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Abstract: The use of natural raw substances for food preservation could provide a great contribution to food
waste reducing, circular economy enhancing, and green processes application widening. Recent studies
indicated that natural preservatives release kinetics significantly influenced the food preservation process. The
use of porous materials as absorber for natural essential oils provided nanohybrids with excellent antioxidant
and antimicrobial properties. In this study the well-known SBA-15 porous material was used to control the
release of the natural preservative thyme oil on food surface and to extend the food shelf-life. Results
indicated that the thyme oil loading was higher than other porous materials reported recently and the
addition of SBA-15 to the LDPE increases the water/oxygen barrier. The film with the higher
thyme-0il@SBA-15 nanohybrid content exhibited the slower release kinetic. The antioxidant activity of the
final films ignited after 48 hours, was in the range of 60-70%, and was almost constant for 7 days. Finally, all
tests indicated a sufficient improvement by the addition of thyme-0il@SBA-15 nanohybrids in the pure LDPE
matrix and the concentration of wt. 10% of such nanocarriers provided the optimum final
LDPE/10TEO@SBE-15 active packaging film. This material could be a potential future product for active
packaging applications.

Keywords: SBA 15; nanocarrier; thyme oil; LDPE; active packaging; food preservation; control
release; natural preservatives

1. Introduction

The substitution of food chemical preservatives with antioxidant and antimicrobial substances
abundant in nature is of major interest nowadays. The decrease of food waste, the positive
environmental fingerprint, the circular economy, and the sustainability are parameters which affect
the industrial food packaging sector. Such parameters indicated the use of natural bioactive agents
as a remarkable tool for the transition from classic to the novel active food packaging methods [1-3].
This means that, in the future, the foods should not only be protected but also preserved for a longer
period before consuming or wasted. The most trendy and promising method for this achievement is
to use bio-based materials [4]. Such food additives are natural abundant antioxidant/antibacterial
phytochemical extracts and essential oils (EOs) [5,6]. Recent research works indicated that the
inclusion of such natural extracts and EOs antioxidant/antibacterial compounds in porous solids and
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the control release of them in the food [7,8] resulted to better food preservation conditions. Such
natural extracts and EOs are generally recognized as safe (GRAS), which makes consumers and
regulatory agencies consider them as more appropriate for use in food than artificial preservative
compounds such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) [9]. In
the last few years essential oils (EOs) and their components are the most used natural abundant
antioxidant and antibacterial compounds for active food packaging applications.

Chemical components of the thyme essential oil (TEO) include monoterpenes, monoterpene
alcohols, phenol derivatives, ketones, aldehydes, ethers, and esters [10]. Recently many studies have
concluded that, during the shelf-life period, the use of TEO increases stability and reduces lipid
oxidation of various food products such as meat, meat products, milk, fish, or fish products. This
observation indicates TEO as a promising source of natural additives. The main components of TEO
are the isomeric phenolic monoterpenes thymol (2-isopropyl-5-methylphenol) and carvacrol
(2-methyl-5-(propan-2-yl)phenol) [10]. Many polymers and biopolymers based active film have been
developed, characterized, and applied as active food packaging films [11-13]. Among various
polymers and biopolymers used for such active packaging films low density polyethylene (LDPE)
have extensively used due to its flexibility and good water barrier properties[13,14].

To avoid direct loss of EOs, from the active package due to their volatile nature nanocarriers
such as montmorillonite nanoclay, halloysite tubular nanoclay, natural zeolite and activated carbon
have been suggested to adsorb them and control their release form the package to food [15-21]. In
this direction mesoporous silica could also be a promising nanocarrier for such EOs because of the
large pore size and its high specific surface area [22,23]. Recently, it has been shown that the release
of drugs or other pre-adsorbed molecules from mesostructured silicas depends on the pore
architecture, the pore size, and the specific drug-silica pore wall interactions [24,25]. Among the
various mesoporous silica, SBA (Santa Barbara Amorphous)-15 characterized by hexagonally
packed one-dimensional nanochannels and is one of the most studied in terms of drug delivery
properties [25-27]. Garguilo et al. [26] adsorbed alpha-tocopherol in SBA-15 and prepared LDPE
based antioxidant films. Experimental measurements shown that alpha-tocopherol release from
polymer films was slower and the alpha-tocopherol antioxidant effectiveness was higher when
adsorbed on modified SBA-15. Gamez et al. [23] loaded thymol to SBA-15 nanoparticles and
incorporated the produced nanohybrids in polycaprolactone (PCL) electrospun nanofibers. Control
release studies shown that the obtained PCL based fibers contained 5.6 wt.% of thymol and more
than half of this loading was released in the first 7 hours. This release prevented an initial bacterial
colonization and inhibited or eliminated bacterial growth as shown carrying out in vitro
experiments against Staphylococcus aureus [23].

In our current study TEO was adsorbed in SBA-15 mesoporous silica to develop a novel
nanohybrid TEO@SBA-15 which then incorporated in LDPE matrix via a melt extrusion process to
obtain LDPE/xXTEO@SBA-15 active packaging films for a first time (where x=5, 10, 15 and means 5,
10, and 15 wt.% of TEO@SBA-15 addition in LDPE). Furthermore, LDPE/XSBA-15 (where x=5, 10
and, 15) were also developed for comparison. Such LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films
are reported for first time. The TEO@SBA-15 nanohybrid was physiochemically characterized with
X-ray diffraction (XRD) measurements, Fourier Transform Infrared (FTIR) spectroscopy, Differential
Scanning Calorimetry (DSC), Thermogravimetric analysis (TGA) experiments, and TEO control
release kinetics. The obtained LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films were physiochemically
characterized with XRD, FTIR, tensile properties, and Dynamic Mechanical Analysis (DMA)
measurements. Barrier capabilities of such novel LDPE/xSBA-15 and LDPE/xTEO@SBA-15
packaging films against water and oxygen transport through films were also evaluated via
calculations of the water vapor diffusion (Dwv) and oxygen permeability (Poz) coefficients using
Water Vapor Transmission and Oxygen Transmission Rate (WVTR/OTR) experimental
measurements. Antioxidant potential of future food packaging was estimated calculating the total
antioxidant activity of these films as well as the 50% effective concentration (EC50) values of
antioxidant activity of films. TEO control release kinetics such as kinetic constant (k) of TEO release
from the films as well as the diffusion coefficient of TEO (Dreo) inside the film were calculated
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utilizing the gravimetrically measured wt.% values for total TEO release amount from the films.
Finally, fresh pork-fillets were wrapped with pure LDPE and the optimum obtained
LDPE/10TEO@SBA-15 films and a shelf-life experiment was carried out. The lipid oxidation values
were estimated via the Thiobarbituric Acid Reactive Substances method (TBARS), the heme iron
content values, the Total Variable Counts (TVCs), and the sensory values.

2. Materials and Methods

2.1. Materials

Chemco company (Via Achille Grandi, 13 - 13/A, 42030 Vezzano sul Crostolo RE, Italy) was the
supplier of the Thyme Essential Oil (TEO). Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) was
the supplier of Tetraethylorthosilicate (TEOS) 98% with CAS no. of 78-10-4, triblock copolymer
Pluronic P123 (EO20PO70EO20, EO = ethylene oxide, PO = propylene oxide) with CAS No. of
9003-11-6, Hydrochloric acid 37% with CAS No. of 7647-01-0, LDPE with a CAS no. of 9002-88-4 and
extra pure DiPhenyl-1-PicrylHydrazyl (DPPH) with CAS no. of 1898-66-4. Merck company (KGaA
64271 Darmstadt, Germany) was the supplier of the pro-analyze ThioBarbituric Acid (TBA) while
Fisher Scientific company (Bishop Meadow Road, Loughborough, LE11 SRG, UK) was the supplier
of Acetone 99%. Three samples of “skalopini”-type pork meat with no bones and weighing 700 g
each was donated by local Greek company Aifantis (Aifantis Group, Acheloos Bridge, Agrinio,
Greece 30100) one hour after slaughter.

2.2. Preparation of SBA-15

The SBA-15 was synthesized following the recipe provided by Mavrogiorgou et al. [28].
Triblock copolymer surfactant pluronic P123 was incorporated with TetraEthylOrtho Silicate (TEOS)
which was used as silica source. In more detail, an amount of 4.0 g of P123 copolymer was diluted
into 150 g of 1.6 M HCI. Sequentially, 8.50 g of TEOS incorporated to the prepared solution and the
mixture was stirred until TEOS was dissolved. The final solution was heated under static condition
firstly at 311 K for 22 h and subsequently at 368 K for 24 h. The product was filtered without washing
and dried in air. The template was removed by calcination at 773 K for 6 h with a rising heating rate
of 1.5 K/min.

2.3. Preparation of TEO@SBA-15 nanohybrid

3 g of as prepared SBA-15 were dried at 120 °C under vacuum. Then in the dried SBA-15
approximately 10 ml of TEO were added drop by drop and under stirring since a slurry was
obtained. The obtained slurry was then stirred overnight since the excess of TEO evaporated. The
obtained TEO@SBA-15 nanohybrid powder was stored for farther use.

2.4. Preparation of LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films

A Mini Lab twin-screw extruder (Haake Mini Lab II, Thermo Scientific, ANTISEL, S.A., Athens,
Greece) was operated at 140 °C and 100 rpm screw rotation for 3 min to produce LDPE/XxSBA-15 and
LDPE/xTEO@SBA-15 films [21]. Appropriate amounts of LDPE granules, SBA-15 powder, and
TEO@SBA-15 powder were mixed to achieve final LDPE/XSBA-15 and LDPE/xTEO@SBA-15
materials where x=5, 10, and 15 wt.% nominal concentrations. Pure LDPE sample was also prepared
using the twin-screw extruder. The obtained after extrusion process materials, were transformed
into films via a thermomechanical process using a hydraulic press with heated platens.
Approximately 1.4g of pellets were heated/pressed at 110 °C under a constant pressure of 2 MPa to
obtain films with 10 cm diameter and average thickness of 0.10 — 0.25 mm. The overall process is
depicted in Figure 1.
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Figure 1. Schematic presentation of the process followed for the preparation of (1) LDPE, (2)
LDPE/5SBA-15, (3) LDPE/10SBA-15, (4) LDPE/5SBA-15, (5) LDPE/STEO@SBA-15, (6)
LDPE/10TEO@SBA-15, and (7) LDPE/15TEO@SBA-15 films.

2.5. Physicochemical characterization of SBA-15, and TEO@SBA-15 nanohybrid

The methods used for the physicochemical characterization of SBA-15 as received and,
TEO@SBA-15 obtained nanohybrid are described in detail in previous recent publications [18,20,21].
Briefly, to study possible crystallinity changes in the SBA-15 during the modification process to
obtain TEO@SBA-15 nanohybrid, the XRD instrumental analysis technique was employed. Both
pure SBA-15 and TEO@SBA-15 powders were analyzed using a Bruker D8 Advance diffractometer
(Briiker, Analytical Instruments, S.A. Athens, Greece). A LINXEYE XE high-resolution
energy-dispersive detector was mounted on the XRD instrument. The possible interactions between
the SBA-15 and the adsorbed TEO molecules was investigated via FTIR spectroscopy measurements
in both SBA-15 and TEO@SBA-15 nanohybrid materials using a JASCO FT/IR-6000
Fourier-Transform spectrometer provided by the Interlab, S.A. company, located at Athens, Greece.
Pure SBA-15 and TEO@SBA-15 nanohybrid were characterized also gravimetrically to estimate the
total TEO load on these materials. Such measurements were carried out using a Perkin Elmer Pyris
Diamond TGA/DTA instrument provided by the last mentioned Interlab, S.A. company. These
materials were furthermore characterized by a Differential Scanning Calorimetry (DSC) instrument
DSC214 Polyma provided by the manufacturer NETZSCH, located at Selb Germany.

2.6. Physicochemical characterization of LDPE/xSBA-15 films and LDPE/xTEO@SBA-15 films

The experimental condition used for the physicochemical characterization of all LSPE/xSBA-15
and LDPE/xTEO@SBA-15 films are described in detail in previous recent publications [18,20,21].
Briefly, a Bruker XRD D8 Advance diffractometer was employed to carry out XRD analysis to all
films i.e,, LDPE/xSBA-15, LDPE/xTEO@SBA-15, and the pure LDPE films, to define the crystal
structures of the resulted materials. The interactions between the incorporated SBA-15, TEO@SBA-15
nanostructures with the LDPE polymeric matrix were studied using an FT/IR-6000 JASCO
Fourier-transform spectrometer.
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2.7. Mechanical and thermomechanical properties of LDPE/xSBA-15 and LDPE/x TEO@SBA-15 films

Following the methodology proposed in literature [18,20,21], and according to the ASTM D638
standard, all films were studied for their tensile properties. For such measurements a Simantzii
AG-X 5kNt instrument was used provided by the Simantzu. Asteriadis, S.A. company which located
in Athens Greece. Films tension behavior was also investigated employed a DMA Q800, TA
Instruments dynamic analyzer. All measurements were carried out setting a temperature ramp of 5
°C/min, for a temperature range 30 °C to 120 °C, and a frequency of 1 Hz. The storage modulus (E')
and the loss factor (tan d) were determined during such measurements.

2.8. SEM Images

A JEOL JSM 6510-LV SEM instrument was employed to study the surface morphology of the
obtained films. Images were achieved by setting up an acceleration voltage of 20 kV.

2.9. Water vapor transmission rate (WVTR) and water vapor diffusion coefficient calculation of
LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films

The method proposed by the ASTM E96/E 96M-05 standard was followed during this work to
measure WVTR values for all the obtained films. A handmade apparatus reported in literature
[29,30] was used, and the water vapor diffusion coefficient values (Dwv) were estimated according to
the model described in detail recently [31,32].

2.10. Oxygen transmission rate and oxygen permeability calculation of LDPE/xSBA-15 and
LDPE/xTEO@SBA-15 films

An O.P.A.8001 oxygen permeation analyzer instrument provided by the Systech Illinois
Instruments Co. company (Johnsburg, IL, USA) was employed to estimate the Oxygen Transmission
Rate (O.T.R.) values of all obtained LDPE/xSBA-15, LDPE/xXTEO@SBA-15, and “blank” LDPE films.
Such measurements were carried out according to the ASTM D 3985 method at a temperature of 23
°C and relative humidity of 0% RH. Oxygen permeability coefficient values (Peoz2) were estimated
using the O.T.R. measurements according to the model proposed recently in detail [31,32].

2.11. TEO desorption kinetics and calculation of TEO Release Diffusion Coefficient (Drro)

For all the obtained LDPE/XTEO@SBA-15 active films TEO release experiments were conducted
by employing an AXIS AS-60 moisture analyzer (AXIS Sp. z o.0. ul. Kartliska 375b,80-125 Gdansk)
according to the methodology described recently [21]. Films with 10 cm diameter and approximately
300 to 500 mg were placed inside the chamber of moisture analyzer and the mass loss was recorded
at 70 °C since the mass remain constant. From these experiments the wt.% total TEO content release
was calculated while the diffusion coefficient (Do) for the release of TEO was calculated by using
the following Equation (1):

W bt
o 40 1
where m:and m- are the amount of TEO released form the film after time ¢ and after the equilibrium
time t—>0, respectively, D is the diffusion coefficient for TEO release process, and [ is the average
film thickness.
The linearization of Equation (1) leads to the slightly modified Equation (2):
ey 2 Dxt
() =457 @
By employing the pseudo-second-order sorption mechanism model [34], we calculated the
desorption rate constant k2 and predicted the maximum TEO desorbed amount when the system
reached the equilibrium stage (qe). The pseudo second order kinetic equation is as follows:
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where gt = mi/mo and g. = 1.
2.12. Antioxidant activity of LDPE/xTEO@SBA-15 films with DPPH (2,2-diphenyl-1-picrylhydrazyl) assay

2.12.1. Preparation of DPPH free radical standard solutions

For the total antioxidant activity measurements 250 mL of a standard DPPH ethanolic solution
with 2.16 mM (mmol/L) was prepared according to the method proposed by Krishnanad et al. [33].
The obtained solution was refrigerated for 2 hours before use. Once the free radical was stable,
appropriate dilutions were carried out for establishing the calibration curve.

2.12.2. Preparation of DPPH free radical calibration curve

A calibration curve was developed using a Jasco V-530 UV/VIS Spectrometer instrument. Five
DPPH ethanolic solutions with five different concentrations in the range 0-60 mg/L(ppm) were
prepared. The absorbance values at Amax=517 nm [34] and the concentration values of the DPPH* of
the ethanolic solutions were used as couple of coordinates to obtain a linear curve. The linear
equation, which derived via the numerical fitting of this experimental curve, was sequentially
employed to determine the concentration values of the remaining DPPH* roots using the UV
absorbance experimental measurements and following the procedure which was reported
previously [35].

2.12.3. Total antioxidant activity of LDPE/XTEO@SBA-15 films

The antioxidant activity of all obtained LDPE/XTEO@SBA-15 active films was measured using
the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) assay, as described previously [35-37]. Briefly, in
2.8 mL of 30 ppm DPPH ethanolic solution, 0.2 mL of CHsCOONax3H:0 buffer solution, and
approximately 2 mg of each LDPE/XTEO@SBA-15 active film was added, and the absorbance at 517
nm was recorded as a function of time every day for 1 weak total time. As a blank sample, the
absorbance of 4 mL of 30ppm DPPH ethanolic solution without the addition of any film was also
recorded as a function of time. The % antioxidant activity was calculated by using Equation (4)

AS:?_ 217 o
% DPPH "scavenged at steady state = —ar = % 100 4)
0

2.12.4. Estimation of EC50 (concentration required to obtain 50% antioxidant effect) antioxidant
activity of LDPE/XTEO@SBA-15 films.

Five different species of each kind of film, which weighting from 1 to 5 mg respectively, were
separately added to five different solutions which contained 2.8 mL of 30 ppm DPPH ethanolic
solution, and 0.2 mL of CHsCOONax3H:O buffer solution. After 1-hour timepass and assuming that
steady state conditions were reached, UV-vis measurements were carried out to determine the
absorbance of each solution at 517 nm wavelength. The andioxidant activity of each sample was
estimated indirectly using the equation 4. The higher % DPPH' scavenged at steady state, the higher
% antioxidant activity of the antioxidant material [36]. Next the calculated values of % antioxidant
activity of each film was plotted as a function of film quantity added in DPPH solution, and the
linear equation from the obtained experimental points plot was developed. From the obtained linear
equation of each coating, the EC50 value (i.e., the quantity of film exhibiting 50% antioxidant
activity) was estimated.

2.13. Packaging test of fresh pork fillets wrapped with LDPE/TEO@SBA-15 active film.

Fresh minced pork meat was provided by a local meat processing plant (Aifantis
Company-Aifantis Group—Head Quarters, Acheloos Bridge, Agrinio, Greece 30100) and
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immediately transported to the laboratory. For the packaging test LDPE and LDPE/10TEO@SBA-15
films with approx. diameter 10 cm and approx. thickness of 0.10 mm were used. For the packaging
also the packaging paper of the local meat processing plant used. From this packaging paper the
internal side packaging film was removed prior to use. Approximately 25 gr of fresh pork minced
meat wrapped inside two LDPE or LDPE/10TEO@SBA-15 films and then wrapped with the paper
package used by the processing plant (see Figure 2).

Figure 2. Minced pork meat wrapped with the two LDPE/10TEO@SBA-15 films.

2.13.1. Lipid Oxidation of minced pork meat with Thiobarbituric-Acid-Reactive Substances

The thiobarbituric-acid-reactive substances (TBARS) values of the wrapped pork fillets were
determined using the method of Tarladgis et al. [37]. The methodology for determination of the
TBARS values of packaged fresh pork fillets was as described in detail recently [18,20]. TBARS
values analyses were carried out every 2 days up to 8 days of storage at 4 + 1 °C.

2.13.2. Heme Iron Content

The heme iron content of the wrapped with pure LDPE film and LDPE/15TEO@SBA-15 active
film fresh minced pork meat was determined according to the method reported by Clark et al. [38],
and as described in detail recently [20,21]. Heme iron content analyses were carried out every 2 days
up to 8 days of storage at4 + 1 °C.

2.13.3. pH values of minced pork meat

The pH values of the pork minced meat coatings were measured using a portable pH meter
fitted with a penetration electrode and a temperature sensor (pH-Star, Matthdus GmbH, Poettmes,
Germany). Prior to each set of measurements, the pH meter was calibrated using pH standard
solutions of 4.0 and 7.0, and temperature-adjusted to match the meat coating temperature of 4 °C.
The entire study was conducted in triplicate, and for each treatment group, ten separate pH readings
were taken to ensure accuracy and reliability, as per the methods [39]. Overall, all coatings displayed
an increase in pH over the 9-day analysis period.

2.13.3. Total Variable Counts (TVCs) of Pork Fillets

The TVCs were monitored every 2 days up to 8 days of storage at 4 + 1 °C. Ten grams of pork
fillet ware removed aseptically from each packaging treatment using a spoon, transferred to a
stomacher bag (Seward Medical, Worthing, West Sussex, UK) containing 90 mL of sterile buffered
peptone water (BPW, NCMO0015A, Heywood, BL97]], UK) (0.1 g/100 mL of distilled water), and
homogenized using a stomacher (LAB Blender 400, Seward Medical, UK) for 90 s at room
temperature. For the microbial enumeration, 0.1 mL of serial dilutions (1:10 diluents, buffered
peptone water) of pork meat homogenates was spread on the surface of plate count agar (PCA,
NCMO0010A, Heywood UK). The TVCs were determined every 2 days up to 8 days of storage at4 1
°C after incubation of each plate for 2 days at 30 °C [40].
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2.13.4. Sensory Analysis Testing of Pork Fillets

The sensory properties of pork fillets were scaled from 0 (for the least liked sample) to 5 (most
liked sample) points by seven experienced members of the Food Science and Technology
Department. At each sampling day, color, odor, and cohesion, were evaluated [41].

2.14. Statistical analysis

In this study, SPSS software was used for statistical analysis. The non-parametric
Kruskal-Wallis test was employed to determine the significance of mean values difference at the 5%
level (p<0.05). Pearson’s bivariate correlation, ranging from -1 to +1, was used to estimate the
correlation between heme iron and TBARS. This was done with a confidence level of p <0.05.

3. Results

3.1. Physicochemical characterization of SBA-15 and TEO@SBA-15 nanohybrid

In Figure 3 the XRD, FTIR, TG and DSC plots of SBA-15 and TEO@SBA-15 nanohybrid are
shown.
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Figure 3. (a) X-Ray Diffraction (XRD) plots of (1) pure SBA-15 and (2) modified TEO@SBA-15
nanohybrid in the range of 0.5° — 5° 2theta, (b) Fourier Transform Infrared (FTIR) plots of (1) pure
SBA-15, (2) modified TEO@SBA-15 nanohybrid and with dash dot line pure TEO at the range of 400 —
4000 cm, (c) Thermogravimetric Analysis (TGA) plots of (1) pure SBA-15 and (2) modified
TEO@SBA-15 nanohybrid in the range of 25 to 800 °C temperature and (d) Differential Scanning
Calorimetry (DSC) plots of (1) pure SBA-15 and (2) modified TEO@SBA-15 nanohybrid (blue line) in
the range of 0 to 250 °C temperature.

The XRD plot of pure SBA-15 (see Figure 3a line 1) exhibits a single high-intensity peak (100) at
20 value of 0.96°, followed by two additional smaller peaks, at (110) and (200), at 26 lower than 2°,
which confirms the formation of a hexagonal lattice of pémm symmetry [23,26,28,42]. On the
contrary in the XRD plot of modified TEO@SBA-15 nanohybrid (see Figure 3a line 2) the adsorption
of TEO molecules gave rise to a strong decrease in the intensity of the characteristic reflections of
SBA-15. This should be attributed to the pore-filling effects due to the adsorption of TEO molecules
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in the inner space of SBA-15's hexagonal structure that can reduce the scattering contrast between
the pores and the silica walls [26].

In the FTIR plot of pure SBA-15 (see Figure 3b line 1) the stretching vibrations observed in the
range of 3600-3400 cm™ are attributed to the hydrogen-bonded silanol groups of SBA-15
[23,26,28,43]. The band at 1088 cm™ is assigned to the n (5i-O-5i) asymmetric vibrations of Si-O-5i
groups of SBA-15 and the band at 798 cm™ is assigned to the symmetric vibrations of Si-O group of
SBA-15, while the band at 960 cm™ is attributed to the vibration of Si-OH group of SBA-15 [43]. In
the FTIR plot of modified TEO@SBA-15 nanohybrid (see Figure 2b line 2) the same reflections of
SBA-15 are observed with much lower intensity than pure SBA-15 FTIR plot. In addition, in the FTIR
plot of TEO@SBA-15 nanohybrid the characteristic bands of TEO molecules are observed. For
comparison in the upper part of Figure 3b the FTIR plot of TEO is shown with dash dot line. The
bands at around 3100-3000 cm™ which are ascribed to the stretching vibrations of aromatic and
alkenic groups of TEO molecules, the bands at 2958 and at 2868 cm which are assigned to the
stretching mode of C-H groups, and the bands between 1500 cm™ and 1300 cm™ which are assigned
to the bending of C-H on the C-O-H group and the bending of aliphatic CH2 groups implying the
loading of TEO molecules on SBA-15 surface [17,21]. In addition, comparing the FTIR plot of
TEO@SBA-15 nanohybrid with that of pure SBA-15 it is observed a broadening of the stretching
vibrations in the range of 3600-3400 cm which are attributed to the hydrogen-bonded silanol
groups of SBA-15. This fact suggests a kind of bonding/relaxation of TEO molecules with hydroxyl
groups of SBA-15.

In the TG plot of pure SBA-15 (see Figure 3c line 1) one small mass loss step it is observed
starting at before 100 °C and ending at before 200 °C. This mass loss is attributed to the water
molecules desorption [26,28]. In the TG plot of modified TEO@SBA-15 nanohybrid (see Figure 3c line
2) the mass loss step is huge. It begins above 100 °C and it ends before 300 °C and is attributed to the
TEO molecules adsorption mass loss step [26]. Above 300 °C since 800 °C the mass is remaining
constant for both pure SBA-15 and modified TEO@SBA-15 nanohybrid. Thus, in the temperature of
300 °C it has been calculated the final % mass loss for SBA-15 equal to 22.3% and for modified
TEO@SBA-15 nanohybrid equal to 93.4%. So, it is calculated that the total amount of TEO adsorbed
in SBA-15 is equal to 71.1%. This result means that SBA-15 adsorbs a high amount of TEO much
higher than nanocarriers such as activated carbon, natural zeolite and halloysite nanoclay recently
reported [18,20,21]. This result is not only because of the high surface area of SBA-15 but also due to
its tunable mesopore diameter of between 5 and 15 nm. This result also combined with the results of
XRD and FTIR discussed hereabove where it was shown the decrease of the reflections of SBA-15
shown in both XRD and FTIR plots of TEO@SBA-15. The fact that SBA-15 can adsorbs much higher
amounts of TEO than activated carbon, natural zeolite and nanoclays validating its use as a novel
nanocarrier in control release of EOs in food packaging applications.

In the DSC plot of pure SBA-15 (see Figure 2d line 1) the exothermal step with a peak at 62.5 °C
and a AH equal to 95.8 ]/g is attributed to the desorption of water molecules from the mesoporous of
SBA-15. In the DSC plot of modified TEO@SBA-15 (see Figure 3d line 2) there is a main large
exothermic peak at 210 °C which corresponds to the desorption of TEO molecules from the tunable
mesoporous of SBA-15 [18,20,21]. This exothermic peak of TEO molecules desorption combines with
the FTIR results discussed here above and suggesting partially bonding/relaxation of TEO molecules
with hydroxyl groups of SBA-15.

3.2. Physicochemical characterization of LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films

In Figure 3 the XRD (Figure 4a) and FTIR (Figure 4b) plots of all LDPE/xSBA-15 and
LDPE/TEO@SBA-15 films as well as pure LDPE film are shown for comparison.
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Figure 4. (a) X-Ray diffraction (XRD) plots of pure LDPE and all LDPE/xSBA-15 and

LDPE/TEO@SBA-15 films, (b) Fourier Transform Infrared (FTIR) plots of pure LDPE and all

LDPE/xSBA-15 and LDPE/TEO@SBA-15 films. (1) pure LDPE, (2) LDPE/5SBA-15, (3)

LDPE/10SBA-15, (4) LDPE/15SBA-15, (5) LDPE/5TEO@SBA-15, (6) LDPE/10TEO@SBA-15, (7)

LDPE/15TEO@SBA-15.

In all XRD plots (see Figure 4a) of the obtained LDPE/xSBA-15 and LDPE/TEO@SBA-15 films as
well as pure LDPE film the characteristic peaks of LDPE crystal phase at Bragg angles 20 =21.5° and
23.75° are observed. It is also observed that by the addition of both SBA-15 nanostructure and
TEO@SBA-15 nanohybrid the LDPE’s peaks decreased. In the case of all LDPE/xSBA-15 films the
decrease in LDPE'’s characteristic peaks is higher than in the case of all LDPE/xTEO@SBA-15 films.
This decrease is more pronounced in the case of LDPE/10SBA-15 and LDPE/15SBA-15 films. This is
an indication of the higher dispersion achieved for TEO@SBA-15 nanohybrid in the LDPE matrix
than for pure SBA-15 [21].

In all cases of the FTIR plots (see Figure 4b) of all obtained LDPE/xSBA-15 and
LDPE/TEO@SBA-15 films as well as pure LDPE film the characteristic peaks of LDPE are obtain. The
bands at 1460 and 715 cm™ are assigned to the asymmetric stretching of the CHs group, the group
wagging of the CH: group, and the group rocking of the CH: group of the LDPE. In all
LDPE/xSBA-15 and LDPE/XTEO@SBA-15 films the characteristic peaks of LDPE are decreased and
the characteristic peaks of SBA-15 at 3600-3400 cm, at 1088 cm* and at 798 cm are observed. In
advance in the case of LDPE/XTEO@SBA-15 films the extra small peaks in the range of 1700-1300 cm!
and in the range of 1000-500 cm™ proves the presence of TEO molecules. No shift peak of LDPE’s
characteristic peaks it is observed implying no chemical bonding between LDPE matrix and SBA-15
or TEO@SBA-15 chemical groups [44]. With a more careful glance it is observed that the
characteristic peak of SBA-15 at 1088 cm is much higher in the case of all LDPE/xSBA-15 (especially
for LDPE/10SBA-15 and LDPE/15SBA-15 see peaks depicted with the dot line cycle) films than in the
case of LDPE/TEO@SBA films. This fact combines with the XRD plots results and recent reports and
suggest that the modified and more hydrophobic TEO@SBA-15 nanohybrid achieves higher
dispersion in LDPE matrix than pure SBA-15 [18,20,21].

3.3. Mechanical and Thermomechanical properties of LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films

The calculated Elastic Modulus (E), ultimate strength (ous), and elongation at break (%e) values
for all obtained LDPE/XSBA-15 and LDPE/XTEO@SBA-15 films as well as for pure LDPE film are
listed in Table 1 for comparison.

Table 1. Elastic Modulus (E), ultimate strength (ous), and elongation at break (%e) values for all
obtained LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films as well as for pure LDPE film.

SAMPLE E(MPa) Outs Y%e
LDPE 183+48.32 12.6+0.5 29.3+6.5
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LDPE/5SBA-15 386+142.2b¢ 9.5+3.6 14.1+2.5
LDPE/10SBA-15 286+31.1 9.6+3.3 16.5+5.7
LDPE/15SBA-15 409+89.64 10.8+4.1 17.3+£3.8¢
LDPE/STEO@SBA-15 344+12.7 11.7+2.2 31.3+12.9
LDPE/10TEO@SBA-15 311+38.5 12.5+#2.1 31.9+5.2
LDPE/15TEO@SBA-15 304+65.4 11.2+1.4 28.5+11.1

abede Indexes for statistically equal mean values according to ANOVA comparison method and Tukey criteria
for equal variances assumption. Significant level p<0.05.

As it is obtained from the values of Elastic Modulus (E), ultimate strength (ous), and elongation
at break (%e) calculated and listed in Table 1 the addition of pure SBA-15 in the LDPE matrix
increases the stress values and decreases both ultimate strength and % elongation at break values.
This is typical behavior when rigid inorganic particles such as SBA-15 are added to the LDPE matrix
[20,44,45]. On the contrary, when the modified TEO@SBA-15 nanohybrid is added into the LDPE
matrix the stress values increased while the ultimate strength and % elongation at break values
remain statistically constant. This fact suggests the higher compatibility of modified TEO@SBA-15
nanohybrid with LDPE polymer matrix due to its hydrophobic modification via adsorption of TEO
molecules and combined with the results of XRD and FTIR discussed hereabove and suggested
higher dispersion of TEO@SBA-15 in the LDPE matrix than pure SBA-15.

In Figure 5(a) are presented the data of the storage modulus as a function of temperature from
sub-glass transition temperature (T <Tg) up to 100 °C of and in in Figure 5(b) are presented the tan o
values as function of temperature of all LDPE/XSBA- 15, LDPE/xTTEO@SBA-15 films as well as pure
LDPE film.
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Figure 5. (a) Storage Modulus curves and (b) Tan Delta curves of pure LDPE (1), LDPE/5SBA-15 (2),
LDPE/10SBA-15 (3), LDPE/15SBA-15 (4), LDPE/5TEO@SBA-15 (5), LDPE/10TEO@SBA-15 (6) and
LDPE/15TEO@SBA-15 (7).

The curves of storage modulus (see Figure 5a) versus temperature, reveal the difference
between the pure polymer matrix and nanocomposite materials. The samples do not show a
considerable variation on their elasticity, although the highest values are observed for the LDPE
samples mixed with SBA-15. The values of the Storage Modulus range from 3793 MPa to 4393 MPa.
The curves of all the compositions appear the following regions: (a) glassy region (T<-120 °C) (b)
transition region (-120 oC<T<-100 °C), (c) rubbery region (-100 °C<T<-65 °C), and (d) secondary
transition region (—65 *C<T<-20 oC).

The value of tan d (see Figure 5b), is calculated from the ratio of E”/E” and shows the damping
behavior (mechanical loss of energy) of the samples when increasing the SBA-15 content. In general,
the decrease in tan d with increasing SBA-15 content, indicates the reinforcement ability of the
integration of SBA-15. Rigid polymers present higher storage modulus values and correspondingly
lower loss modulus values, thus giving reduced intensity of tas peaks. In softer materials, where the
viscous part dominates, higher energy loss is observed, resulting in higher intensity of tan d peaks.
Hence, the highest peak in Figure 4b belongs to the LDPE nanocomposite with the lower SBA-15
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content (5%) and the lowest peak, to the LDPE nanocomposite with the highest SBA-15 content
(15%).

3.4. Morphological characterization and comparison of LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films
using a SEM instrument.

The surface morphology of the LDPE matrix and the hybrid nanocomposite films of
LDPE/SBA-15 and LDPE/TEO@SBA-15 were investigated using a SEM instrument and the results
confirmed that the SBA-15 and hybrid nanostructure TEO@SBA-15 were homogeneously dispersed
in the polymer matrix. The SEM images (surface) in Figure 6(a) exhibit the expected homogeneous
structure of the pristine polymer matrix (LDPE).

M

Figure 6. SEM micrographs of a) LDPE b) LDPE/5SBA-15 c) LDPE/5TEO@SBA-15 d) LDPE/10SBA-15
e) LDPE/10TEO@SBA-15 f) LDPE/15SBA-15 g) LDPE/15TEO@SBA-15.
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Surface images of LDPE/xSBA-15 and LDPE/XTEO@SBA-15 films, where x=5, 10, and 15 wt.%,
are presented in Figures 6b, 6d, 6f and 6¢, 6e, 6g respectively. Based on the SEM studies of the
surface morphology, it should be mentioned that significant difference is observed when
TEO@SBA-15 hybrid nanostructure is integrated in the polymer matrix since better interfacial
adhesion and homogenous dispersion is evident when compared with the respective nanocomposite
film with pure SBA-15.

3.5. Water-oxygen barrier properties of LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films

In Table 2 the obtained water vapor transmission rate (WVTR), and oxygen transmission rate
(OTR) mean values of all tested LDPE/XSBA-15 and LDPE/XTEO@SBA-15 films as well as for pure
LDPE film are listed for comparison. From these values the water vapor diffusion coefficient (Dwv)
values and the oxygen permeability (Peo:) values were calculated and listed in the Table 2 for
comparison too.

Table 2. WVTR, Dwy, O.T.R. and Peo2 values for all LDPE/xSBA-15 and LDPE/xXTEO@SBA-15 films as

well as for pure LDPE films. *® ¢ Indexes for statistically equal mean values according to ANOVA

comparison method and Tukey criteria for equal variances assumption. Significant level p < 0.05.

Film WVTR Dwv Film OTR Peos
thickness (107 gr.cm2.  (10+ thickness (mLm2.day?) (105cm?/s)
(mm) s1) cm?/s) (mm)
LDPE 0.250+0.012 5.85+0.13 3.69+0.17= 0.056+0.010  3217+120 2.17+0.13

LDPE/5SBA-15  0.205+0.011 6.91+0.56 2.76+0.07= 0.061+0.004  2938+172 1.86+0.11
LDPE/10SBA-15  0.296+0.014 3.32+0.20 2.26+0.02 0.075+0.010  1641+185 1.36+0.54
LDPE/15SBA-15 0.270+0.010 3.44+0.73 1.72+0.31> 0.085+0.015 1688+134 1.62+0.37¢
LDPE/STEO@SBA-15 0.206+0.012 2.33+0.53 1.24+0.23 0.081+0.015  2938+267 2.80+0.15¢
LDPE/10TEO@SBA-150.166+0.016 3.74+0.13 2.02+0.21> 0.070+0.005  2266+187 1.75+0.53
LDPE/15TEO@SBA-150.221+0.013 5.35+0.23 2.35+0.04 0.071+0.010  4003+168 3.15+0.13

As it is observed from the calculated water vapor diffusion coefficient (Dwv) and the oxygen
permeability (PeOz) values listed in Table 2 both pure SBA-15 and modified TEO@SBA-15 nanofillers
achieved to increase both water and oxygen barrier of obtained films. Considering that such films
will be used as active packaging films the optimum one is that with code name
LDPE/10TEO@SBA-15 which achieves 54.7% and 46.1% higher water and oxygen barrier than pure
LDPE film correspondingly.

3.6. TEO. control release kinetics from LDPE/xTEO@SBA-15 films

By using the equations (2) and (3) the wt.% TEO total released amount (%mrteo), the diffusion
coefficient of TEO released, the released equilibrium amount of TEO (qe¢) and the desorption rate
constant value (K2) for all studied LDPE/xXTEO@SBA-15 films were calculated and are listed in Table
3 for comparison.

Table 3. Calculated values of wt.% TEO total released amount (%mrteo) diffusion coefficient of TEO
(Dreo) molecule, desorbed equilibrium amount of TEO (qe) and desorption rate constant (Kz) for all
obtained LDPE/XTEO@SBA-15 active films.

%mrteo (mg) Dreox 107 (cm?/s) qe Kz (s7) EC50
LDPE/STEO@SBA-15 2.09+0.17 16.7£3.1 0.021+0.002 0.676+£0.225  6.56
LDPE/10TEO@SBA-15 2.71+0.22 11.3+5.2 0.027+0.003  0.434+0.168  4.57
LDPE/15@TEO@SBA-15  4.84+0.30 6.3+1.92 0.052+0.005 0.124+0.065 5.02

As it was expected the calculated values of the wt.% TEO total released amount (mrteo) and the
released equilibrium amount of TEO (qe) increases with the increase of wt.% TEO loaded on
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LDPE/XTEO@SBA-15 active films in accordance with recent reports [18,20,21]. On the other hand,
the calculated values of the diffusion coefficient of TEO (Dteo) released from the film and the
desorption rate constant (Kz) decrease as the wt.% TEO loaded on LDPE/XTEO@SBA-15 active films
increases. This means that as the TEO loaded amount on the obtained LDPE/XTEO@SBA-15 active
films increases the release rate accelerates. This phenomenon could be an indication that the increase
of SBA-15 loaded amount in LDPE matrix decrease the diffusion paths which are available for TEO
molecules to release. Comparing the Dreo calculated for such LDPE/XTEO@SBA-15 and the diffusion
coefficient values calculated recently for thymol release from LDPE/XTO@AC (TO: thymol, AC:
activated carbon) it is obtained that the Drro values for LDPE/XTEO@SBA-15 are on order of
magnitude higher [21]. This means that SBA-15 is a very promising nanocarrier for control release of
such EOs in active food packaging films as it achieves to adsorbed high amounts of EOs and to
release them in high rates.

3.7. Antioxidant activity of LDPE/xTEO@SBA-15 films

In Figure 7 the calculated values for % antioxidant activity of all obtained LDPE/xTEO@SBA-15
active films as a function of time (for seven days) are plotted.

-
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Figure 7. % total antioxidant activity of all obtained LDPE/xTEO@SBA-15 active films as a function of
time.

As it is observed in Figure 7 all the obtained LDPE/XTEO@SBA-15 active films achieve high %
total antioxidant activity in the range of 65-70%. In addition, the % total antioxidant activity for all
obtained LDPE/xTEO@SBA-15 active films was achieved after 48 hours and remains almost constant
for seven days (one weak).

To figure out better the antioxidant activity of all obtained LDPE/XTEO@SBA-15 active films the
% effective concentration (EC50) values calculated and are listed in Table 3 for comparison. As it is
obtained from the calculated EC50 values the most active film is the LDPE/10TEO@SBA-15 film with
the lowest EC50 value equal to 4.57. This result seems controversial because LDPE/10TEO@SBA-15
wasn’t the film with the higher TEO amount load. An explanation for this result could be release rate
of TEO from LDPE/10TEO@SBA-15. As it was obtained from Table 3 LDPE/10TEO@SBA-15 film was
loaded with lower amount of TEO than LDPE/15TEO@SBA-15 film but exhibited higher diffusion
coefficient (Dteo) and release constant rate (k2) values than LDPE/15TEO@SBA-15 film. This means
that the TEO release was easier in the case of LDPE/10TEO@SBA-15.

3.8. Lipid Oxidation of Pork Fillets

The calculated TBARS and heme iron content values of the low-fat pork fillets wrapped with
pure LDPE, LDPE/10SBA-15, and LDPE/10TEO@SBA-15 films are shown in Table 4 for comparison.
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Table 4. Calculated TBARS and heme iron content values of pork fillets wrapped with pure LDPE,
and LDPE/15TEO@SBA-15 films, with respect to storage time.
TBARS Day 0 Day 2 Day 4 Day 6 Day 8
LDPE 0.3692+£0.003  0.448+0.003 0.481 +£0.003 0.533 £ 0.066 0.761 +0.018
LDPE/10TEO@SBA-15 0.3692+0.003  0.439¢+0.005 0.455f+ 0.023 0.500 + 0.010 0.626 + 0.010*
Heme iron Day 0 Day 2 Day 4 Day 6 Day 8
LDPE 11.88 (+0.08) 10.65 (x0.04) 9.33 (x0.13) 8.82(x0.08) 7.92(x0.17)

LDPE/10TEO@SBA-15 11.88 (+0.08) 10.92 (+0.08)* 9.99 (x0.04)* 9.51 (+0.04) 8.85 (+0.13)*
Statistical significance (*) determined by non-parametric test: p<0.05.(see Table S1 for TBARS and Table S2 for heme iron).

As it is obtained the listed TBARS values from 0 to 8th day align with those reported in recent
similar studies [18,20,21]. In addition, it is obtained that LDPE/10TEO@SBA-15 active film succeeded
to reduce obtained TBARS values during the 8 days of storage in comparison to the relevant TBARS
values of the pure LDPE film. Indeed, the results observed on day 8 were statistically significant at p
<0.05 level (See Table S1). Regarding the listed in Table 4 calculated values of heme iron for minced
pork meat wrapped with pure LDPE film and LDPE/10TEO@SBA-15 active film, a significant
difference was observed on days 2, 4, and 8 (See Table S2). Moreover, heme iron values are
remaining higher for minced pork meat wrapped with LDPE/10TEO@SBA-15 active film than the
hem iron values of minced pork meat wrapped with pure LDPE film. The correlation between heme
iron and lipid oxidation by day 8 was -0.930, indicating a strong, statistically significant negative
relationship (See Table S3). This suggests that as TBARS decrease, heme iron increases. Overall
results from TBARS and heme iron values suggest that LDPE/10TEO@SBA-15 active film succeed to
accelerate minced pork meat lipid oxidation and keep it in a higher nutritional condition.

3.9. pH analysis of minced pork meat
In the Table 5 the obtained pH values for all treatments used for the 8-day examined period are

listed for comparison.

Table 5. pH Evolution in minced pork meat samples wrapped with LDPE and LDPE/10TEO@SBA-15
films over a 8-day period.

pH Day 0 Day 2 Day 4 Day 6 Day 8
LDPE 6.432+0.01 6.26*+0.01 6.214+0.00 6.128+0.00 5.88/+0.01
LDPE/10TO@AC - 6.22<+0.01* 6.19°+0.01* 6.111+0.00* 5.93'+ 0.02*

Statistical significance (*) determined by non-parametric test: p<0.05 (see Table 54).

As it is observed in Table 5 pH values of minced pork meat wrapped with pure LDPE and
minced pork meat wrapped with LDPE/1I0TEO@SBA-15 active film are decrease as the storage
period increases implying the growth of pathogenic bacteria during the storage period. However,
the decrease in pH observed in both treatments does show statistically significant difference (See
Table S2).

3.10. Microbiological changes of minced pork meat

The total viable count (TVC) of bacteria is an important microbiology indicator for the sanitary
quality and safety evaluation of meat [46]. It is the quantitative sanitary standard to identify the
process conditions and contamination degree of meat [47]. The TVC values are given a direct
correlation with the population of food microorganisms such as bacteria, yeasts, and molds in a food
sample capable of forming visible colonies. Most microorganisms present in pork minced meat,
either as a part of its natural microflora, or as the result of cross contamination from other sources,
are mostly aerobic microorganisms and their population is an indicator of product microbiological
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quality [41]. Table 7 lists the changes in calculated TVC values of minced pork meat as a function of
film used and storage time.

Table 7. Calculated TVC values of minced pork meat wrapped with pure LDPE, and
LDPE/10TEO@SBA-15 films and preserved for 8 days at 4 °C.

DAYS
Sample name 0 2 4 6 8
logCFU/g (Avg + SD)
LDPE 4.03+0.04 4.53+0.01 5.07 +0,30 7.36+0.01 -
LDPE/10TEO@SBA-15 4.03+0.04 4.48+0.04 4.97+0.04 7.11+0.01* -

Statistical significance (*) determined by non-parametric test: P<0.05.(see Table S5).

As it is observed in Table 7 and during the 6 days of storage TVC values of minced pork meat
wrapped with LDPE/I0TEO@SBA-15 active increase with a lower rate than the TVC values of
minced pork meat wrapped with pure LDPE film. By day 6, for the LDPE/10TEO@SBA-15 active film
observed a count of 7.11 log CFU/g, indicating a difference of 0.25 log as compared to 7.36 log CFU/g
of pure LDPE, which is statistically significant (See Table S5). In other words, LDPE/10TEO@SBA-15
active film succeed to accelerate the TVC growth rate of minced pork meat as compared to pure
LDPE film.

3.11. Sensory evaluation of pork fillets

Sensory properties such as color, odor, and cohesion are major factors for consumers to accept
and bay a meat food product [48]. Color is an important quality attribute of fresh and processed
meat. Main meat pigments are myoglobin (or myoglobin) and hemoglobin (hemoglobin). Myoglobin
predominates in ground and well-mixed muscle tissues [49]. Off odors in spoiled pork meat could
be related to compounds originated from the growth of some microorganisms, or chemical
compounds such as ammonia or amines resulted from protein break down and also ketones and
aldehydes resulted from lipid oxidation [47,49,50]. The sensory evaluation results of the present
study are displayed in Table 8.

Table 8. color, odor and cohesion of wrapped minced pork meat during 6 days of storage at 4+1 °C.

color
Sample name 0 day 2nd day 4th day 6th day
LDPE 5.00+0.00% 4.13+0.52 3.75+0.53 3.03+0.47
LDPE/10TEO@SBA-15 5.00+0.00% 4.56+0.40 4.03+0.61 3.70+0.55*
odor
LDPE 5.00+0.00° 4.23+0.61 3.48+0.40 2.2540.65
LDPE/10TEO@SBA-15 5.00+0.00° 4.48+1.02f 4.14+0.98 3.89+0.98*
cohesion
LDPE 5.00+0.00/ 4.09+0.55 3.10+0.39 2.28+0.63
LDPE/10TEO@SBA-15 5.00+0.00/ 4.71+0.36* 4.10+£0.75* 3.58+0.68*

Statistical significance (*) determined by non-parametric test: p<0.05.(see Table S6).

As it is observed in Table 8 the minced pork meat wrapped with LDPE/10TEO@SBA-15 active
film succeed to provide higher sensory characteristics in color, odor and cohesion as compared to the
sensory characteristics of pork meat wrapped with pure LDPE film. More specifically minced meat
wrapped with pure LDPE film has odor and cohesion values lower than the minimum acceptable 3
value after 6 days of storage.

In the statistical analysis of sensory evaluation comparing LDPE and LDPE/10TEO@SBA-15
treatments. It is observed that findings include statistically significant differences in odor and color
on Day 6. Additionally, cohesion showed significant differences on Days 2, 4, and 6 indicating that
the LDPE/10TEO@SBA-15 active film can positively impact way on the sample over time.
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4. Conclusions

According to the results of the current study SBA-15 porous material is a potential novel TEO
nanocarrier for the development of a hybrid TEO@SBA-15 nanostructure. XRD characterization of
this nanostructure indicated the adsorption of the TEO inside pores while the FTIR measurements
shown a bonding/relaxation of the TEO molecules with hydroxyl functional groups on SBA-15 pore
surface. The latter was confirmed by DSC measurements which support furthermore the hypothesis
of control release and not bulk release of the TEO. TG analysis resulted to an overall TEO loading of
71.1 wt.% in the SBA-15. This value is higher compared to relevant values reported recently
concerning other porous media such as activated carbon, natural zeolite, and halloysite. This
probably occurs due to the clear mesoporous structure of the material which exhibits pore diameters
in the range 5-15 nm. Mechanical tests indicated that an LDPE/XTEO@SBA-15 film exhibits improved
strength properties compared to the relevant of the pure LDPE. More specifically, according to Table
1 values, the composition of wt.10% i.e., LDPE/10TEO@SBA-15, shown the best mechanical behavior.
Diffusion coefficient values presented in Table 2 show higher water-vapor barrier values for
LDPE/xSBA-15 and LDPE/XTEO@SBA-15 films comparing with the pure LDPE films. Nevertheless,
the addition of TEO in SBA-15 reduces such barrier. The material with the higher barrier was the
LDPE/15TEO@SBA-15. On the other hand, according to oxygen permeability coefficient values
(Peo2), oxygen barrier values for LDPE/xSBA-15 and LDPE/xTEO@SBA-15 films are higher
comparing with the relevant of pure LDPE films. In this case the addition of TEO in SBA-15 increases
such barrier. The material with the higher barrier was the LDPE/10TEO@SBA-15. Control release
measurements were carried out using the tool of the TEO diffusion coefficient (Dreo). Results
indicated that the increase of the TEO loading led to a decrease of the diffusion kinetic constant and
thus to a more controlled TEO release. Figure 7 shows a total antioxidant activity 60-70% but no one
of the tested materials could be proposed as the optimum. The diffusion rate of TEO affects the
obtained antioxidant activities of active films as it is depicted by calculated EC50 values. The
LDPE/10TEO@SBA-15 film with medium TEO content loaded exhibited the lower EC50 value which
means the higher antioxidant activity. Finally, despite the fact that pH measurements didn’t show
any differences between tested materials, the TBARS, Heme iron, TVC, and Sensory tests on fresh
pork meat indicated clearly the LDPE/10TEO@SBA-15 material as the optimum film which could be
the final product of a scaled-up process for active packaging film production.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1 Statistical analysis on lipid oxidation, Table S2 Statistical analysis on Heme Fe,
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Statistical Analysis on TVC tests, Table S6 Statistical Analysis of Sensory Evaluation Data.

Author Contributions: Conceptualization—C.E.S., A.E.G.; Data curation—N.Z., AL, A.K-M., M.B.; Formal
analysis—A.E.G., C.P., C.E.S.; Funding acquisition—; Investigation-V.KK., G.I, LK, AK-M., GK,, E-K.C;
Methodology-A.E.G., C.P., C.E.S.; Project administration-C.E.S., A.E.G.; Resources-N.Z., A.L.,, AK-M., GK;
Software-M.B.,, LK., VKK, E-KC, Supervision-CEES, AE.G; Validation-CP.;, CES., AEG.
Visualization-N.Z., G.K,, C.E.S., A.E.G.; Writing-original draft-C.E.S., A.E.G.; Writing-review & editing-C.E.S.,
A.E.G. ;All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

The appendix is an optional section that can contain details and data supplemental to the main
text—for example, explanations of experimental details that would disrupt the flow of the main text


https://doi.org/10.20944/preprints202402.0201.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2024 doi:10.20944/preprints202402.0201.v1

18

but nonetheless remain crucial to understanding and reproducing the research shown; figures of
replicates for experiments of which representative data is shown in the main text can be added here
if brief, or as Supplementary data. Mathematical proofs of results not central to the paper can be
added as an appendix.

Appendix B

All appendix sections must be cited in the main text. In the appendices, Figures, Tables, etc.
should be labeled starting with “A” —e.g., Figure Al, Figure A2, etc.
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