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Abstract

In this work, ethyl cellulose nanoparticles loaded with rosemary extract (RCL-NPs) were
synthesized and utilized to reinforce high-density polyethylene (HDPE) packaging bags
as a nanotechnological alternative for rabbit meat preservation. The synthesized RCL-
NPs were characterized by DLS and for their stability. The analyzed variables of rabbit
meat packaged samples included drained liquid, weight loss, color, pH, texture, and hard-
ness. The total phenolic content (TPC) and antioxidant capacity of rosemary extract were
also investigated. The results demonstrated that RCL-NPs were 117.30 nm in size with
a negative surface charge (—24.59 mV) and low PDI (0.12). According to the Higuchi
model, the release rate of RCL-NPs was sustained from 0 to 24 h. The encapsulation
efficiency of the implemented synthesis route was 99.97%. The TPC of rosemary ex-
tract was 566.13 &= 1.72 mg GAE/L, whereas their antioxidant activity utilizing the DPPH
and FRAP assays was 27.86 £ 0.32 mM Trolox/L and 0.31 mM Trolox/L, respectively.
Contrary to control samples, rabbit meat samples conserved in HDPE packaging bags
reinforced with RCL-NPs prevent drained liquid and weight loss, while preserving *L
(60 £ 2.5-66.10 £ 2.0) and *b (10.67 = 2.28-11.62 £ 2.39), pH (5.22 £ 0.05-5.80 =£ 0.03), and
texture (10.37 £ 0.82-0.70 £ 0.50). In the same regard, the developed material conserved
the hardness of rabbit meat samples, exhibiting values that ranged from 27.79 £ 7.23 to
27.60 £ 3.05 N during the evaluated period (0-13 days). The retrieved data demonstrate the
efficacy of RCL in preserving the quality of rabbit meat when integrated with additional
food packaging materials.

Keywords: nanotechnology; food packaging; rabbit meat; ethyl cellulose nanoparticles;
rosemary extract

1. Introduction

Rabbit meat offers a lean and nutritious protein source with several culinary appli-
cations. It is low in fat and cholesterol while being rich in essential amino acids, vita-
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mins, and minerals. Geographically, the consumption of rabbit meat varies significantly
among countries, Asia and America being the regions with the highest global rabbit meat
production [1]. Common materials used in rabbit meat packaging include plastics (e.g.,
polyethylene, polypropylene, and polyethylene terephthalate), metals (e.g., aluminum and
tinplate), glass, and paper-based products [2-4]. High-density polyethylene (HDPE) is a
thermoplastic polymer composed of propylene monomers. Physicochemically, HDPE has a
semi-crystalline structure with high density (0.94-0.97 g/cm?), and it is inert and resistant
to many solvents. Oppositely to other packaging materials, HDPE provides an effective
oxygen barrier to prevent oxidation and maintains the moisture content of meat products.
Additionally, it can be heat-sealed for airtight packaging and is transparent, allowing visual
inspection of meat quality [5].

Nanotechnology involves manipulating matter at the nanoscale, typically ranging
from 1 to 100 nanometers. This field encompasses the design, production, and application of
materials and devices at this scale. Synthesis methods for nanomaterials (NMs) encompass
both top-down approaches, such as mechanical milling, lithography, and laser ablation, as
well as bottom-up approaches, including chemical vapor deposition, sol-gel processing,
and self-assembly [6]. Common types of NMs include carbon-based materials [7], metal-
based nanoparticles, dendrimers [8], quantum dots [9], and nanocomposites such as the
integration of nanoparticles (NPs) with bulk materials.

Ethyl cellulose is a naturally occurring polysaccharide composed of (3-D-glucose units
linked by f3(1—4) glycosidic bonds, forming a linear, fibrous structure [10]. Contrary to
other polysaccharides, ethyl cellulose is considered the most abundant organic polymer on
Earth, serving as the primary structural component of plant cell walls. Physically, ethyl
cellulose is characterized by its high tensile strength, crystallinity, and insolubility in water
and most organic solvents, due to extensive intra- and intermolecular hydrogen bond-
ing [11]. Chemically, ethyl cellulose is appraised as a homopolymer of anhydroglucose units,
featuring hydroxyl groups that provide reactive sites for chemical modification, thereby fa-
cilitating the development of ethyl cellulose derivatives and nanostructures [12,13]. Among
natural sources, ethyl cellulose can be extracted from wood, cotton, hemp, and agricultural
residues. Still, it can also be synthesized by certain bacteria, such as Komagataeibacter xylinus,
which produce bacterial ethyl cellulose with high purity and unique nanostructures [14]. In
nanotechnology, ethyl cellulose is processed into nanoscale forms for diverse applications.
Representative examples encompass ethyl cellulose nanofibers for flexible electronic moni-
toring [15], bacterial nano-ethyl cellulose for skin wound healing [16], and ethyl cellulose
nanocrystals for high-performance biodegradable packaging materials [17].

For food packaging, ethyl cellulose has emerged as a promising material considering
its biodegradability, non-toxicity, and enhanced barrier properties against oxygen, mois-
ture, and microbial contamination. In addition to these advantages, ethyl cellulose-based
NMs are also preferred for the preservation of food products due to their high mechanical
strength, transparency, and thermal stability [18]. Rosmarinus officinalis, commonly known
as rosemary, is a member of the Lamiaceae family. Originating from the Mediterranean
region, it is extensively cultivated throughout Europe, Asia, and the Americas. Rose-
mary is abundant in essential oils, such as 1,8-cineole, x-pinene, camphor, and rosmarinic
acid [19]. The scientific evidence about the incorporation of rosemary extracts on NMs for
food packaging is limited; for instance, its use has been reported only in gelatin-chitosan
films, polyamide-chitosan nanofibers, chitosan films, and nisin-chitosan films for chicken
meat [20], strawberry [21], cheese [22], and smoked salmon preservation [23], respectively.
Together with this, rosemary extracts have been documented as efficient components in
complex mixtures for sausage [24] and sunflower oil storage [25], respectively. The evi-
dence about the incorporation of rosemary-loaded NMs on packaging materials is also
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scarce; however, recent studies have demonstrated that, when incorporated in films fabri-
cated with low-density polyethylene and chitosan, they occur in modified systems with
promising properties for food packaging as an antioxidant and antimicrobial material [26].
Despite this, its use in the preservation of other products, such as rabbit meat, has not
been documented.

Considering the need to develop cost-effective and efficient approaches for rabbit
meat packaging, this study aimed to develop ethyl cellulose-NPs loaded with rosemary
extracts and incorporate them by spray-drying on HDPE packaging bags. The synthesized
formulation was designated as RCL-NPs. The size, surface charge, and polydispersity index
(PDI) of RCL-NPs were analyzed by dynamic light scattering (DLS), and release studies
were performed to determine the extract release rate in experimental media. Furthermore,
RCL-NPs were evaluated for the capability to prevent drained liquid, weight loss, color
variability, and pH changes while preserving meat texture and firmness. The retrieved data
from this work demonstrated that HDPE packaging bags reinforced with RCL-NPs can
preserve the integrity of rabbit meat, suggesting their food packaging potential.

2. Materials and Methods
2.1. TPC, DPPH, and FRAP Activity Analysis of Rosemary Extract

The rosemary extract utilized in this work was commercially obtained from a local
supplier in Toluca, Estado de Mexico, Mexico. The TPC of the rosemary extract was
analyzed following the Folin—Ciocalteu method and reported as milligrams of gallic acid
(GAE) equivalents per gram of the plant extract (mg GAE/g). The calibration curve
with GAE was constructed as reported, with minor modifications [27], specifically about
the employed wavelength (765 nm). The TPC assay was performed by mixing 200 uL of
rosemary extract with 1 mL of Folin-Ciocalteu reagent, and allowed to react for 2 min. After
this, 500 pL of a sodium carbonate solution was added, and the sample was vortexed and
incubated for 2 h in a dark place at room temperature. The absorbance of the resultant was
analyzed in a Genesys 10S UV-Vis spectrophotometer (Thermo Fisher Scientific; Waltham,
MA, USA). All experiments were carried out in triplicate.

The antioxidant capacity of rosemary extract was investigated by initially preparing a
95% DPPH (1,1-diphenyl-2-picrylhydrazyl) solution. Similarly, a 95% Trolox solution was
also prepared to create the standard curve. Briefly, a dilution of the extract was made by
mixing it with 4.79 mL of ethanol until a final concentration of 625 pug/mL. Then, 450 uL
of the resultant was mixed with 1050 pL of the stock solution of DPPH. The sample was
allowed to react for 30 min in a dark place. The absorbance was measured using a Genesys
10S UV-Vis spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA) at 517 nm.
The antioxidant capacity by the FRAP assay was performed by preparing a 0.3 M acetate
buffer solution together with a 20 uM ferrous chloride solution, 40 pM hydrochloric acid
solution, and 0.01 M TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), respectively. The solutions were
mixed in a 10:1:1 ratio. After this, the rosemary extract was diluted, 20 pL was taken, and
mixed with 2 mL of FRAP reagent. The mixture was incubated at 37 °C for 5 min. The
absorbance was measured using a Genesys 10S UV-VIS spectrophotometer at 595 nm. The
results were reported as pg Trolox equivalents/L. All analyses were performed in triplicate.

2.2. Synthesis, Characterization, Encapsulation Efficiency (EE), and Stability of RCL-NPs

The development of RCL-NPs was performed following the emulsification technique.
Briefly, 6.25 uL of rosemary extract was dispersed on a 3% polyvinyl alcohol (PVA) solution
together with 0.25 g of ethyl cellulose previously dissolved in 20 mL ethyl acetate. The
mixture was maintained under stirring until homogenization. The result was ultrasonicated
at 1500 rpm for 10 min utilizing a UP200Ht Ultrasonic Processor (Hielscher Ultrasonics,
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Teltow, Germany). The synthesized RCL-NPs were preserved in amber vials under refriger-
ation at 4 °C. The size and surface charge of the obtained RCL-NPs were recorded utilizing
a Zetasizer Nano Z590 (Malvern Instruments, Worcestershire, UK). The morphology of
RCL-NPs was investigated utilizing a Hitachi SU-8230 high-resolution scanning electron
microscope (Hitachi High-Technologies Corporation; Tokyo, Japan). The images were
acquired utilizing a BSE + BSE(U) detector with a voltage of 2.5 kV and deceleration of
15 kV with an emission current of 5 A and working distance of 3.7 mm. The EE of RCL-NPs
was determined by centrifuging the obtained sample at 15,000 rpm for 60 min at 2 °C
in a Z 323 K centrifuge (Hermle, Gosheim, Germany). The supernatant was discarded
and utilized to determine the total phenolic content (TPC) utilizing the Folin—Ciocalteu
method at 740 nm as previously described [28]. The obtained result was compared with
the TPC of the rosemary extract previously dispersed on the PVA solution. Equation (1)
was implemented to assess the final EE value. The stability of RCL-NPs was established
utilizing a Turbiscan Classic MA 2000 (Formulaction; L'Union, Toulouse, France). For
this, samples were diluted and transferred into flat-bottom cylindrical glass cuvettes. The
analyses were performed at room temperature, 800 nm, and scanned for 8 min over 24 h.
The transmitted light was at 180°, whereas the retro-dispersed light was at 45°.

TPC of added rosemary extract — TPC of the supernatant y
TPC of added rosemary extract

EE (%) = 100 (1)

2.3. Incorporation of RCL-NPs into HDPE Packaging Bags, Packaging of Rabbit Meat, and Release
Rate Analysis

The synthesized RCL-NPs were incorporated on HDPE packaging bags by spray-
drying utilizing an ADIR 684 compressor (ADIR; Istanbul, Turkey), considering a distance
of 16 cm and 3 mL of the RCL-NPs solution. This was performed to ensure the heterogenous
distribution of the spray-drying. The packaging of rabbit meat was performed by placing
40 g of meat in a 12 cm x 5 cm HDPE and then heat-sealing in a MILTIVAC fume hood
(MULTIVAC; Waldkirch, Germany). The packaging material used for the storage of meat
samples was Sealed Air™ type, manufactured by Cryovac Mexico (Toluca, Estado de
Mexico, Mexico), which supplied the co-extruded food-grade film. The utilized HDPE
packaging bags exhibit a thickness of 0.140 mm and a usable width of 13 cm. It has
thermal resistance ranging from 75 to 90 °C and sealing temperatures between 130 and
160 °C, as well as a low oxygen transmission rate of 0.33 cm®/m?-day and a water vapor
transmission rate of 0.26 g/m?-day under standard conditions (23 °C, 0% RH for oxygen
and 38 °C, 90% RH for vapor). This ensures effective protection against oxidation and
dehydration of the product. Once the meat was packaged, the samples were stored under
refrigeration at 0 °C for 13 d. Figure 1 illustrates the utilized HDPE packaging bags and
the refrigerated storage of rabbit meat samples. The release rate of RCL-NPs in HDPE
packaging bags was performed following the substitution method. Briefly, a sample of
1 cm? of the packaging material was immersed in 10 mL of a 10% ethanol solution and
subjected to constant agitation. Samples were collected every 15 min during the initial
2 h. Subsequently, the sampling interval was extended to 30 min over the following 8 h.
Finally, samples were taken until the completion of a 24 h analysis period. The absorbance
of all samples was measured using a Genesys 10S UV-Vis spectrophotometer (Thermo
Fisher Scientific; Waltham, MA, USA) at 207 nm. Rabbit meat samples conserved in HDPE
packaging bags without RCL-NPs were appraised as a control. All experiments were
performed in triplicate.
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Figure 1. Representation of the utilized HDPE packaging bags, spray-drying of RCL-NPs, and storage
conditions of rabbit meat samples utilized in this study.

2.4. Drained Liquid and Weight Loss Analysis

The drained liquid was measured with a graduated syringe, which was carefully
inserted into the bottom of the utilized HDPE packaging bags. The weight loss analysis of
samples was assessed considering the difference between the initial weight of the packaged
rabbit meat (40 g) and the weight after 1, 3, 6, 8, 10, and 13 days of storage. Rabbit meat
samples conserved in HDPE packaging bags without RCL-NPs were appraised as a control.
All experiments were performed in triplicate.

2.5. Color and pH Analysis

The color variabilities among rabbit meat samples conserved in HDPE packaging bags
were investigated using a Minolta CM-600d spectrophotometer (Konica Minolta Inc., Tokyo,
Japan). The determined coordinates encompass *L, *a, and *b values. The evaluation of the
pH of samples was performed with a Hanna HI99163 potentiometer (Hanna Instruments;
Woonsocket, RI, USA). The analysis of samples was executed after 1, 3, 6, 8, 10, and 13 days
of storage, respectively. Rabbit meat samples conserved in HDPE packaging bags without
RCL-NPs were appraised as a control. All experiments were conducted in triplicate.

2.6. Texture and Hardness Analysis

The texture and hardness of samples were recorded using a Texture Analyzer CT3
Brookfield (Brookfield Engineering Laboratories; Middleboro, MA, USA). For the former,
Rabbit leg samples were cut into 1.5 cm x 1.5 cm x 0.5 cm pieces and placed parallel to the
cylinder to ensure uniform compression along the axis perpendicular to the surface. For the
texture analysis, two consecutive compression cycles (cycle 1 and cycle 2) were conducted
without any waiting time between them. Compression was applied to 50% of the sample
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thickness, using an activation load of 0.07 N. The pre-test speed was set at 3 mm/s, while
the post-test speed was reduced to 1 mm/s. For the hardness analysis, the dimensions of
the rabbit leg samples were 2 cm in length, 2 cm in width, and 0.5 cm in thickness. These
samples were positioned parallel to the edge of the probe to ensure a uniform cross-section
during testing. The test was conducted at a speed of 5 mm/s, with a trigger load set at
0.10 N and a target distance of 23 mm. All experiments were performed in triplicate.

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA) followed by Tukey’s mean separation test
was executed to assess significant statistical differences in GraphPrad.

3. Results
3.1. TPC and Antioxidant Activity of Rosemary Extract

According to the calibration curve of GAE and the retrieved regression equation
presented in Figure S1 (y = 0.3327x + 0.0044; R? = 0.994), the TPC of rosemary extract was
566.13 + 1.72 mg GAE/L. As illustrated in Figure S2, the calculated scavenging activity
of rosemary extract was 27.86 £ 0.32 mM Trolox/L. The determined FRAP activity of
the same sample was 0.31 mM Trolox/L. The DPPH result was in accordance with the
regression equation obtained from the calibration curve with Trolox: y = —7.5475x + 1.5746;
R?=0.9776.

3.2. Synthesis and Characterization of RCL-NPs

As illustrated in Figure 2A, the average size of RCL-NPs was 117.30 & 0.55 nm. The
surface charge of RCL-NPs was —24.59 £ 4.76 mV, which is depicted in Figure 2B. The
PDI of the synthesized RCL-NPs was 0.127 &+ 0.01. As noted in Figure 2C, the stability
analysis of RCL-NPs did not present significant peaks associated with flocculation or
sedimentation, suggesting their stability and homogeneity. According to Figure 2D, the
developed RCL-NPs are spherical with a smooth surface.

) S S AN S ; Hom o

Intensity (Percent)
=

(B)

800007"

Total Counts

200007

1000 10000

G

-100

Apparent Zeta Potential (mV)

200

Figure 2. DLS analysis of the (A) size distribution, (B) surface charge, (C) light backscattering analysis,
and (D) SEM evaluation of RCL-NPs. The blue, green, and red lines represent independent experiments.
3.3. EE and Release Profile of RCL-NPs

Considering Equation (1), the calculated EE of RCL-NPs was 99.97%. As demonstrated
in Figure S3, the release of rosemary extract from CL-NPs occurred over a 10 h period,
ranging from 0.07 £ 0.01 to 0.83 & 0.12 uL/mL. Similarly, the release of rosemary extract
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from CL-NPs was 0.86 £ 0.12, 0.89 & 0.14, and 0.98 & 0.15 uL/mL. Figure S3 also presents
the release profile of rosemary extract from RCL-NPs modeled by the zero- and first-order
model, as well as the Higuchi model, the Korsmeyer-Peppas model, and the Weibull model.
The fitted parameters and correlation coefficients from each model are listed in Table 1.

Table 1. Kinetic models, fitted parameters, and correlation coefficients for the release of rosemary
extract from RCL-NPs.

Model Equation Kinetic Constants R?
Zero-order My = kot + Cp Ko =0.0629 0.871
First-order Ln(Me — My) = LnM — kqt k; =0.139 0.789

Higuchi M; = kyt? +C ky = 0.216 0.9469
Korsmeyer- M — g k=0636;1=045 0951

Peppas Meo

Weibull M exp {—(t/ m)ﬁ} a=03566; p =0491  0.968

3.4. Drained Liquid and Weight Loss Analysis

As noted in Figure 3A, the drained liquid with samples appraised as control was
0.36 = 0.15 and 0.53 £ 0.11% after 3 and 6 days, whereas at 8 and 10 days, the drained
liquid was 0.60 £ 0.10 and 0.76 & 0.30%, respectively. After 13 days, the drained liquid was
0.93 & 0.49% among the samples considered as a control.

(A) (8)
25
20 -
b gt
E g
o o 15
3 8
3 )
= @ 10
© =
Qo
/‘R B
00
6 1 3 1 3 6 8 10 13
Time (days) Time (days)

Figure 3. (A) Drained liquid and (B) weight loss of rabbit meat samples. The red line is associated
with control samples, whereas the blue line is correlated with samples conserved in HDPE packaging
bags reinforced with RCL-NPs. Shown is the mean =+ S.D. of three independent experiments.

In Figure 34, it can also be observed that the drained liquid of the samples after
preservation with HDPE packaging bags reinforced with RCL-NPs was 0.23 £+ 0.11%,
0.40 £ 0.68%, and 0.01 £ 0.05% at 3, 6, and 8 days, respectively. The drained liquid from
rabbit meat samples preserved with RCL-NPs showed statistically significant differences
at days 6 (p < 0.001) and 8 (p < 0.01) compared to the control samples. The recorded
drained liquid at 10 and 13 days among samples with HDPE packaging bags reinforced
with RCL-NPs was 0.23 &= 0.23 and 0.13 £ 0.05%, respectively. According to Figure 3B, the
weight loss after 3, 6, and 8 days of preservation with RCL-NPs was 0.36 & 0.30,0.04 &= 1.38,
and 0.12 & 0.10%, respectively. After 10 and 13 days of preservation with RCL-NPs, the
weight loss was 0.50 4= 0.50 and 0.32 £ 0.55%, respectively. Contrary to this, the weight
loss of the samples used as controls at 3 and 6 days was 1.18 £ 0.44% and 0.99 + 0.33%,
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whereas the samples at 8, 10, and 13 days after preservation presented a weight loss of
1.03 + 0.25%. 1.38 & 0.56, and 1.62 + 1.00% weight loss, respectively (see Figure 3B).
According to statistical analysis, the weight loss of rabbit meat preserved with RCL-NPs
was statistically different at days 8, 10, and 13 (p < 0.05), respectively.

3.5. Color and pH Analysis

As demonstrated in Figure 4A, the L* values of rabbit meat samples conserved in
HDPE packaging bags reinforced with RCL-NPs after 1, 3, and 6 days were 56.20 £ 2.40,
61.20 £ 5.20, and 56.60 =+ 2.40, respectively. After 8, 10, and 13 days, the L* values for the
same samples were 60.50 £ 2.5, 59.10 £ 2.30, and 66.10 & 2.50, respectively.

1

pH value

25 i i 54
5 52
1 3

6

Time (days)

8 10 13
Time (days) 1 3

6 8
Time (days)

Figure 4. (A) Color and (B) pH analysis of rabbit meat samples. The red bar or line is associated with
control samples, whereas the blue bar or line is correlated with samples conserved in HDPE packaging
bags reinforced with RCL-NPs. Shown is the mean =+ S.D. of three independent experiments.

Similarly to these findings, it was noted that the preservation of rabbit meat control
samples exhibited L* values of 56.18 & 2.40 and 64.56 £ 1.70 after 1 and 3 days during
storage, respectively. Comparably, it was determined that the L* values after 6, 8, 10, and
13 days were 58.85 £ 5.80, 58.24 & 1.90, 57.39 £ 4.50, and 59.10 =+ 3.80, respectively (see
Figure 4A). As represented in Figure 4, the a* values of rabbit meat conserved in HDPE
packaging bags reinforced with RCL-NPs were 2.89 &£ 0.27, 3.08 & 1.96, and 3.92 £ 2.89
after 1, 3, and 6 days, respectively. At 10 and 13 days, the a*values conserved with the
same treatment were 3.81 £ 3.22 and 0.50 £ 0.82, respectively. When evaluated in control
samples, the a* values at 1, 3, and 6 days were 2.89 £ 0.27, 0.53 & 1.50, and 3.82 + 3.51.
On 8 and 10 days, the a* values were 3.54 &+ 1.60 and 4.15 £ 2.70, whereas on 13 days, the
a* value was 3.62 =+ 3.50 (see Figure 4). The b* values of rabbit meat samples conserved
in HDPE packaging bags reinforced with RCL-NPs were 11.08 £ 0.46 and 10.67 & 2.28 at
1 and 3 days, whereas at 6 and 8 days, the b* values were 11.50 £ 2.47 and 10.67 £ 3.15,
respectively. The b* values at 10 and 13 days the b* values were 11.62 4= 2.39 and 11.00 £ 1.69
after ¢ preservation with HDPE packaging bags reinforced with RCL-NPs. For control
samples, the b* values ranged from 11.08 to 10.68 after the evaluated days during storage.
No statistical differences were found between color changes from rabbit meat samples
preserved with RCL-NPs and those used as controls. As illustrated in Figure 4B, the pH of
samples conserved in HDPE packaging bags reinforced with RCL-NPs were 5.73 £ 0.01,
5.83 £ 0.03, and 5.99 £ 0.14 after 3, 6, and 8 days during storage, respectively. After 10 and
13 days, the pH values of the same samples were 5.97 &+ 0.10 and 5.80 & 0.17, respectively.
The pH of control samples was 5.83 £ 0.16 and 5.71 & 0.06 after 3 and 6 days of storage,
whereas after 8 and 10 days, the pH was 5.77 &= 0.04 and 5.81 + 0.13, respectively. On day 13,
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the pH of control samples was 5.92 & 5.80. No statistical differences were found between
the pH of rabbit meat samples preserved with RCL-NPs and those used as controls.

3.6. Texture and Hardness Analysis

The texture of control samples was 7.62 +4.11, 2.03 £ 1.31, and 1.14 & 0.56 N after
3, 6, and 8 days of preservation after cycle 1, respectively. After 10 days during the same
cycle, the texture of the control sample was 0.87 &= 0.50 N. During cycle 2, the texture of
control samples was 6.33 & 4.21 and 1.93 £ 0.97 after 3 and 6 days, whereas at 8 and 10 days
after preservation, the determined texture was 1.20 £ 0.59 and 0.85 £ 0.54 N, respectively.
Figure 5A also illustrates that the texture of rabbit meat after preservation with HDPE
packaging bags reinforced with RCL-NPs was 3.19 £ 1.46 and 1.07 & 0.48 N, respectively.
After 8 and 10 days of preservation with the same samples, the texture was 0.78 + 0.34
and 0.70 £ 0.52 N, respectively. This was recorded after cycle 1, whereas after cycle 2, the
same figure represents that the texture of rabbit meat was 2.87 + 1.27, 0.97 £+ 1.27, and
0.70 £ 0.31 N after 3, 6, and 8 days, respectively. After 10 days in preservation, the texture
was 0.61 =+ 0.46 (see Figure 5B). Regarding texture variations, no statistical differences were
found between rabbit meat samples preserved with RCL-NPs and those used as controls.

s
Time (days)

(B) (©)
12 “w©
10 .
N g
o 2
& 2
6 20
5 | £
=] ‘ti 15
g 2
[ 10
0
§ 3 3
Time (days) Time (days)

Figure 5. Texture analysis after (A) cycle 1 and (B) cycle 2, and (C) texture evaluation of rabbit meat
samples. The red line represents control samples, whereas the blue line is correlated with samples
conserved in HDPE packaging bags reinforced with RCL-NPs. Shown is the mean + S.D. of three
independent experiments.

As represented in Figure 5C, the hardness of samples utilized as controls was
25.11 4 8.26,27.29 £ 3.88, and 17.99 + 3.23 N, respectively. After 10 days of preservation,
the hardness of samples was 15.46 £ 3.05 N. Similarly, samples conserved in HDPE pack-
aging bags reinforced with RCL-NPs exhibit a texture of 26.88 + 9.02 and 27.57 + 3.39 N
after 3 and 6 days of preservation. At 8 and 10 days, the recorded texture was 27.38 & 2.31
and 27.60 & 2.69 N, respectively. The statistical analysis did not reveal any statistically

significant differences between rabbit meat samples preserved with RCL-NPs and those
used as controls.

4. Discussion

Food packaging is necessary for preserving the quality and extending the shelf life
of rabbit meat. Current approaches to rabbit meat preservation face several limitations;
for example, traditional packaging materials like polyethylene and polypropylene provide
inadequate barriers against oxygen and moisture, leading to oxidation and microbial
growth [29]. Even though synthetic preservatives enhance the shelf life of rabbit meat-
based products, they also pose potential health risks by causing endocrine disruption or
allergic reactions [30]. Vacuum or modified atmosphere packaging has also been explored
for rabbit-meat preservation; however, it can cause discoloration, texture changes, and
require specialized equipment and careful gas composition control [31].
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As an alternative to current approaches for rabbit-beat preservation, this work reported
the use of RCL-NPs to reinforce HDPE packaging bags for the preservation of rabbit
meat. Regarding the development of RCL-NDPs, it was determined by DLS that they
exhibit an average hydrodynamic diameter of 117.30 nm with a PDI of 0.127 and surface
charge of —24.50 nm. The hydrodynamic size of NPs alludes to the effective diameter
of a particle in solution, including any layers of solvent or molecules adsorbed to its
surface. The hydrodynamic size of NPs is significant to determine since it influences the
particles’ behavior in the packaging material and their interaction with food components.
Considering current classifications of the nanoscale, NMs with high hydrodynamic size
(>1000 nm) tend to exhibit aberrations in their dispersion and stability when integrated
on packaging materials. Contrary, NMs with a smaller hydrodynamic size (<300 nm) pose
enhanced incorporation capacity on packaging materials and enhanced barrier properties.
The PDI of polymer-based NMs indicates their distribution in organic or inorganic samples,
where low PDI (<0.3) values suggest their uniform distribution, a feature desirable for
consistent performance in food packaging, predictable behavior, and improved barrier
effectiveness and antimicrobial activity. Together with these features, surface charge,
also known as (-potential, determines the stability and interaction between NMs with
food components. Considering this, a higher surface charge (+30 or —30 mV) indicates
high electrostatic repulsion between particles, leading to better colloidal stability. In food
packaging, surface charge can influence NMs’ ability to interact with food molecules or
packaging materials, affecting their functionality and potential migration.

Light backscattering is a highly sensitive, non-destructive tool for assessing the physic-
ochemical stability of colloidal systems. Here, RCL-NPs showed no typical instability
phenomena such as creaming, sedimentation, coalescence, or flocculation, indicating a
homogeneous and stable colloidal structure. The narrow size distribution implied uni-
form distribution and adequate surface stabilization, given the recorded zeta potential
associated with the surfactant used, which stabilizes the pH, ionic strength of the medium,
and organic material present. These factors modify the electrostatic interactions between
particles, particularly through alterations in the zeta potential and thickness of the electrical
double layer. The stability observed in the samples suggests that the system conditions
were controlled.

Encapsulation is a fundamental technique in food packaging that involves the entrap-
ment of active ingredients within a protective layer [32]. In the food industry, encapsulation
has been leveraged to preserve and enhance the biological performance of organic sub-
stances with antimicrobial, antioxidant, and flavoring capabilities [33]. Additionally, it
has been utilized to fulfill the primary functions of traditional packaging materials by
protecting the physical, chemical, and biological integrity of sensitive substances from
exposure to light, air, and moisture [33], as well as preventing undesirable reactions with
food [34]. Here, it was recorded that the EE of the developed ethyl cellulose-NPs was
99.97%, which can be attributed to its negative surface charge (—24.59 mV). This surface
charge may enhance the interactions between the functional groups on the surface of
RCL-NPs and the compounds contained in the encapsulated extract, leading to improved
encapsulation. Similarly, the use of the ultrasonic probe can be considered as another factor
that contributed to the high EE of the developed NPs, since it has been reported that the
generated high-frequency sound waves can create microbubbles in the medium. When
collapsed, bubbles can disrupt ethyl cellulose fibers, resulting in NPs with an enhanced
surface area for encapsulation. Together with this, the sonication time has been documented
to increase the dispersion and loading capacity of polymer-based NPs.

The release efficiency of entrapped substances on NMs can occur through various
mechanisms, such as diffusion, degradation, and stimuli-responsive release [35]. There
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are numerous factors influencing the release profiles of entrapped substances, for exam-
ple, material selection and the presence or absence of surface modification. Given the
polysaccharide-based nature of ethyl cellulose, release mechanisms often documented are
diffusion, swelling, and degradation processes [36]. In contrast to diffusion and degra-
dation, selling results when ethyl cellulose-based NMs encounter aqueous environments,
where the absorption of water or phosphate-buffered solutions can cause the formation
of larger pores within the nanostructure [37]. Even though this mechanism is often ob-
served when entrapping substances on ethyl cellulose-based NMs, it can vary between
reports, considering the degree of substitution and cross-linking density of the employed
precursors. In food packaging development, investigating the release efficiency of NMs is
crucial for optimizing formulations, predicting product shelf life, and ensuring the efficacy
of ingredients during storage. Here, it was noted that the release kinetics of RCL-NPs
displayed a typical biphasic behavior. Initially, a rapid release was observed during the first
4 to 6 h, followed by a significant decrease in the release rate. This pattern is characteristic
of diffusion-dominated release systems. In this context, the extract located on the surface
of the nanoparticles is released quickly into the surrounding medium, while the extract
trapped within the polymeric matrix is released at a much slower rate. This slower release
is attributed to the resistance provided by the ethylcellulose used as the wall polymer
in this study. Notably, after 10 h, the release stabilizes, as the extract becomes strongly
retained within the encapsulating polymer matrix. The retrieved results were evaluated by
a zero- and first-order model, together with the Higuchi, Korsmeyer-Peppas, and Weibull
models, respectively.

Upon implementation, it was observed that neither zero-order nor first-order kinetics
accurately described the observed release rate. In contrast, the Higuchi model provided
a better fit, suggesting that the release process is governed by Fickian diffusion, a char-
acteristic of polymeric matrices such as ethylcellulose. The Korsmeyer-Peppas model,
applied to the first 60% of the accumulated release, also demonstrated a strong fit with
an n value of 0.478, confirming Fickian diffusion without significant relaxation of the ma-
trix. Additionally, the Weibull model exhibited an improved fit, indicating a sigmoidal,
diffusion-controlled release characterized by a rapid initial phase followed by a gradual
deceleration. Considering the performed kinetic analyses, it can be noted that the release of
rosemary extract from RCL-NPs primarily occurs through diffusion-controlled mechanisms,
particularly during the initial stages. During this process, the ethylcellulose matrix can
serve as a release barrier, effectively modulating the transfer of rosemary extract from the
packaging to the product, thereby enhancing its preservative action. The fits obtained
from the Korsmeyer-Peppas and Weibull models accurately describe this behavior and
enable predictions of the release profile under storage conditions for the preservation of
rabbit meat. Thus, these parameters are crucial for designing active packaging systems that
facilitate controlled release in food applications [38,39].

Determining the TPC of extracts intended for food packaging is crucial for assessing
their antioxidant capacity, overall efficacy, and provides valuable insights on the extract’s
potential to inhibit oxidative processes, microbial growth, and extend the shelf life of
products [40]. Antioxidant activity refers to the capacity of a substance to inhibit oxidation
processes. In the context of food packaging, the antioxidant activity of NMs or encapsulated
substances is crucial for neutralizing free radicals and other reactive oxygen species that
can cause oxidative damage to food components or lead to rancidity, discoloration, and
nutrient degradation in food products [41]. The TPC of rosemary extract-based preparations
has been widely documented, especially for extracts and powders obtained from natural
sources. However, they tend to vary due to the utilized raw material, environmental
conditions, seasonality, and selected extraction method. For these reasons, commercially
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available extracts are preferred as they are standardized to ensure their composition, purity,
and documented efficacy.

Drained liquid is the term designated to the liquid that separates from solid food
components during storage, often accumulating at the bottom of the package. This phe-
nomenon is especially relevant for meat products, where the exudation of moisture can
significantly impact quality and consumer acceptance [42]. The amount of drained liquid
is an indicator of moisture retention capacity and overall product stability. Excessive lig-
uid loss can lead to textural changes, nutrient leaching, and increased microbial growth
risk [43]. In the development of NMs intended for food packaging, the scientific evidence
quantifying drained liquid is limited, even though it can provide valuable insights into
their capacity to enhance product quality, extend shelf life, and sensory attributes. Meat
weight loss is a critical parameter in food packaging research, defined as the reduction
in mass of meat products during storage or processing. This phenomenon is primarily
caused by moisture loss, protein denaturation, and fat oxidation [44]. Factors influencing
meat weight loss include temperature, relative humidity, packaging permeability, and
microbial activity. The consideration of meat weight loss is crucial for evaluating since it
directly influences the economic value of the product, together with its texture, juiciness,
and sensory quality [45]. The retrieved data from the drained liquid and meat weight
loss is challenging to compare since there are no reports demonstrating the preservation
performance of ethyl cellulose-based NMs, specifically in rabbit meat.

Color is essential in quality assessment of rabbit meat, where the L*, a*, and b* color
coordinates provide an objective measure of meat lightness, redness, and yellowness,
respectively. Monitoring variabilities in L*, a*, and b* values over time can reveal oxidation
processes, microbial growth, or other quality deterioration factors [46]. When developing
packaging materials, determining these color coordinates is necessary for assessing the
effectiveness of the packaging in maintaining the meat’s visual appeal [47]. Packaging
that preserves the initial color values of fresh rabbit meat for longer periods demonstrates
superior performance and efficacy during food packaging. The pH of meat-based products
is directly correlated with protein stability, water-holding capacity, texture, juiciness, and
overall meat quality during storage. Additionally, as meat pH increases post-mortem,
it becomes more susceptible to bacterial proliferation, leading to spoilage and reduced
shelf life [48]. Furthermore, pH levels correlate with color stability and lipid oxidation,
key factors in consumer acceptance, safety, and quality throughout the product’s shelf
life [49]. Texture and hardness are critical quality parameters in evaluating rabbit meat
and designing appropriate packaging materials. Texture refers to the sensory perception of
the meat’s structure and organization, encompassing attributes like tenderness, juiciness,
and chewiness [50]. Hardness, a component of texture, specifically relates to the meat’s
resistance to deformation when force is applied. These characteristics are essential for
consumer acceptance and can indicate the meat’s freshness and marketability [51]. Effective
packaging should maintain the meat’s original texture and firmness by minimizing moisture
loss, preventing protein denaturation, and inhibiting microbial growth.

5. Conclusions

In this study, RCL-NPs were synthesized via the emulsification route and incorpo-
rated into HDPE packaging bags utilizing a spray-drying technique. When analyzed
by DLS, it was unveiled that RCL-NPs were 117.30 nm in size, with a negative surface
charge of —24.59 mV, and a low PDI of 0.12, suggesting their stability and low tendency
to agglomerate. The employed synthesis method yielded RCL-NPs with an efficiency
of 99.97%. The TPC of the rosemary extract was 566.13 &+ 1.72 mg GAE/L, while its an-
tioxidant activity, measured using the DPPH and FRAP assays, was 27.86 & 0.32 mM
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Trolox/L and 0.31 mM Trolox/L, respectively. Rabbit meat stored in HDPE bags rein-
forced with RCL-NPs showed no drained liquid or weight loss, while maintaining *L
(60 £ 2.5-66.10 £ 2.0) and *b (10.67 + 2.28-11.62 & 2.39), pH (5.22 + 0.05-5.80 + 0.03), and
texture (10.37 £ 0.82-0.70 £ 0.50). The hardness of the rabbit meat samples conserved in
HDPE packaging bags reinforced with RCL-NPs ranged from 27.79 4 7.23 to 27.60 & 3.05 N
over 0-13 days. Even though the collected data confirm the effectiveness of RCL in main-
taining the quality of rabbit meat, further spectroscopy and microscopy are necessary to
demonstrate the influence of physical, chemical, and mechanical features on the evaluated
product. In addition, further assays are required to assess the capacity of the developed
approach in avoiding microbial growth.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polysaccharides6030076/s1. Figure S1, Calibration curve of GAE
for determining the TPC of rosemary extract; Figure S2, DPPH curve for determining the antioxidant
activity of rosemary extract. Figure S3. Release profiles of RCL-NPs analyzed by different kinetic
models: the zero-order and first-order models, the Higuchi model, the Korsmeyer-Peppas model,
and the Weibull model.
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