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1 | INTRODUCTION
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Abstract

Active packaging systems, interacting directly with the enclosed food, can
delay or inhibit those phenomena responsible for food quality decay, contrib-
uting to the food shelf-life extension. In this work a vinyl resin-based coating
containing free or loaded eugenol (EG) in Santa Barbara Amorphous (SBA)15
mesoporous silica nanoparticles is designed to coat flexible aluminium foils to
obtain an antimicrobial material. Thermogravimetric analysis shows a good
loading capacity of eugenol in SBA15 (48% wt/wt). SEM analysis shows a good
dispersion of free EG in the hosting polymeric matrix, whereas some
EG/SBAL1S5 particles aggregations are observed in the material. Water contact
angle highlights a higher hydrophobicity of the eugenol based-materials
(>90°) compared to the pristine vinyl coating (85°). Electrochemical imped-
ance spectroscopy highlights no corrosion phenomena of the VIN/5%(EG/
SBA15gg) coating and corrosion phenomena of the VIN/5%EG coating after
7 days of exposure to lactic acid pH = 4. Finally, the two active coatings are
studied to evaluate their antibacterial activity using the ISO 22196. Interest-
ingly, results demonstrate that when eugenol is loaded in the SBA15 mesopor-
ous silica nanoparticles the antimicrobial activity of the material significantly
increases against both foodborne pathogens and food spoilage bacteria, achiev-
ing the highest microbial growth reduction on S. aureus (R = 3.62 log).
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food by delaying or inhibiting the mold or bacteria growth,
concurring to achieve shelf-life extension.?

The development and the design of active films character-
ized by specific features, such as antimicrobial and antioxi-
dant properties, with potential applications as wrapping or
coating for foods, has become a worldwide challenge over
the past few decades." To avoid the food quality decay,
active packaging can directly interact with the enclosed

Coating technology is one of the main commonly
used techniques, consisting of a plastic film with
enhanced functionality attained by applying a liquid dis-
persion, usually resin and solvent based, onto the packag-
ing systems.’ The coating formulation can be applied at
room temperature, and it needs only a flash of hot air, no
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higher than 40°C, to allow the solvent to evaporate,
avoiding the loss of the initially added active compound.

Active agents (e.g., oxygen scavengers, antioxidants,
antimicrobials, enzymes) can be incorporated into coat-
ings to develop active packaging by using several tech-
niques involving different mechanisms, either migratory,
in which the active agent is capable to migrate into the
enveloped food (i.e. embedding, non-covalent immobili-
zation) and non-migratory, where the active agent is
trapped into the packaging matrix or onto its surface
(covalent immobilization, some layer-by-layer deposition
techniques, photografting).*

Encapsulation of essential oils, as natural antioxidant
and antimicrobial compounds, into food packaging sys-
tems has been studied and industrially developed to
implement the coating technology.””” Coating technology
additional advantage is its feasibility for different mate-
rial substrates, such as paper, board, plastics and alumin-
ium or their combinations, either as single materials or
multilayers, either rigid and flexible materials.

Some of aluminium foil applications in food packaging,
as an uncoated metal and/or in combination with other
materials include cans, sheets, films, trays, tins, containers.
This material, very light but strong, can be obtained and
converted into complex shapes, characterized by an excel-
lent corrosion temperature resistance, a high thermal and
electrical conductivity, and it can be also recycled without
lessening the quality. Moreover, its barrier -efficiency
against light, moisture, volatile aroma, as well as oxygen
and other gases, is generally higher than any plastic lami-
nate materials." Bare aluminium foils are mainly used as
household foil, wrappings and trays, but today aluminium
can no longer be considered chemically inert.® In fact, its
contact with highly acidic or alkaline products and salts
induces a surface leaching which leads to the migration of
aluminium particles to the enveloped foodstuff.” In the
case of aluminium ingestion at high concentrations into
the organism, due to contaminated food, it can cause seri-
ous damage to human health.'® In this regard, recent stud-
ies have revealed that aluminium toxicity could lead to
Alzheimer's and other human neuro-degenerative dis-
eases.'"'* Within this frame, in the recent years, the mar-
ket needs have been pushing toward the design and the
production of innovative packaging solutions. One of the
proposed approaches is the combination of aluminium tra-
ditional layers with active polymeric coatings, capable of
protecting aluminium from the action of agents coming
from the foodstuff and, at the same time, improving the
food quality, also preventing any contamination risk."®
Aluminium foils coated with antibacterial or antioxidant
compounds play a fundamental role in extending the shelf-
life of ready-to-eat food products improving the quality and
safety of the food products.'* For this reason, the
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application of multilayer materials is not only driven by
the necessity to avoid toxicological effects, but also by the
designing requirement of a single packaging configuration,
which combines different properties and functions.

In the present study, we report the incorporation of a
natural antimicrobial compound, namely eugenol, into a
polymeric vinyl resin, to coat aluminium foils by means of
a solvent casting technique to obtain an active material,
potentially capable of extending shelf-life and quality of
packaged foodstuff. The innovative approach is represented
by the encapsulation of the active compounds into a
porous inorganic nanocarriers which generally provide
both the controlled release of the antimicrobial/antioxidant
and its protection toward UV and/or solvents. This is con-
sidered an effective approach to enhance the efficiency of
the active packaging materials, thus holding the quality of
foods during storage.’® Mesoporous silica and natural hal-
loysite are very attractive materials, since they can be used
as nanocarriers which allow to embed active molecules in
internal porosity both to preserve their specific activity and
to control their release by pore architecture, pore size and
specific molecule/pore wall interactions.'®!” In this work,
eugenol, free and loaded into Santa Barbara Amorphous
(SBA)-15 mesoporous silica, has been filled into the poly-
meric vinyl resin. The eugenol effect and dispersion on the
structural and functional properties of the manufactured
materials has been investigated. Moreover, the antimicro-
bial activity of the manufactured coatings has been evalu-
ated against three foodborne pathogens, Staphylococcus
aureus, Escherichia coli and Pseudomonas aeruginosa and
three food spoilage bacteria, Shewanella putrefaciens,
Brochothrix thermosphacta and Lactobacillus plantarum,
following the procedure reported in the ISO 22196.

2 | MATERIALS AND METHODS

2.1 | Reagents

For the design of the active coating with antibacterial
action, a solvent-based vinyl resin was used. Eugenol
(EG-purity >99%), used as active compound, was pur-
chased by Sigma Aldrich. Santa Barbara Amorphous
(SBA)-15 mesoporous silica was supplied by ACS Mate-
rial (Stock #SBA-15-8-20 g, maximum dimension of the
single particles is about 1 pm, pore diameter 8-9 nm).

2.2 | Impregnation of SBA-15loaded
with eugenol

SBA was impregnated with eugenol, by using the follow-
ing procedure. Known amount of eugenol was dissolved in
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ethanol (5 ml per gram of substrate) for 15 min under stir-
ring; subsequently, a suitable amount of mesoporous
SBA-15 was added, and hold stirred for 30 min. The solid
powder was dried at 35°C for 5 h under vacuum, obtaining
a slightly yellow powder. During the filling process, euge-
nol/mesoporous silica weight ratio was equal to 0.71, cho-
sen as optimal value allowing the maximum eugenol
amount to fill the hosting SBA-15 total pore volume. The
attained loaded sample was coded as SBA15g.

2.3 | Active coating preparation

Vinyl resin (VIN)-based coatings containing free euge-
nol (EG) and SBA15 containing (SBA15gg) were depos-
ited on flexible aluminium foils to obtain the active
material, by using the following procedure. In a first
case, completely free eugenol (5% wt/wt respect to the
resin mass) and, in a second case, the combination of
free eugenol (2.5% wt/wt) plus SBA-15 containing euge-
nol (2.5% wt/wt) were added to the vinyl resin to obtain
the two coating formulations. In order to provide a
homogenous distribution of the filler within the resin,
it was stirred for 30 min at 1200 rpm and methyl ethyl
ketone (MEK) was used to adjust the viscosity. Samples
were coded as 5% EG and 5% (EG/SBAl5gg),
respectively.

Subsequently, pristine resin, resin containing 5% EG
and resin containing 5% (EG/SBA15gg) were cast onto alu-
minium foils (thickness 12 pm), by means of a bar coater
(K101 CONTROL COATER, by URALI, Italy, characterized
by a spreadable surface of 170 x 250 mm and a variable
speed range of 2 to 15 m/min). All the coated aluminium
foil samples were dried at 80°C for 20 s. Then, in order to
determine the weight of the coating and to verify the
achievement of the desired coating value (10 + 2 g/m?,
after drying), a 10 cm x 10 cm sample was cut and weighed
before and after the removal of the coating with MEK sol-
vent. The obtained samples have been coded: Al/VIN,
Al/VIN/5%EG, Al/VIN/5%(EG/SBA155¢).

24 | Experimental

241 | Powder and coating characterization
N, adsorption/desorption analyses were performed at
77 K by a Micromeritics ASAP 2020. The as-purchased
SBA-15 samples were degassed at 150°C for 10 h. To mea-
sure specific surface areas, the BET method was
employed, while pore size distribution evaluation was
assessed by applying the BJH method considering only
adsorption branches of the isotherms.

Thermogravimetric analysis (TGA) was carried out by
using a TA Instruments Q500 apparatus. The samples
were heated over the temperature range from 40°C to
900°C at a rate of 10°C min ' in an oxygen atmosphere.

The morphological analysis of neat and loaded vinyl
coatings, as well as the aluminium thickness was evalu-
ated by using a FEI Quanta 200 FEG scanning electron
microscope (ESEM) (FEI, Eindhoven, The Netherlands)
in high vacuum mode at an accelerating voltage within
10-20 kV range and a secondary electron detector
(Everhart-Thornley detector). Before the observation,
dried specimens were coated with an Au-Pd alloy by a
sputter coater (Emitech K575, UK).

FTIR spectra were recorded, from 400-4000 cm ™
with 4 cm™! resolution and 64 scans, at room tempera-
ture by a Nicolet FT-IR spectrometer (Thermo Scientific,
Italy) in Attenuated Total Reflectance (ATR) mode.

Contact angle measurements were evaluated accord-
ing to ASTM D7334 Standard Practice for Surface Wetta-
bility of Coatings,'® Substrates and Pigments by using a
DataPhysics OCA 20 apparatus, by dripping distilled
water onto at least ten different sites on each coated sam-
ple and the static contact angle was reported as the aver-
age from the measured values.

Electrochemical Impedance Spectroscopy Analysis has
been performed by using a Gamry Instrument to evaluate
the corrosion resistance of coatings. Impedance spectros-
copy is an alternating frequency (AC) electrochemical
technique. In particular, through an analysis of the imped-
ance modulus and the phase angle, as a function of the
frequency (Bode diagrams), impedance spectroscopy can
give information on (i) defects in the organic coating,
(ii) the progress of the corrosion, (iii) the functionality of
the conversion layer.

1

2.4.2 | Evaluation of antibacterial
effectiveness of active coatings

ISO-22196 (Plastics — Measurement of Antibacterial
Activity on Plastics Surfaces)'” was used to measure the
antibacterial activity of samples against E. coli (ATCC
13762), P. aeruginosa (ATCC 9027), S. aureus (ATCC
6538), Shewanella  putrefaciens (ATCC  8071),
B. thermosphacta (ATCC 11509) and Lactobacillus plan-
tarum (WCFS 1). Bacterial growth was performed accord-
ing to Orlo et al., 2021, and flat and square (50 + 2) x
(50 + 2) mm (maximum of 10 mm in thickness) speci-
mens were prepared of each coating. Samples consisted
of treated vinyl coatings containing free eugenol (EG) or
SBA15 eugenol loaded (SBA-15gg), while negative con-
trols consisted of untreated vinyl coatings. Before the
beginning of the test, all specimens were immersed in
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70% ethanol, placed in Petri dishes and then inoculated
with bacteria (0.4 ml suspension, with a final concentra-
tion of 6 x 10° cells/ml) from overnight cultures diluted
with 1/500 Nutrient Broth. The test inocula were covered
with a piece of disinfected polyethylene film ((40 + 2) x
(40 + 2) mm and dipped in 70% ethanol). The inoculated
samples were incubated at a specific growth temperature
for each microbial strain and at a humidity condition of
90% for 24 h. After the incubation time, each sample was
washed using soybean casein digest broth with lecithin
and polyoxyethylene sorbitan monooleate (SCDLP)
(10 ml). From this solution, serial dilutions were made
10 times in 1/800 phosphate buffer solution and each
dilution (1 ml) as well as SCDLP (1 ml) recovered
from the test sample were placed in duplicate in Petri
dishes together with de Man, Rogosa and Sharpe agar
(15 ml) for counting L. plantarum or plate count agar
(15 ml) for counting S. aureus, E. coli, P. aeruginosa,
B. thermosphacta and S. putrefaciens. Petri dishes
were inverted and incubated at 30 + 1°C (L. plantarum),
26 + 1°C (B. thermosphacta and S. putrefaciens) and at
35 + 1°C (S. aureus, E. coli, P. aeruginosa) from 40 to 48 h.

After incubation the number of viable cells was deter-
mined as follows:

100xCxDxV
= 1)
where N is the number of viable bacteria recovered per
cm? per test specimen, C is the average plate count for
the duplicate plates, D is the dilution factor for the plates
counted, V is the volume, in ml, of SCDLP added to the
specimen, A is the surface area, in mm?, of the cover film.
Then, the logarithmic value of the number of viable cells
(LogN) was determined, and the antibacterial activity
was expressed as R value®":

R=Ut—At (2)

where Ut is the average of the common logarithm of the
number of viable bacteria, in cells/cm?, recovered from
the untreated test specimens after 24 h; At is the average
of the common logarithm of the number of viable bacte-
ria, in cells/cm?, recovered from the treated test speci-
mens after 24 h.

2.5 | Statistical analysis

Each coating was tested in triplicate by performing three
independent experiments. The statistically significant dif-
ference (unpaired t test) was evaluated between the LogN
values of the samples and those of the negative controls
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FIGURE 1 TGA (dark) and DTGA (light) curves of pristine

eugenol (red), non-impregnated (black) and eugenol-loaded (blue)
SBA1S5 [Color figure can be viewed at wileyonlinelibrary.com]

(untreated specimens) by using Prism 5 analysis. Differ-
ences were considered significant for *p < 0.05,
**p < 0.01 and ***p < 0.0001.

3 | RESULTS AND DISCUSSION

3.1 | Powder and coating
characterization

In order to evaluate the mesoporous silica loading capac-
ity and the suitable eugenol amount for the SBA15
micro-pore filling, specific surface areas, pore size distri-
butions, total pore volume and diameter of non-
impregnated SBA15 were determined by applying both
the BET and the BJH method. The obtained N, adsorp-
tion/desorption curves correspond to a type IV isotherm
with an increase of N, adsorbed amount at relative pres-
sures >0.5. The specific SBA15 surface area was 445 m>/g
and the corresponding pore diameter was 8.4 nm, while
the total pore volume was 0.67 cm®/g.'® This means that
if this volume is completely filled with eugenol, it is pos-
sible to load about 0.71 g of eugenol per gram of hosting
mesoporous silica. To estimate the real loading capacity
after impregnation procedure, thermogravimetric analy-
sis was carried out and the corresponding TGA-DTGA
curves of pristine eugenol, non-impregnated and eugenol
loaded SBA15 are reported in the Figure 1. The non-
impregnated SBA15 curve highlighted a negligible weight
loss due to the thermal decomposition of the organic
groups onto the pore channels’ walls. As all the samples
show a constant weight loss at 900°C unaffected by the
eugenol loading into the pores, it is possible to evaluate
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FIGURE 2
@200 pm magnitude (surface) of
Al/VIN/5%EG and Al/VIN/5%
(EG/SBA15g¢) samples

SEM micrographs
AVVIN/S%EG

FIGURE 3 SEM micrographs
@20 pm magnitude (section) of
Al/VIN/5%EG and Al/VIN/5%
(EG/SBA15g) samples. [Color figure
can be viewed at

wileyonlinelibrary.com] \

AVVIN/S%EG

the active compound content, EG (%), by using the fol-
lowing formula:

EG% — WSBA _ WSBA/EG (3)

where WSBA and WSBA/EC are respectively the neat and
eugenol-loaded mesoporous silica residual percentage at
900°C. Computing the previous equation with the corre-
sponding values, the final eugenol content percentage
results of about 48% wt/wt. The attained results corre-
spond to eugenol/silica weight ratios used during the
impregnation process and they lead to the final achieve-
ment of an optimal effectiveness in loading antioxidant
molecules within the pores of the selected mesostruc-
tures.”” However, the further potential location of euge-
nol on the outer surface of the silica mesoporous
structure cannot be completely excluded.

SEM investigations were performed to evaluate the
effect of EG and SBA15g fillers on the coating superfi-
cial morphology, as well as filler dispersion and coating
thickness. SEM micrographs are shown in Figures 2 and
3. In Figure 2 it can be observed that the EG filler is well
dispersed within the hosting polymer matrix, thus the
surface coating of the Al/VIN/5%EG sample is character-
ized by a smooth surface. While for the Al/VIN/5%

AI/_VIl\f/S%(EG/SBAISfG) i
; i %

»

AVVIN/5%(EG/SBA15g)

\

Transmittance (a.u.)

—AININ
—— AIVIN/5% EG
—— AINVIN/5% (EG/SBA15:;)

g T T T i T m T T T v T 2
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

FIGURE 4 FTIR-ATR spectra of Al/VIN, Al/VIN/5%EG and
Al/VIN/5%(EG/SBA15gg) samples [Color figure can be viewed at
wileyonlinelibrary.com]|

(EG/SBA15g) samples, it is possible to note some SBA15
particles aggregation which determines a rougher and
slightly bumpy surface of the final coatings. This will
surely affect the final thickness as already reported in
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FIGURE 5
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TABLE 1
Al/VIN, Al/VIN/5%EG and Al/VIN/5%(EG/SBA15gg) samples

Water contact angle values and drop images of the

Samples Contact angle (°)
Al/VIN 85.00 + 1.6
Al/VIN/5%EG 96.13 + 1.0
Al/VIN/5%(EG/SBA155¢) 96.26 + 1.0

Figure 3, moreover the uneven surface due to the
eugenol-filled SBA15 could lead to a weakening of the
coating/metal interface in some places.

Moreover, the SEM micrographs of Figure 3 show that
the thickness of the VIN/5%EG and VIN/5%(EG/SBA15gg)
coatings are 4.0 pm and 5.4 pm, respectively. Most likely,
the highest thickness in the VIN/5%(EG/SBA15g¢) coating
is due to the volume effect of some SBA15 particles.

A qualitative analysis of chemical properties of
Al/VIN, Al/VIN/5%EG and Al/VIN/5%(EG/SBA15gg)
coatings was performed by FT-IR to investigate
the potential interfacial interaction in the eugenol-
loaded coatings compared to the neat vinyl resin
(Figure 4).

The Al/VIN blank coating (black spectrum) shows all
the FT-IR characteristic bands of vinyl resin. In details,
the valence vibrations due to -OH and the ester carbonyl
groups were observed at 3378 cm ' and 1727 cm ',
respectively. The other two peaks, localized at 2877 cm ™!
and 2819 cm ' are ascribed to stretching vibration of
-CH, and -CH; groups, respectively.”*** In eugenol-
loaded samples, an increase of the absorption bands at
wavelengths of about 2877 cm™' and 2819 cm™' was
observed, likely related to -CH carbon atoms with sp?
and sp® hybridization, respectively.”>*” All the peaks
within the 720-1250 cm ! region are related to the pres-
ence of -C=C- carbon atoms, whereas sharp peaks in the
range of 1500-1400 cm ™" could be associated to -C=C-
stretching of the aromatic moieties *® characteristic of
eugenol. As revealed by the absence of new evident
peaks, both the eugenol-loaded samples show no chemi-
cal interaction with the vinyl resin. However, EG and
SBA15g; addition leads to an intensification of all
Al/VIN characteristic peaks, likely related to the presence
of the -C=0 and -CH, functional groups.

Contact angle measurements were performed to
investigate the water affinity of the pristine and eugenol
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Electrochemical impedance module and phase angle in aerated aqueous solution of NaCl (3.5% wt/wt) of Al/VIN (a, b),

Al/VIN/5%EG (c, d) and Al/VIN/5%(EG/SBA15gg) (e, f) [Color figure can be viewed at wileyonlinelibrary.com]

loaded vinyl resin. ASTM D7334-08 was used to evaluate
the contact angle within 30 seconds after the deposition
of the drop on the sample substrate. The value of the
angle at time zero is relative to the drop immediately
before deposition (Figure 5, inset graph). The obtained
contact angle values and drop images are reported in
Table 1 and Figure 5, respectively.

It is worth noting that water contact angle values for
Al/VIN/5%EG and Al/VIN/5%(EG/SBA15gg) are respec-
tively 96.13° and 96.26°, thus showing a more hydropho-
bic character compared to the neat vinyl resin-based
coating (85°). It has been already proved that the pres-
ence of eugenol increases the hydrophobicity of the

materials®® and this is an interesting and good result
since materials with high contact angle allow for pro-
longed release of antimicrobial agents and, also, as
reported by Huhtamiki et al.,*° lead to increased shelf-
life of meat products and allow to avoid the adhesion of
bacteria to the surface of materials.>® Furthermore, the
enhanced hydrophobic property of eugenol-filled vinyl
resin could facilitate its potential application in active
food packaging field due to the better water-resistance
function to prevent moisture alter the material
structure.”

In order to investigate the potential use as packaging
materials, electrochemical impedance spectroscopy (EIS)
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FIGURE 7

Electrochemical impedance module and phase angle in aerated aqueous solution of lactic acid pH 4 of Al/VIN (a, b),

Al/VIN/5%EG (c, d) and Al/VIN/5%(EG/SBA15g) (e, f) [Color figure can be viewed at wileyonlinelibrary.com]

was used to evaluate the corrosion resistance to acidic
and salty foods of the developed materials. An acidic
solution (pH 4) and a sodium chloride solution (3.5% wt/
wt) were used to simulate acidic and salty foods, respec-
tively. Thus, EIS analysis has been performed by bringing
in contat the coatings with an aqueous solution of
sodium chloride 3.5% wt/wt and with an aqueous solu-
tion of lactic acid pH 4.>> Impedance and angle phase
values are reported in Figures 6 and 7 respectively.

In Figure 6, results show that in both coatings the
impedance exhibits very high values (10'° Qcm?) and the
phase angle is constant after 7 days, thus showing
the absence of any corrosion phenomenon. For sample

Al/VIN/5%EG (Figure 6d), the observed curve variation
in the frequency range between 10°-10° Hz phase angle
is due to the porosity of the system which allows the dif-
fusion of the NaCl solution within the coating. Results
reported in Figure 7 show that the coating Al/VIN/5%
(EG/SBA15g() does not show corrosion phenomena nei-
ther in contact with an aqueous solution of lactic acid
pH 4, whereas Al/VIN/5%EG sample exhibits corrosion
phenomenon likely due to a sort of induced porosity
caused by the eugenol leaching into the aqueous solution,
in fact in Figure 7c, it can be observed a change of curva-
ture correlated to the first time constant t; at high fre-
quencies at day seven.
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FIGURE 8
values of viable cell numbers .

Logarithmic

(LogN) of E. coli, P. aeruginosa,
S. aureus, B. thermosphacta,

L. plantarum and S. putrefaciens
were recovered from neat
Al/VIN coatings (NC) and from
Al/VIN/5%EG and Al/VIN/5%
(EG/SBA15g) after 24 h of
exposure. The results are

expressed as LogN + SD (n = 3).

AVVIN/S%EG

Asterisks indicate the
statistically significant
difference between the samples
and the negative control
(*p<0.05, **p <0.01,

***p < 0.001- unpaired ¢ test)

TABLE 2 The antibacterial activity
expressed as R values + standard
deviation (SD) n = 3, obtained by
Al/VIN/5%EG and Al/VIN/5% E coli
(EG/SBA15gg) on E. coli, P. aeruginosa,
S. aureus, B. thermosphacta,

L. plantarum and S. putrefaciens.

Bacterial strains

P. aeruginosa

S. aureus

B. thermosphacta
L. plantarum

S. putrefaciens

3.2 | Antibacterial activity
For each active coating developed, the antibacterial activ-
ity was evaluated against S. aureus, E. coli, P. aeruginosa,
B. thermosphacta, L. plantarum and S. putrefaciens using
1SO-22196 (Plastics — Measurement of Antibacterial
Activity on Plastics Surfaces). The results of the antimi-
crobial activity of Al/VIN/5%EG and Al/VIN/5%(EG/
SBA15gg) were shown in Figure 8.

Results highlighted that a significant reduction of
S. aureus and E. coli viable cells (compared to the relative

R values

Al/VIN/5%EG Al/VIN/5%(EG/SBA155c)
2.36 +0.21 241 +0.05

0.29 + 0.02 1.06 £+ 0.12

0.62 + 0.10 3.62 + 0.50

0.51 + 0.13 1.98 + 0.07

0.03 + 0.01 0.30 + 0.15

0.94 + 0.27 1.46 + 0.08

NC) was induced when they were exposed to Al/VIN/5%
EG, with p values less than 0.01 and 0.05, respectively.
On the other hand, among all the selected food spoilage
bacterial strains, only S. putrefaciens viability was signifi-
cantly affected by Al/VIN/5%EG. Interestingly, when
eugenol was loaded in SBA15 mesoporous silica nanopar-
ticles and embedded into the vinyl resin, not only its anti-
bacterial efficacy significantly increased on S. aureus and
S. putrefaciens, but it also affected P. aeruginosa
(*p < 0.05) and B. thermosphacta (***p < 0.001) viability.
The advantages of loading eugenol in SBA15 in increasing
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the antibacterial activity of the free eugenol are even more
evident from the results expressed in terms of R (meant as
log microbial growth reduction), as reported in Table 2.

R values were obtained from the difference between
the logarithms of the viable cells recovered from the trea-
ted and untreated coatings. According to Scuri et al.,**
the R value may be used to identify the efficacy of an
antibacterial material using the following classification:

- R < 0.5 = no antimicrobial activity;

- 0.5 < R £ 1 = slight antimicrobial activity;
-1 < R £ 2 = medium antimicrobial activity;
- 2 < R < 3 = good antimicrobial activity;

- R > 3 = very good antimicrobial activity.

The highest R values were obtained using Al/VIN/5%
(EG/SBA15gg) on foodborne pathogens with the greatest
effect on S. aureus (R = 3.62).

Basically, the use of the inorganic (nano)carrier helps
to control the transport of active compounds throughout
the bacterial wall. Indeed, as reported by Wu et al.,** the
encapsulation of curcumin in SBA15 leads to an improve-
ment in its antibacterial efficacy on S. aureus with a
greater effectiveness on S. aureus than E. coli, probably
due to the difference in the cellular structure of the mem-
brane of these bacterial species. Furthermore, as demon-
strated by Memar et al,’® mesoporous silica
nanoparticles, while not exerting their own significant
antibacterial effect, could contribute to influencing the
transport mechanisms of the cell membrane in microor-
ganisms. Indeed, Gdmez et al.*” noted that the encapsula-
tion of natural compounds in SBAI15 results in an
increase in their solubility and chemical stability, also
improving their bioavailability and efficacy against path-
ogens. In line with the above results, the use of SBA15 as
a carrier for eugenol resulted in an active coating exhibit-
ing (i) an antimicrobial activity superior to that of the
free eugenol-containing coating on all bacterial strains
studied, (ii) good antimicrobial activity against E. coli and
(iii) very good antimicrobial activity against S. aureus.

According to Torlak and Sert,*® there are two types
of mechanisms by which active coatings can act: con-
tact of bacterial cells with the functional groups of
compounds responsible for antimicrobial activity in
the coatings, and release of water-soluble active com-
pounds from the coating into liquid solution contain-
ing bacterial cells.

Since eugenol is not a water-soluble molecule, the
activity of the tested coatings may be related to the first
mechanism. In fact, in recent literature, several works
are reported on the use of eugenol for the production of
active food packaging. Sanahuja and Garcia®® obtained
active packaging films through the incorporation of pure
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eugenol in different polymeric matrices such as low den-
sity polyethylene, polyethylene terephthalate, poly lactic
acids. Furthermore, Li et al.** tested eugenol in poly lac-
tic acid films recording good antibacterial property
against S. aureus and E. coli and demonstrating its poten-
tial use for active food packaging. Moreover, Meléndez-
Rodriguez et al.** developed antimicrobial films of
3-hydroxybutyrate-co-3-hydroxyvalerate using mesopor-
ous silica supports for eugenol and, among the different
microbial species used, obtained the best antimicrobial
activity against S. aureus. To the best of our knowledge
there are no data in the literature on the antibacterial
activity of materials containing eugenol against
B. thermosphacta, S. putrefaciens and L. plantarum. How-
ever, in the present study, L. plantarum was the only
strain that was not susceptible to both coatings. The anti-
bacterial efficacy of eugenol against food spoilage bacte-
ria and foodborne pathogens was highlighted by Orlo
et al.?® Furthermore, these authors observed that various
natural methoxyphenolic compounds, including eugenol,
were poorly active against L. plantarum which is consid-
ered one of the main spoilage bacteria causing a decrease
in the quality of food with discoloration, souring, slime
formation, unpleasant aroma and gassing in food. How-
ever, the high resistance shown by L. plantarum to euge-
nol, free or loaded in SBA15, could be an additional
advantage for applications of VIN/5%EG and VIN/5%
(EG/SBA15gg) coatings such as food packaging. Hence,
lactobacilli can not only inhibit the growth of harmful
microorganisms through competition for nutrients,*" but
could also be used as starters in dairy products and some
processed meats to provide acidity, contribute to flavor
and produce antimicrobial compounds (e.g., bacteriocins,
peroxide) that promote food preservation.** Therefore,
the designed materials could be used for the packaging of
fresh meats and cheeses which are considered highly per-
ishable foods that require new strategies to extend their
shelf-life.

4 | CONCLUSION

In this paper eugenol, a natural antimicrobial compound,
has been successfully incorporated in a polymeric vinyl
resin and used for the first time to coat aluminium foils
by means of a solvent casting technique to obtain an anti-
microbial material potentially capable to extend the
shelf-life and quality of packaged foodstuff. Structural,
thermal, morphological and functional properties of the
composite coating were investigated examining the effect
of dispersing the eugenol (i) freely directly into the resin
and (ii) loaded into the nanochannel of a mesoporous sil-
ica, the SBA15.
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The TGA assessed that the eugenol amount, was
about 48%, as computed by a model calculation imple-
mented taking into account the density of pores. FTIR
analysis highlighted that both EG and SBA15gg show no
chemical interaction with the vinyl resin, however, their
addition leads to an intensification of all Al/VIN charac-
teristic peaks, likely related to the presence of the -C=0
and -CH, functional groups. By water contact angle mea-
surements, eugenol based-materials shown a higher
hydrophobicity (>90°) compared to the pristine vinyl
coating (85°). Electrochemical impedance spectroscopy
highlighted no corrosion phenomena of the VIN/5%EG/
SBA15gg coating and corrosion phenomena of the
VIN/5%EG coating after 7 days of exposure to lactic acid
pH = 4. Regarding antibacterial efficacy, the VIN/5%
(EG/SBA15gc) coating reduced the log of viable cells of
the Gram-positive strains S. aureus and B. thermosphacta
more than VIN/5%EG coating suggesting that SBA15
mesoporous silica could contribute to transport the active
compound into the bacterial cell wall.

Future studies will focus on the antibacterial activity
of the two active materials using real food systems in
order to evaluate their potential ability to extend the
shelf-life of food.
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