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Abstract: Cheese ripening is a time-consuming process that can lead to spoilage and product
loss. The objective of this study was to evaluate the spoilage of Mozzarella-type cheese
over 14 days at 4 °C, packaged with polyurethane-based films containing curcumin as an
antioxidant agent. A series of physicochemical analyses were conducted, including lipid,
crude fiber, and crude protein content, as well as color measurements, weight loss, moisture
content, water activity, pH, titratable acidity, total and non-protein nitrogen, proteolysis
index, and cheese oxidation (measured by thiobarbituric acid reactive substances—TBARS).
Additionally, microbiological tests were performed to assess mesophilic bacteria, total
coliforms, fungi, and yeasts. The results indicated that the polyurethane-based packaging
helped maintain the Mozzarella-type cheese’s weight by significantly reducing water loss;
after 14 days, the packaged cheese reached a weight loss of approximately 3%, compared
to 27% of unpackaged cheese. However, that also increased moisture retention inside the
package, which accelerated Mozzarella-type cheese spoilage compared to the negative
control. The moisture content of packaged cheese was maintained at approximately 42%,
compared to 22% of unpackaged cheese. Furthermore, the polyurethane-based films with
curcumin did not exhibit any significant antioxidant effect on the cheese. It can be concluded
that these polyurethane-based films are not suitable for foods with high moisture content.

Keywords: antioxidant compounds; food packaging; food spoilage; moisture

1. Introduction

Mozzarella and Mozzarella-type cheeses are one of the most widely consumed types
of cheese worldwide, valued both for direct consumption and as an ingredient in foods
such as pizza. In fact, at least 70% of the world’s Mozzarella-type cheese production is
used for pizza [1]. Cheese is a rich source of protein, fat, vitamins, and minerals, all of
which can change during the ripening process [1]. Cheese spoilage is a time-consuming
process involving both biochemical and microbiological transformations. Among the
biochemical processes, complex reactions such as glycolysis, proteolysis, and lipolysis
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occur. Microbiological activity, driven by enzymes, bacteria, fungi, and yeasts, also plays
a crucial role [2-6]. This microbiological activity is induced by endogenous enzymes and
those produced by microorganisms, which mainly catalyze the breakdown of fats and
proteins. The microorganisms also use many cheese compounds as an energy source,
accelerating the spoilage of the product [7,8]. Mesophilic aerobes, fungi, yeasts, and total
coliforms are commonly used to assess cheese spoilage, and therefore were selected as
microbiological indicators in this study due to their influence on this process [2-5,9]. In
contrast, Salmonella, E. coli, total coliforms, and Listeria monocytogenes are key indicators of
public health risks [2-5,9] and are, therefore, not the focus of this study. Selected bacteria or
fungi serve as microbiological indicators in general.

Packaging plays a key role in extending the shelf life of cheese. It serves as a barrier
between the product and the environment, preventing external contamination, reducing
physical damage, and limiting the transmission of oxygen and water vapor [6]. How-
ever, most cheese packaging is made from petroleum-based plastics, which are generally
non-biodegradable [10]. Nevertheless, biodegradable packaging materials derived from
renewable sources have been developed, such as poly-hydroxy-alkanoates (PHA), poly-
3-hydroxybutyrate (PHB), polyhydroxy-valerate (PHV), poly-hydroxy-hexanoate (PHH),
gluten, polylactic acid (PLA), and others. However, these materials face challenges related
to mechanical performance and production costs [11-13]. In this context, polyurethane
based on castor oil as the main polyol could be a promising alternative for producing food
packaging that is partially sourced from renewable materials while offering good mechani-
cal performance and low raw material costs [14]. In that sense, Saral et al. [15] fabricated
polyurethane with zinc nanoparticles to pack carrots. Wu et al. [16] shaped a blend film
of polyurethane and PLA with silver nanoparticles. In both studies, the authors aimed to
retard food decay.

Additionally, most cheese packaging consists of inert polymers without any active
properties. In this regard, incorporating additives such as antioxidant compounds could
help delay lipid oxidation during cheese ripening, further extending its shelf life. Curcumin,
a polyphenolic compound obtained from curcuma, is known for its strong antioxidant
activity, low price compared to other antioxidant compounds, and high temperature
tolerance (decomposition at 190 °C) [17-20]. These advantages make it valuable for active
packaging solutions.

Ruiz et al. [14] conducted a comprehensive characterization of polyurethane-based
films, analyzing their chemical, mechanical, morphological, and barrier properties, as well
as overall and specific migration from film to simulating media. They found that both
polyurethane-based films without additives and those containing 0.5% w/w curcumin are
suitable for food packaging. This study serves as a continuation of previous research [14].

To the best of the authors” knowledge, no study has been reported on polyurethane-
based films activated with curcumin to package cheese. This paper aims to test the spoilage
of Mozzarella-type cheese packaged with polyurethane-based films activated with cur-
cumin as an antioxidant agent, and to evaluate the viability for this type of application.

2. Materials and Methods
2.1. Materials

Castor oil (CO) (CAS number 8001-79-4) was obtained from Quimicos Campota y
Cia Ltda., Bogota, Capital District, Colombia. Polyethylene glycol (PEG) with an average
molecular weight of 1000 g-mol~! was sourced from Merck, Darmstadt, Hesse, Germany
(CAS number 25322-68-3). Isophorone diisocyanate (IPDI) (CAS number 4098-71-9) and
curcumin (CAS number 458-37-7) were obtained from Sigma-Aldrich, Burlington, MA,
USA. Sodium hydroxide (NaOH) 0.1 N standard solution (CAS number 1310-73-2) and
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hydrochloric acid (HCI) 0.1 N standard solution (CAS number 7647-01-0) were purchased
from Neon, Suzano, SP, Brazil. All 1,1,3,3 tetraethoxypropane (TEP) (CAS number 122-31-
6), 2-thiobarbituric acid (TBA) (CAS number 504-17-6), ethylenediaminetetraacetic acid
(EDTA) (CAS number 60-00-4), propyl gallate (PG) (CAS number 121-79-9), boric acid (Cas
number 10043-35-3), sulfuric acid (CAS number 7664-93-9), tannic acid (TA) (CAS number
1401-55-4), sodium chloride (NaCl) (CAS number 7647-14-5) reagents were purchased from
Sigma-Aldrich, Burlington, MA, USA. Phenolphthalein and trichloroacetic acid (TCA)
(CAS number 76-03-9) were purchased from Synth, SP, Sao Paulo, Brazil. Tekbond-793
(instantaneous adhesive) was sourced from ATB Ind. e Com. de Adesivos S/ A, Embu das
Artes, SP, Brazil. Diatomaceous earth (CAS number 91053-39-3) was purchased from Sigma-
Aldrich, Burlington, MA, USA. Mozzarella-type cheese of the same batch was produced by
the dairy plant of the Faculty of Animal Science and Food Engineering, University of Sao
Paulo (Pirassununga-SP, 21°59'46” S, 47°25'36'" W, Brazil). Nutritive agar, violet red bile
agar (BRBA), and dextrose agar (PDA) were purchased from Scharlau (Catalunya, Spain).

2.2. Synthesis of Polyurethane-Based Films

The synthesis of polyurethane-based films was performed through the prepolymer
method, following the method developed by Ruiz et al. [14]. The curcumin (0.5% w/w
of polyurethane weight) was mixed with castor oil in a beaker and stirred at 200 rpm
to overcome the miscibility problem of curcumin. Polyethylene glycol was added to the
solution, which was heated at 70 °C, with continuous stirring. The ratio of castor oil
and polyethylene glycol was 9:1 (mol/mol). The isophorone diisocyanate was added at
300 rpm for five minutes. The ratio of soft (polyols) and hard segment (isocyanate) was
1:1 (mol/mol). It was prepared with 25 £ 0.1 mL of prepolymer solution per round. The
prepolymer solution was poured on a glass sheet, the thickness was set at 0.5 mm with
an applicator of films, and then cured in an oven at 110 °C for 12 h. The scheme of the
involved reaction is shown in Ruiz et al. [14]. The main physical and functional properties
of polyurethane-based films have been studied previously. These data can be found in
Ruiz et al. [14].

2.3. Application of Polyurethane-Based Active Films as Sliced Mozzarella-Type Cheese Packaging

Mozzarella-type cheese, made from whole milk and from the same batch, was manu-
ally sliced into slices measuring 1 cm X 6.5 cm X 6.5 cm and placed in sterile packaging
measuring 10 cm x 10 cm made with polyurethane or polyurethane with curcumin films.
The packages were sealed with Tekbond-793 and stored in a temperature-controlled cham-
ber (BOD TE390 Tecnal, Piracicaba, SP, Brazil) at 4 + 0.1 °C and 20 + 0.01% of relative
humidity for 14 days. Unpackaged sliced Mozzarella-type cheese was also stored as a
negative control. The conservation analysis of sliced Mozzarella-type cheese was carried
out at 0, 7, and 14 days. Altogether, three treatments were studied:

(i) Unpackaged sliced Mozzarella-type cheese (NC);
(ii) Sliced Mozzarella-type cheese packaged in polyurethane-based films (PU);
(iii) Sliced Mozzarella-type cheese packaged in polyurethane-based films with curcumin (CUR).

The water vapor transmission rate (WVTR) of PU and CUR is 1.868 X 1077 +
7.496 x 1078 g/Pa-s:m? and 2.442 x 1077 £ 9.048x 10~8 g/Pa-s-m?, respectively [14].

2.4. Proximate Composition Analysis of the Sliced Mozzarella-Type Cheese During Storage

The proximate composition analysis of Mozzarella-type cheese was performed on
day 0, in duplicate, for determination of fats (ether extract), crude fiber, and crude protein
content, according to classical methods [21-24].
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2.5. Physicochemical Analysis of the Sliced Mozzarella-Type Cheese During Storage
2.5.1. Color Measurements

Color measurements were taken immediately after opening the packaging, at three
different points on the sliced Mozzarella-type cheese, at all points in the experiment,
on both sides of the cheese. The color parameters (L*, a*, and b*) were obtained using
a MiniScan colorimeter (MSEZ 1049, HunterLab, Reston, VA, USA) in the reflectance
mode using the CIELab scale, illuminant/angle of D65/10°, and 30 mm opening, ac-
cording to Luciano et al. [25]. The total color difference (AE*) was calculated with
Equation (1), being AL* = L*sample — L*standard, Aa* = a*sample — a*standard, and
Ab* = b*sample — b*standard [26-28]:

AE* = ([ (AL*)? + ( Aa*)? + ( Ab*)? (1)
y(ar e (e

2.5.2. Weight Loss

The weight loss of the Mozzarella type cheese slices was calculated by using Equation (2),
where W and W are the initial sample weight (day 0) and sample weight at 7 and 14 days of
storage, respectively [26]:

Weight loss = (WO_Wt> % 100 (2)
Wo

2.5.3. Moisture Content

The moisture content (MC) was determined gravimetrically. The Mozzarella-type
cheese sample (1 £ 0.05 g) was dehydrated at 105 °C until constant weight for 24 h, using
a forced-air circulation drying oven (MA035, Marconi, Piracicaba, SP, Brazil), after being
cooled until room temperature in a desiccator. This assay was carried out in duplicate and
according to modified AOAC official method 935.42 [29]. MC was then calculated using
Equation (3):

(Wi — Wa)

MC (%) =

x 100 3)

where W is the weight of sample (g) before drying and W is the weight of sample (g)
after drying.

2.5.4. Water Activity

For the water activity test, samples of sliced Mozzarella-type cheese were ground and
kept in room temperature (23 &+ 1 °C) for 3 h to stabilize the temperature. The samples
were analyzed directly in a water activity analyzer (AquaLab CX-2, Decagon®, Pullman,
WA, USA) at room temperature [30]. The samples were analyzed in duplicate.

2.5.5. pH and Titratable Acidity

For pH analysis, 5 & 0.05 g of sliced Mozzarella-type cheese was ground and homoge-
nized with 50 mL of distilled water at 40 °C for 10 min. The pH was determined with a
portable pH meter (PG1400, Gehaka, Sao Paulo, SP, Brazil) at 25 °C.

To determine the titratable acidity, the pH analysis samples were filtered through filter
paper (Whatman n° 4). Then, 25 mL of filtrate, corresponding to 2.5 g of Mozzarella-type
cheese sample, were titrated with 0.1 N NaOH standard solution using 3 drops of 1% (w/v)
phenolphthalein, according to the slightly modified AOAC official method 920.124 [31]. The
results were expressed as percentage of lactic acid (Equation (4)), where V is the volume
of 0.1 N NaOH standard solution used in the titration (ml), N is the normality of NaOH
standard solution (0.1 N), 0.009 is equivalent weight of lactic acid neutralized by 0.1 N
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NaOH standard solution, and m is the weight of sample (g) [32,33]. Both pH and titratable
assays were performed in duplicate.

%latic acid =

V><Nn>1<0.009><100 @)

2.5.6. Total and Non-Protein Nitrogen

Non-protein nitrogen was determined through the tannic acid (TA) precipitation
method. 200.0 £ 0.1 mg of Mozzarella-type cheese powder and 6.00 g of 1% (w/w) of
sodium chloride were weighted in a 15 mL centrifugate tube. The solution was mixed
with a vortex mixer. Then, the solution was left to stand for 15 min and mixed again
briefly with a vortex mixer. Then, 3.00 g of 12% (w/w) TA solution was added to the
solution, thoroughly mixed with a vortex mixer, and left to stand for 30 min. The formed
precipitate was recovered from the solution by centrifuging for 15 min at 1000x g, and the
supernatant (~6 mL) was transferred to a container for nitrogen determination through
the Kjeldahl method. The percentage of non-protein nitrogen (NPN) was calculated with
Equation (5) [34,35]:

%N in supranatant)-(NaCl + TA + sample)

%NPN = (
sample

(5)

where NaCl is the sodium chloride solution in g, TA is the tannic acid solution in g, NaCl is
the g of NaCl, and sample is the g used in the sample.

2.5.7. Thiobarbituric Acid Reactive Substances (TBARS)

To analyze the lipoperoxidation of sliced Mozzarella-type cheese during storage,
the TBARS test was carried out according to the methodology described by Serensen &
Jorgensen [36], with slight modifications. For that, 2.0 &= 0.05 g of ground, sliced Mozzarella-
type cheese were homogenized with 10 mL of a solution containing 7.5% (w/v) TCA, 0.1%
(w/v) PG, and 0.1% (w/v) EDTA using a rotor-stator homogenizer (Ultraturrax® IKA T25,
Labotechnik, Germany) at 10,000 rpm for 30 s [25]. The samples were filtered through
filter paper (Whatmann n° 1), and 5 mL of the filtrate was mixed with 5 mL of a 0.02 M
TBA solution. The samples were then incubated at 100 °C for 40 min (thermostatic bath,
MA-184/20, Marconi, Piracicaba, SP, Brazil), cooled with running water, and analyzed in
a UV-Vis spectrophotometer (Lambda 35, Perkin-Elmer, Waltham, MA, USA) at 532 nm.
TBARS values were calculated using a standard curve constructed with TEP solution
(1.9 x 107 M to 2.3 x 10> M) and expressed as mg of malondialdehyde (MDA)/kg)
of sample.

2.6. Microbiology Tests

The count of four microbiological indicators, mesophilic aerobes bacteria, total col-
iforms, fungus, and yeasts, were assessed. The Mozzarella-type cheese sample was weighed
(11 £ 0.1 g) and diluted in 99 mL of peptone water at 40 °C and 200 rpm. Then, a serial dilu-
tion in peptone water was carried out in 10 mL tubes, taking 1 mL of previous dissolution,
to add to 9 mL of peptone water (x1072). This process was repeated in serial, reaching
x1073, x10~4, and x107°, for days 0, 7, and 14, respectively. For sowing, 1.0 mL of solution
was taken in a petri dish with the corresponding culture medium. For mesophilic aerobes,
Nutritive Agar was used; for total coliforms, Violet Red Bile Agar (BRBA) was used; and for
fungi and yeasts, Potato Dextrose Agar (PDA) was used. The antibiotic Chloramphenicol
was used as a positive control. Then, the petri dishes were incubated at 37 °C for 48 h for
bacteria and 120 h for fungi and yeasts. The count was carried out once the incubation had
finished in colony-forming units (CFU) [37].
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2.7. Statistical Analysis

The data was assessed with non-parametric statistics because they did not match
the assumption of normality or homoscedasticity. The data was assessed first with the
Kruskal-Wallis test to verify variable differences; when these occurred, the Mann-Whitney
test was applied. The median of the samples was reported. A probability of 5% was used
to establish a significant difference between medians. The statistics were performed in
GraphPad Prism®.

3. Results and Discussion
3.1. Proximate Composition of Mozzarella-Type Cheese

Considering the ether extract and crude protein content, an average of 47.16% =+ 0.16
and 40.54% =+ 0.32 on a wet basis, respectively, was obtained. These values are higher
than those reported in the literature for Mozzarella and Mozzarella-type cheese. The fat
content in the literature varies between 15% and 26%. For instance, Francolino et al. [38] re-
ported a fat content of 16.99% =+ 3.91, Costabel et al. [39] found 23.85% =+ 3.23, and Tran
Do [40] recorded 15.98% =+ 0.74. On the other hand, no crude fiber (0.0) was determined.

Regarding protein content, literature values range from 18% to 32%. Francol-
ino et al. [38] reported a value of 18.62% =+ 4.0, Costabel et al. [39] found 24.58% =+ 1.64,
Carneiro et al. [41] recorded 25.34% (standard deviation not reported), and Tran
Do et al. [40] found 31.68% = 0.74.

A possible explanation for the differences between the fat content and crude protein
values reported in this study and those found in the literature is moisture content (as
discussed in Section 3.2.3). Other authors have reported an inverse relationship between
moisture content and both fat and crude protein [42,43]. The moisture content measured
in the Mozzarella-type cheese samples was 42.8% =+ 0.1 on day 0, which is slightly lower
than the values reported in the literature [43]. This lower moisture content could result in a
reduced dilution of protein, leading to a higher fat and protein concentration [42,43].

Other factors that could influence lipid and protein content include milk quality,
protein composition, and moisture levels of milk, as well as cheese production techniques.
In fact, Francolino et al. [38] emphasized the importance of standardizing Mozzarella-type
cheese production, as various factors can affect its nutritional composition.

3.2. Physicochemical Analysis of the Sliced Mozzarella-Type Cheese During Storage
3.2.1. Color Measurement

Food color is one of the main sensory characteristics that affect consumer accep-
tance [28] and can occasionally be an indication of food quality. In cheeses, color change
may be related to loss of moisture, the growth of microorganisms, and lipid oxidation, for
example. No statistically significant differences were observed for the color parameters
among treatments, except for the a* value on side A (side up of the cheese) on day 7, where
the negative control (NC) showed a statistically significant difference compared to both PU
and CUR packaged treatments (Table 1). This outcome may be because Mozzarella-type
cheese exhibits only minor color variations during maturation, despite the physicochemical
changes occurring in the samples. Likewise, the color evolution on days 7 and 14 shows
slight deterioration in color parameters, as expected [28,44] (Figure 1).

In this regard, Siroli et al. [44], in a study involving twelve Mozzarella-type cheese
treatments, found statistically significant differences in L* and a* in only one treatment
on day 23 of maturation. Both Siroli et al. [44] and this present study indicate that this
type of cheese does not exhibit significant differences in color parameters under most
treatment conditions.
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Table 1. Color parameters of sliced Mozzarella-type cheese packaged with polyurethane-based films
without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a negative control (NC).

Treatment Color Parameter Day 0 SD */Range Day 7 SD */Range Day 14 SD/Range
a*side A ** 1.29 0.07 *** 2.10 0.09 0.92 0.30
b* side A 22.53 0.23 38.59 0.61 30.46 3.11
L*side A 89.04 0.13 79.65 0.63 73.66 3.90
a*side B 1.54 0.01 0.74 0.18 0.73 1.00
NC b* side B ** 23.14 0.42 27.54 0.39 31.41 2.30
L*side B 88.75 0.59 84.81 0.54 73.01 1.46
dE side A 21.54 0.29 39.81 0.57 35.93 4.05
dE side B 2222 117 27.38 0.85 35.93 29
a*side A ** 1.29 0.07 0.48 0.20 0.42 0.17
b*side A 2253 0.23 27.22 1.49 26.76 147
L*side A 89.04 0.13 *** 83.87 3.56 86.39 1.36
a*side B 1.54 0.01 0.53 0.1 0.63 0.26
PU b* side B ** 23.14 0.42 2855 121 29.09 3.05
L*side B 88.75 0.59 83.23 6.38 83.28 1.77
dE side A 21.54 0.29 27.7 0.5 26.2 1.79
dE side B 22.22 117 29.81 4.62 28.13 7.26
a*side A ** 1.29 0.07 0.58 0.09 0.43 0.02
b* side A 22.53 0.23 26.43 0.41 25.34 5.13
L*side A 89.04 0.13 *** 86.16 0.4 86.23 0.9
a*side B 1.54 0.01 1.07 1.25 0.69 0.26
CUR b* side B ** 23.14 0.42 29.90 2.64 28.41 1.73
L*side B 88.75 0.59 84.46 1.23 84.37 1.32
dE side A 21.54 0.29 25.96 0.27 24.89 5.15
dE side B 2222 1.17 29.82 6.43 28.19 4.39

* SD: standard deviation. ** Parametric statistics. *** Statistically significant difference.

Cheese day 0

Figure 1. Pictures of sliced Mozzarella-type cheese after being removed from polyurethane-based
films without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a negative control (NC).
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3.2.2. Weight Loss

Packaging performs several functions that help extend the shelf life of packaged
foods, one of which is protection against weight loss, mainly related to the evaporation
of water from the food [6]. Packaging acts as a barrier between the food and the external
environment, controlling gas exchange and water loss, preventing changes in texture, and
drying out. This function performed by packaging became evident when monitoring the
weight loss of sliced Mozzarella-type cheese samples (Figure 2). It highlights the differences
between the NC and the two packaged sliced Mozzarella-type cheese treatments (PU and
CUR). It did not find a statistically significant difference between PU and CUR packaged
Mozzarella-type cheese on days 0, 7, and 14, indicating that curcumin as an additive had
no observable effect on weight loss. In contrast, the NC showed a statistical difference
compared to both PU and CUR on days 7 and 14. The NC exhibited remarkable weight
loss on these days.

30
— NC

> — PU
X
o 20- CUR
(o))
S
c
(<))
2 104
(]
o

0 /X\{

1 T T
0 7 14

Day

Figure 2. Weight loss of sliced Mozzarella-type cheese packaged with polyurethane-based films
without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a negative control (NC).

This weight loss occurred because the Mozzarella-type cheese in the NC group had
no protective barrier to prevent the evaporation of water and other compounds. In con-
trast, the packaged Mozzarella-type cheese had a barrier that reduced weight loss due to
evaporation. According to Ruiz et al. [14], the PU and CUR films exhibited very low water
vapor permeability.

Franzoi et al. [45] found that moisture loss is the main factor contributing to the
weight reduction of Mozzarella-type cheese, whereas protein loss had a lesser contribution.
Additionally, they observed that fat, saturated fatty acids, and total solids increased in
concentration as a result of moisture loss. In their study, weight loss was reported as 6.79%
after 10 days and 10.96% after 21 days. These values are higher than those reported in the
present study, likely because the polyurethane-based films developed in this research had a
very low water vapor permeability, which reduces the moisture loss [14].

Based on the better preservation of cheese weight, it can be inferred that the packaging
developed in this research may help extend the Mozzarella type cheese’s shelf life. This
hypothesis will be discussed in the following results subsections.

3.2.3. Moisture Content

As previously mentioned, moisture loss through evaporation is the main cause of
weight loss in food. Therefore, monitoring moisture content assesses the dehydration of
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food over time. The packaged Mozzarella-type cheese slices showed a constant moisture
content of approximately 42% during the 14 days of assay (Figure 3). No statistically
significant difference was observed between PU and CUR. This stability is attributed to
the polyurethane-based films’ low water vapor permeability due to their high hydropho-
bicity [14], which may be desirable to maintain the sensory attributes of Mozzarella-type
cheese. In contrast, the NC gradually lost moisture each day, reaching 22.4% by day 14 as
water and other minor compounds evaporated.

50—
_ — NC
§ 40- — PU
o CUR
e 30-
(o]
(&)
0 20-
3
[2)
‘o 10—
=

0 1 1 1

0 7 14
Day

Figure 3. Moisture content (%) of sliced Mozzarella-type cheese packaged with polyurethane-based
films without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a negative control (NC).

Nemati and Guimaraes [46] found that Mozzarella-type cheese presented a moisture
content of ~46% over nine days when packaged with high-barrier film bags. Similarly,
Olivares et al. [47] reported stable moisture content values of ~49% in Mozzarella-type
cheese vacuum-packaged for 57 days. These findings are consistent with the present study,
where moisture content remained stable throughout the 14-day experiment.

3.2.4. Water Activity

One of the main factors responsible for food spoilage is the high water activity. Water
activity is a physical-chemical parameter that measures the amount of available water in the
food to facilitate chemical reactions, enzymatic activity, and microbiological growth [48]. In
food in general, high water activity can facilitate lipid oxidation (values above 0.6) and the
growth of fungi, yeasts, and bacteria (values above 0.8), accelerating spoilage [49]. Since
Mozzarella-type cheese generally has high water activity, the water activity of packaged and
unpackaged Mozzarella-type cheese was evaluated as a stability parameter (Figure 4). No
statistically significant difference was observed between Mozzarella-type cheeses packaged
with PU and CUR treatments on days 0 and 14. On these days, water activity remained
stable at ~0.95. This high water activity indicates that a significant amount of unbound
water is readily available, which is conducive to microbial proliferation [50], as shown
in3.2.8.

The stability of water activity in packaged Mozzarella-type cheese is attributed to the
polyurethane-based films” low water vapor permeability, which prevents moisture loss.
Instead of escaping, the evaporated water remained inside the package. In contrast, the NC
showed a significant decrease in water activity, as the evaporated moisture was released
into the environment.

Zappia et al. [50] conducted a study on Mozzarella-type cheese subjected to three
treatments with governing liquids and a control. They found that water activity remained
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between 0.96 and 0.97 over 20 days. This stability aligns with the findings of the present
research, where water activity remained steady throughout the 14-day assay.

0.98-

— NC
> 0.96- — PU
S CUR
©
S 0.94-

2
(O
= 0.92-
0.90 . . T
0 7 14
Day

Figure 4. Water activity of sliced Mozzarella-type cheese packaged with polyurethane-based films
without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a negative control (NC).

3.2.5. pH and Lactic Acid

The pH in cheese is a key factor that affects microbiological and enzymatic activity,
lipid oxidation, taste, and other active compounds [46]. Acidity plays a crucial role in flavor
development and microbial stability as well [51]. Both pH and lactic acid are linked but
not necessarily proportional [52]. Mozzarella-type cheeses packaged with PU and CUR
films showed similar pH values, with no statistically significative differences on any day
(Figure 5a). The pH of cheese packaged with PU and CUR films increased significantly
from 5.6 + 0.13 on day 0 to 6.06 £ 0.1 and 6.12 + 0.18 for PU and CUR, respectively, on
day 14. In contrast, the pH of NC decreased to 5.49 & 0.03, showing a statistically significant
difference compared to both PU and CUR on day 14.

- 0.50
6.4 @ ® N
= == —_ - PU
6.2 PU 9 0.45-
CUR T CUR
6.0 g
:5_ < 0.40
5.8 2
o
5.6 -1 0.354
54 1 1 1 0.30 T T T
0 7 14 0 7 14
Day Day

Figure 5. (a) pH and (b) percentage of lactic acid of sliced Mozzarella-type cheese packaged with
polyurethane-based films without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a negative
control (NC).

The increase in pH in the PU and CUR treatments could be attributed to proteolysis,
which generates ammonia, as well as the metabolism of lactic acid, converting it into
weaker acids or other compounds that sequester hydrogen ions [39,43,53,54]. Conversely,
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the decrease in pH in NC could be due to the breakdown of lactose residues by lactic
acid bacteria.

The difference in pH between packaged and non-packaged Mozzarella-type cheese
could be explained by the higher water activity in packaged cheese, which allows enzymatic
activity and, consequently, accelerates proteolysis [4,5,50].

Nemati and Guimaraes [46] found that the pH of Mozzarella-type cheese under four
different manufacturing treatments remained stable or exhibited only minor changes over
a nine-day shelf life assay. This result is similar to the findings of the present study,
where the pH did not change significantly until day 7. However, in contrast, the pH of
Mozzarella-type cheese in all treatments showed a significant change on day 14 in the
present study.

On the other hand, the lactic acid levels did not show any statistical differences be-
tween treatments, except on day 14 between NC and PU (Figure 5b). Lactic acid increased
considerably from day 7 to day 14 in the NC and CUR treatments. Rigueira et al. [55] re-
ported lactic acid values ranging from 0.54 & 0.16 on day 0 to 0.68 & 0.23 on day 15, a trend
similar to the results observed in the NC and CUR treatments. The increasing lactic acid
value may be due to the growth of microorganisms breaking lactose [56].

3.2.6. Total Nitrogen and Non-Protein Nitrogen

Nitrogen in dairy products exists as true protein and non-protein nitrogen. True
protein nitrogen (total nitrogen) is essential for nutritional purposes. In contrast, non-
protein nitrogen is often regarded as having minimal nutritional benefit and, therefore, low
commercial value [57]. The total nitrogen of Mozzarella-type cheese had a notable increase
on 7 and 14 days, with a statistically significant difference only on 14 days, among NC
against PU and CUR (Figure 6a). The non-protein nitrogen had a steady performance on
days 0 and 7 but increased notably on day 14 in all treatments (Figure 6b). A statistically
significant difference was observed in NC treatment against PU and CUR treatments on
days 7 and 14, as well as between PU and CUR treatments on day 14. These outcomes
could imply that the Mozzarella-type cheese had a similar behavior on proteolysis due to
maturation [58]. In that sense, the polyurethane-based films used for packaging did not
have any significant effect on the proteolysis delay of Mozzarella-type cheese.

Day

0.5 b
@ ® e
— PU 0.4+ — PU
CUR
CUR g 0.3
(=
=
S 0.2+
0.1
I 0.0 ] I I
14 0 7 14
Day

Figure 6. (a) Total nitrogen and (b) non-protein nitrogen of sliced Mozzarella-type cheese packaged
with polyurethane-based films without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a
negative control (NC).

In the present study, the median total nitrogen increased by 0.33% =+ 0.02 after 14 days.
This rate is higher than that reported by El-Sayed et al. [59], who observed a mean increase
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of 0.35% =+ 0.02 in total nitrogen over 30 days. The difference may be due to the initial
total nitrogen level on day 0 of the present study, which is approximately twice that of
the El-Sayed et al. [59] study. This higher initial nitrogen content could have accelerated
the proteolysis rate. Additionally, El-Sayed et al. [59] attributed proteolysis to moisture
content. However, in this study, we found that proteolysis showed a similar pattern across
all treatments. These outcomes suggest that storage time should be considered as a key
factor in the proteolysis rate, rather than moisture content. Among the factors identified by
Golzarijalal et al. [60] as contributing to Mozzarella-type cheese spoilage, moisture is ranked
fourth, subsequent to storage time, enzyme concentration, and calcium concentration.

Likewise, the non-protein nitrogen in the present study increased notably, from 0.21 to
0.41 g/100 g. This result differs from the Coppola et al. [61] study, where the rate of
non-protein nitrogen was slightly higher. The difference could be attributed to the lower
initial value in the present study compared to the Coppola et al. [61] study, which may
have accelerated proteolysis in their research.

3.2.7. Thiobarbituric Acid Reactive Substances (TBARS)

Lipid oxidation is one of the main causes of chemical spoilage of cheese. This affects
nutritional value and sensory properties. The oxidative rate of cheese depends on the
balance of antioxidant and pro-oxidant factors. The lipid oxidation is usually measured
through TBARS [62]. The TBARS values of Mozzarella type cheese in this study increased
significantly from day 0 to day 7 in all treatments, but the NC exhibited a smaller increase,
with a statistically significant difference compared to PU and CUR (Figure 7). From day
7 to day 14, a significant reduction in lipid oxidation without any statistically significant
differences among treatments was found. It highlights that curcumin as an antioxidant
additive did not have any significant effect.

g 157 NC
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Figure 7. Thiobarbituric acid reactive substances (TBARS) of sliced Mozzarella-type cheese packaged
with polyurethane-based films without (PU) or with 5% w/w curcumin (CUR), or unpackaged as a
negative control (NC).

This trend could be explained by the fact that, on day 7, the packaged Mozzarella-type
cheese with PU and CUR maintained steady moisture levels, as shown in Section 3.2.3
(Moisture Content) and Section 3.2.4 (Water Activity). The high humidity of packaged
Mozzarella-type cheeses may have increased the solubility of gaseous oxygen, facilitating
the lipid oxidation chain reaction [63]. The observed peak in TBARS levels in the packaged
cheese on day 7 likely indicates that the cheese reached its maximum point of lipid oxidation
at this time. Subsequently, on day 14, the reduction in TBARS values suggests a further
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progression of oxidation, leading to the formation of secondary oxidation products from
the breakdown of unstable peroxides. These secondary products can include compounds
such as ketones, hydrocarbons, organic acids, and aldehydes [64-67].

Taticchi et al. [68] conducted a study on two treatments of Mozzarella-type cheese
stored at 4 °C for 4 days and found that TBARS values were higher on day 4. Similarly,
Nemati and Guimaraes [46] reported that after 9 days, the TBARS values of Mozzarella-
type cheese increased progressively each day. These findings align with the present study,
where TBARS' values increased significantly until day 7. Likewise, Farbod et al. [66] found
a similar trend in feta cheese, where TBARS values followed a pattern comparable to that
observed in this study over a 60-day storage period.

3.3. Microbial Changes

According to Marrella et al. [52], “Mozzarella cheese is a complex ecosystem, char-
acterized by a heterogenous microbial consortium”. The moisture content, availability of
nutrients, and pH are key factors that influence the growth of microbiological species. The
presence of microorganisms is a concern issue due to public health and spoilage microorgan-
isms [69]. Among the spoilage microorganisms, mesophilic aerobes, total coliforms, mold,
and yeasts are key microbiological indicators [70]. The four microbiological indicators—total
coliforms, mold, yeast, and mesophilic aerobes—exhibited exponential growth with a similar
pattern in Mozzarella-type cheese (Figure 8). However, the NC showed slower growth in
colony-forming units (CFU), with a statistically significant difference observed on day 14
between NC and the packaged Mozzarella-type cheeses with PU and CUR.

10° (a) — NC 10°+ (b) — NC
108 — PU :g 108 — PU
CUR § CUR
o 107
107 ga"
= 108
108+ g 1054
105 T T 104 f T T
7 14 0 7 14
Day Day
10°- (c) NG
10° — PU
107 CUR
106_
105_
104_
10° T T

o -

Figure 8. Colony-forming units of (a) mesophilic aerobes, (b) total coliforms, and (c¢) mold and yeast
of sliced Mozzarella-type cheese packaged with polyurethane-based films without (PU) or with 5%
w/w curcumin (CUR), or unpackaged as a negative control (NC).
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Packaged Mozzarella-type cheeses exhibited a significant increase in microbiological
activity, primarily due to pH and water activity, both key factors for microbial growth. A
pH above 5.3 promotes microbial proliferation, while higher water activity provides a more
favorable environment for microbial development [71]. Therefore, the high microbiological
growth observed is likely attributed mainly to water activity, as the NC had significantly
lower water activity and showed the least microbiological growth.

Marella et al. [56] conducted a study on E. coli in Mozzarella type cheese over a 20-day
period. They found that during the first 10 days, the CFU of this bacterium increased
daily, followed by a gradual decline. This outcome differs from the results of the present
study, where all microbiological indicators showed a continuous increase throughout the
experiment. The discrepancy may be attributed to differences in bacterial strains, despite
E. coli being a coliform bacterium.

4. Conclusions

This study tested polyurethane-based films incorporated with curcumin as an antiox-
idant additive for packaging Mozzarella-type cheese. Three treatments were evaluated:
negative control (Mozzarella-type cheese without packaging), Mozzarella-type cheese
packaged with polyurethane-based film without curcumin, and Mozzarella-type cheese
packaged with polyurethane-based film containing 0.5% w/w curcumin.

The polyurethane-based films helped maintain the Mozzarella-type cheese weight
due to their low water vapor permeability, significantly reducing water loss through evapo-
ration. However, this moisture retention accelerated Mozzarella-type cheese spoilage, as
the increased water content inside the packaging promotes enzymatic and microbiological
activity. Additionally, curcumin as an additive did not have a significant effect in reducing
lipid oxidation in Mozzarella-type cheese. This suggests that reducing oxygen transmission
rates may be more critical than incorporating antioxidant properties into food packaging.

Based on these findings, the polyurethane-based films developed in this study are not
recommended for packaging high-moisture foods. Instead, they may be more suitable for
packaging low-moisture foods or some pharmaceutical products.
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