different

uppercase letters indicate significant differences between

packaging systems at the same storage time according to
Tukey HSD multiple comparisons, p < 0.05.

Figure 4 shows the increase in acidity during storage.
From day 28 onward, differences between treatments beca-
me more evident. The PA-6 treatment showed 1.15 £ 0.03%,
compared with 1.08 + 0.02% in the active material, and on
day 60 the values were 1.55 + 0.03 and 1.40 + 0.02%, res-
pectively. The effects of treatment, time, and their interaction
were significant (p < 0.05).

1.6

=
kN

Acidity (%)
-
~

0.8

Time (d)

——PA6 PA-6/Chitosan/Zeolite-Ag*

Figure 4. Changes in acidity of Visking-type cooked ham
during refrigerated storage in the two packaging systems.
Different lowercase letters indicate significant differences
among storage times within the same packaging system; di-
fferent uppercase letters indicate significant differences be-
tween packaging systems at the same storage time according
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to Tukey HSD multiple comparisons, p < 0.05.

Spampinato et al. (2022) observed accumulation of lactic
and acetic acids during storage of sliced cooked ham, ac-
companied by acidic taste and spoilage odors. The lower aci-
dification observed with the active material was consistent
with slower development of these changes. However, in the
present study, LAB did not proliferate but decreased in both
treatments. Therefore, the decrease in pH and increase in aci-
dity could not be attributed solely to this microbial group
and may be related to the combined action of chemical and
microbiological processes.

Shear force decreased from 25.0 to 17.2 kg in PA-6 and to
19.2 kg in the active material (Figure 5), representing reduc-
tions of 31.2 and 23.2%, respectively. The differences ob-
served at the later storage times show that the active system
delayed changes in product texture. These results partially
differ from those of Patifio et al. (2022), who found no effect
of PA-6/silver-zinc material on sausage texture. In contrast,
Chang et al. (2019) associated improved barrier properties
of chitosan materials with lower fluid losses in refrigerated
meat, which could contribute to maintaining texture. In the
present study, the concurrence of greater moisture retention
and higher shear force suggests an association between both
phenomena, although it does not establish a causal relations-
hip.

26 1

I ~ )
= N =

Shear force (kg)

—
)

—
EN

0 7 14 21 28 35 40 50 55 60
Time (d)
——PA6 PA-6/Chitosan/Zeolite-Ag*

Figure 5. Changes in shear force of Visking-type cooked
ham during refrigerated storage in the two packaging sys-
tems. Different lowercase letters indicate significant di-
fferences among storage times within the same packaging
system; different uppercase letters indicate significant diffe-
rences between packaging systems at the same storage time
according to Tukey HSD multiple comparisons, p < 0.05.

Figure 6 shows the increase in MDA during storage. On
day 28, values of 1.75 umol/kg were recorded in PA-6 and
1.05 umol/kg in the active material; by day 60, the values
reached 3.35 and 2.00 pmol/kg, respectively. The final value
in the active treatment was approximately 40% lower, indi-
cating a lower progression of lipid oxidation.

The lower MDA content is consistent with findings in other
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meat products. Patifio et al. (2022) reported lower TBARS
values in sausages packaged with PA-6/silver-zinc, whereas
Suman et al. (2010) observed reduced lipid oxidation in beef
treated with chitosan. Similarly, Ruiz-Navajas et al. (2015)
found lower oxidation in cooked cured ham protected with
chitosan materials containing essential oils.

3.5

3

N

= b
= i w

MDA (umol/kg)

e
in

e

0 7 14 21 28 35 40 50 55 60
Time (d)

——PA-6 PA-6/Chitosan/Zeolite-Ag*

Figure 6. Changes in malondialdehyde content of Vis-
king-type cooked ham during refrigerated storage in the
two packaging systems. Different lowercase letters indicate
significant differences among storage times within the same
packaging system; different uppercase letters indicate sig-
nificant differences between packaging systems at the same
storage time according to Tukey HSD multiple comparisons,
p <0.05.

Absolute MDA concentrations should not be directly com-
pared with TBARS values obtained using other analytical
procedures. The most appropriate comparison is based on
the relative trend versus the control. In addition, the expe-
rimental design does not allow the individual contributions
of chitosan, zeolite, and silver to be separated; therefore, the
observed effect should be attributed to the composite mate-
rial as a whole.

Overall, the PA-6/chitosan/zeolite-Ag" material delayed
moisture loss, acidification, changes in shear force, and,

more markedly, lipid oxidation, without significantly mo-
difying water activity. This behavior is consistent with the
selective response reported for other active systems based
on polyamide, chitosan, and silver compounds (Patifio et al.,
2022; Diblan & Kaya, 2023).

Microbiological changes were characterized by low counts
throughout the 60 days of storage (Table 1). Aerobic microor-
ganisms at 30 °C increased in both treatments, although the
increase was smaller in the active material. Molds, yeasts,
coliforms, and S. aureus remained below the established li-
mits, whereas Salmonella spp. was absent.

Aerobic microorganisms at 30 °C increased from 2.0 to
2.48 log CFU/g in PA-6 and from 1.9 to 2.23 log CFU/g in
the active material. This increase was slower in PA-6/chito-
san/zeolite-Ag* and agreed with Patifio et al. (2022), who
observed lower development of aerobic microorganisms in
sausages packaged with PA-6/silver-zinc.

Molds and yeasts remained at < 1 log CFU/g, S. aureus at
<2 log CFU/g, and coliforms at <3 MPN throughout stora-
ge. The absence of differences between treatments for these
groups indicates that their low counts mainly reflected the
hygienic stability of the product rather than a demonstrable
differential effect of the active material.

LAB decreased from 1.54 to 1.0 log CFU/g in PA-6 and
from 1.48 to 1.0 log CFU/g in the active material. This beha-
vior contrasts with Kreyenschmidt et al. (2010) and Spam-
pinato et al. (2022), who described LAB as one of the main
microbial groups associated with spoilage of cooked ham.
The differences may be related to the initial load, formula-
tion, packaging system, and storage conditions.

The greatest microbiological difference was observed for
Pseudomonas spp. In the PA-6 system, the count increased
from 1.4 to 2.04 log CFU/g, whereas in the active material it
decreased from 1.3 to 1.0 log CFU/g by day 28 and remained
<1 log CFU/g from day 40 onward.

Table 1. Microbiological changes in Visking-type cooked ham during refrigerated storage (4 to 5 °C)

Microorganisms Microorganisms
System )~ Rerob i m—— Salmonell S
y erooes MOldS Yeasts LAB seuaomonas ailmonelia TC FC
at 30 °C aureus spp- Spp-
0 2.00 <1 <1 <2 1.54 1.40 Absent <3 <3
14 2.15 <1 <1 <2 1.48 1.54 Absent <3 <3
PA-G 28 2.26 <1 <1 <2 1.40 1.70 Absent <3 <3
40 2.34 <1 <1 <2 1.30 1.85 Absent <3 <3
55 2.41 <1 <1 <2 1.18 1.95 Absent <3 <3
60 2.48 <1 <1 <2 1.00 2.04 Absent <3 <3
0 1.90 <1 <1 <2 1.48 1.30 Absent <3 <3
PAG/ 14 1.95 <1 <1 <2 1.40 1.18 Absent <3 <3
: 28 2.04 <1 <1 <2 1.30 1.00 Absent <3 <3
Chitosan/ 4 2.11 <1 <1 <2 118 <1.00 Absent <3 <3
Zeolite-Ag" 55 2.18 <1 <1 <2 1.00 <1.00 Absent <3 <3
60 223 <1 <1 <2 1.00 <1.00 Absent <3 <3

LAB: lactic acid bacteria; TC: total coliforms; FC: fecal coliforms (Escherichia coli).
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Darmadji and Izumimoto (1994) reported chitosan activity
against Pseudomonas fragi, and Rhim et al. (2006) obser-
ved antimicrobial activity in chitosan materials containing
Ag-zeolite. These findings support the observed response,
although the present design does not allow the contribution
of each component to be identified separately.

The microbiological indicators did not reach the value
adopted as the spoilage reference and therefore did not defi-
ne the end of shelf life. The effect of the active material was
mainly reflected in the behavior of Pseudomonas spp. and, to
a lesser extent, aerobic microorganisms at 30 °C.

The counts were lower than those reported by Spampinato
et al. (2022) during the secondary shelf life of sliced cooked
ham, in which aerobic microorganisms and LAB reached
high values. This difference does not by itself indicate su-
periority of the system studied because the storage condi-
tions and microbiological stage of evaluation were different.
Ruiz-Navajas et al. (2015) also reported that the microbiota
of cooked hams may vary depending on processing and the
preservation system.

The sensory profile comprised eight descriptors: pink co-
lor, typical odor, atypical odor, typical flavor, acidic flavor,
rancid flavor, firmness, and juiciness. Changes in these attri-
butes showed a faster loss of typical characteristics in PA-6
(Figure 7).

Typical odor decreased from 9.1 to 1.0 points in PA-6 and
to 5.5 points in the active material, whereas atypical odor
increased to 7.5 and 3.5 points, respectively. Differences be-
tween treatments became more evident after 28—40 days.

Similar results were reported by Spampinato et al. (2022),
who associated spoilage of sliced cooked ham with the deve-
lopment of atypical odors and acidic taste. Serio et al. (2018)
also observed that chitosan coatings delayed the appearance
of unpleasant odors in refrigerated pork. The greater preser-
vation of typical odor in the present study was consistent
with these findings.

Flavor followed a similar trend. In PA-6, typical flavor de-
creased to 5.0 points on day 40 and 1.0 point on day 60; in
the active material, it remained at 7.2 and 4.8 points at the
same storage times. Acidic flavor reached 3.0 points in PA-6
and 2.0 points in the active treatment.

Rancid flavor remained absent until day 28 and subse-
quently increased to 4.0 points in PA-6 and 1.8 points in the
active material by day 60. This difference followed the same
trend as MDA and suggests an association between the pro-
gression of lipid oxidation and the perception of rancidity.

The decrease in typical flavor and increase in acidic fla-
vor agreed with that described by Spampinato et al. (2022)
for sliced cooked ham. Similarly, Siripatrawan and Noipha
(2012) observed better sensory preservation of pork sausa-
ges with active chitosan materials.
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Figure 7. Sensory profile of Visking-type cooked ham du-
ring refrigerated storage in both packaging systems. a) PA-6.
b) PA-6/chitosan/zeolite-Ag™.

Firmness and juiciness varied less than odor and flavor
attributes. Firmness increased moderately during storage,
whereas juiciness remained between 3.0 and 3.3 points, with
no relevant differences between systems. Patifio et al. (2022)
likewise found no significant differences in the textural attri-
butes of sausages packaged with PA-6/silver-zinc. In cooked
ham, Barbieri et al. (2016) indicated that texture and juici-
ness contribute to differentiating product quality; however,
in the present study, these descriptors were not the attributes
that best discriminated deterioration between treatments.

Pink color showed minimal changes and no differences
were observed between treatments. On day 60, values were
4.0 £ 0.35 points in PA-6 and 3.9 + 0.35 points in the active
material. This behavior agreed with Patifio et al. (2022), who
observed no effect of the PA-6/silver-zinc system on the co-
lor of chicken and beef sausages.

Overall quality most clearly integrated the progression of
deterioration (Figure 8). In PA-6, it decreased from 9.0 to 7.0
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points between days 0 and 28 and reached 4.5 points on day
40. In the active material, it remained at 8.2 points on day
28, 7.0 on day 40, and 5.8 on day 55; on day 60 it reached
4.8 points.

10 aA abA

Overall quality

0 7 14 21 28 35
Time (d)

——PA-6 PA-6/Chitosan/Zeolite-Ag*

Figure 8. Changes in overall quality of Visking-type cooked
ham during refrigerated storage in the PA-6 and PA-6/chito-
san/zeolite-Ag" packaging systems. Different lowercase let-
ters indicate significant differences among storage times wi-
thin the same packaging system; different uppercase letters
indicate significant differences between packaging systems
at the same storage time according to Tukey HSD multiple
comparisons, p < 0.05.

These results show that the active material delayed the loss
of acceptability. The point at which the mean fell below 5
was used only as a descriptive reference because shelf life
was estimated from the individual responses of the panelists.
Spampinato et al. (2022) observed that loss of acceptability
in cooked ham resulted from a combination of acidic taste,

unpleasant odors, and appearance changes. Similarly, Siri-
patrawan and Noipha (2012) reported better maintenance of
overall acceptability in sausages protected with active chito-
san materials.

Integration of the results showed greater stability of ham
packaged with PA-6/chitosan/zeolite-Ag”. From day 40
onward, the PA-6 treatment showed greater moisture loss,
acidification, and MDA accumulation, together with poorer
preservation of typical odor and flavor and greater intensi-
ty of atypical odor, acidic flavor, and rancidity. In the acti-
ve material, these changes were delayed and occurred with
lower intensity.

Because the indicator microorganisms remained below
the established limits and Salmonella spp. was absent, the
results suggested that the end of shelf life was determined
mainly by sensory rejection, whereas physicochemical and
microbiological changes acted as complementary indicators
of deterioration, in agreement with the probabilistic Weibull
analysis.

Shelf life was estimated from the individual overall-quality
scores assigned by the 15 panelists (Table 2). Responses with
0Q < 5 were classified as sensory failures and those with OQ
> 5 as acceptable. The distribution of failures showed a shift
in rejection toward longer storage times in PA-6/chitosan/
zeolite-Ag*. No failures were recorded in the PA-6 treatment
until day 28; on day 40, 10 of 15 responses were classified as
rejection (66.7%), and from day 55 onward failure reached
100%.

Table 2. Changes in overall quality and frequency of sensory failure during refrigerated storage

Treatment Time (d)  Overall quality (Mean + SD) Failures (OQ <5)  Failures (%)
0 9.0£0.68 0/15 0.0
14 8.5+£0.71 0/15 0.0
28 7.0+0.71 0/15 0.0
PA-6 40 4.5+0.70 10/15 66.7
55 2.0+ 0.68 15/15 100
60 1.5+0.70 15/15 100
0 9.0+0.70 0/15 0.0
14 8.8 £0.69 0/15 0.0
PA-6/
Chitosan/ 28 8.2+0.70 0/15 0.0
1osa 40 7.0£0.71 0/15 0.0
Zeolite-Ag* 55 5.8+£0.70 2/15 13.3
60 4.8+0.71 8/15 533

0OQ: overall quality; SD: standard deviation. An individual OQ score < 5 was considered a sensory failure.

No failures were recorded in the active material until day
40; on day 55, 2 of 15 responses were failures (13.3%), and
on day 60, 8 of 15 (53.3%).

Individual failure/non-failure responses were fitted to a
two-parameter Weibull distribution by maximum likelihood.
B, and B, were estimated from a and B (Table 3). B, was
used as the primary shelf-life criterion, according to the ad-

missible percentage of deteriorated units proposed by Nufez
de Villavicencio et al. (2017).

The scale parameter a increased from 39.95 days in PA-6
to 60.84 days in the active material. The B values were 74.86
and 19.37, respectively. In both cases, § > 1 indicates an in-
creasing risk of failure over time; the higher magnitude in
PA-6 reflects a more concentrated transition toward rejec-
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tion.

Table 3. Weibull distribution parameters and sensory
shelf-life estimates

PA-6/Chitosan/

Parameter PA-6 Zeolite-Ag’
Scale parameter, o (days) 39.95 60.84
Shape parameter, 3 74.86 19.37
B, (days) 38.40 52.19
B, (days) 39.75 59.70
Increase in B relative to
PALG 5 - 359 %

B was 38.4 days for PA-6 and 52.19 days for PA-6/chito-
san/zeolite-Ag". This represents an extension of 13.79 days
and an increase of 35.9%. B, increased from 39.75 to 59.70
days, confirming the shift of the failure distribution toward
longer storage times.

The use of Weibull analysis allowed shelf life to be expres-
sed as a probability of failure rather than only as the time at
which a sensory mean crosses a limit. Cardelli and Labuza
(2001) and Duyvesteyn et al. (2001) used this approach to
estimate shelf life from rejection, whereas Calle et al. (2006)
and Hough et al. (2006) demonstrated the usefulness of sur-
vival analysis for incorporating variability in sensory res-
ponses.

The closest precedent is Patifio et al. (2022), who used a
PA-6/silver-zinc packaging system for beef and chicken sau-
sages and estimated a B, of 26.6 days for the control and
35.62 days for the active material at 4 °C, equivalent to an
increase of approximately 33.9%. This value is close to the
35.9% increase obtained in the present study.

Although the products and materials differ, both studies
show an extension of shelf life of approximately one-third
compared with the conventional system. The greater abso-
lute difference observed in ham may be related to material
composition and to product-specific deterioration mechanis-
ms, although it cannot be attributed to any single component.

Patifio et al. (2022) also showed that the effect of active
packaging depended on the product and storage temperature.
This confirms that shelf-life extension is not a fixed property
of the material but rather the result of its interaction with the
food matrix and storage conditions. The findings of Diblan
and Kaya (2023) support this interpretation. In Kasar cheese,
multilayer materials containing chitosan or silver-substituted
zeolite prolonged microbiological stability, although effec-
tiveness depended on the microorganism and temperature.

The difference between B, and B, was 1.35 days in PA-6
and 7.51 days in the active material. This greater separation,
together with the lower B, indicated that rejection of the ac-
tive treatment was distributed over a wider time interval.
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B, describes the median failure time, whereas B, provides
a more conservative criterion for establishing shelf life. The
use of rejection probabilities to define sensory limits has
been recommended in food survival studies (Hough et al.,
2004; Garitta et al., 2015).

Overall, the increase in B, from 38.4 to 52.19 days was
consistent with the shelf-life extension reported for other ac-
tive materials containing polyamide, chitosan, or silver spe-
cies (Patifio et al., 2022; Diblan & Kaya, 2023). The shift in
a, B, and B, toward longer times indicates that the PA-6/
chitosan/zeolite-Ag" system delayed sensory rejection of
Visking-type cooked ham during refrigerated storage.

Conclusions

The active PA-6/chitosan/silver-exchanged zeolite film
improved the overall stability of sliced Visking-type cooked
ham during refrigerated storage compared with conventional
PA-6 packaging. The active system delayed moisture loss,
acidification, lipid oxidation, and textural changes, while
also limiting the growth of aerobic microorganisms and exer-
ting an inhibitory effect on Pseudomonas spp. Shelf-life loss
was mainly determined by sensory deterioration, associated
with a decline in characteristic attributes and an increase in
defects such as atypical odor, sour taste, and rancidity, whe-
reas microbiological indicators remained within acceptable
limits. The Weibull model estimated a sensory shelf life of
38.4 days for PA-6 and 52.19 days for PA-6/Q/Zeolite-Ag",
corresponding to an extension of approximately 13.8 days,
or 35.9%, compared with the conventional system. Therefo-
re, the incorporation of chitosan and silver-exchanged zeoli-
te into polyamide films represents an effective technological
strategy for extending the shelf life of refrigerated sliced
cooked ham.
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