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The effects exerted by new bioactive acylpyrazolonate Ag()) derivatives of the general formula [Ag(QPY-€F3)
(R-Im)] containing different substituents on the imidazole (R-Im) ancillary ligands and the natural plastici-
zer castor oil when both are added to the ethylcellulose (EC) biopolymer in the preparation of thin films
as potential active food packaging materials are presented. The Ag(l) complexes [Ag(QPY<"3)(Bn-Im)] and
[Ag(QPY-<F3)(Bu-Im)], having benzyl and butyl substituents, whose single crystal molecular structures are
reported, have proved to be highly compatible for efficient incorporation between the EC polymer and
the hydrophobic plasticizer chains, giving rise, even at low concentrations, to homogeneous, robust and
elastic films. The concomitant presence of these Ag(l) complexes and castor oil in the polymer EC matrix

Received 1st August 2024, gives rise to thin films with improved antibacterial activity against Escherichia coli (E. coli) as a model of
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Gram-negative bacterial strains when compared to the non-plasticized ones, with very low Ag(1) migration
in the three food simulants used (distilled water, ethanol 10% v/v and acetic acid 3% v/v) under two assay
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Introduction

The use of plastic materials has become widespread due to
their multifunctionality and low cost. This has led to signifi-
cant plastic waste and a rapid increase in global plastic pro-
duction, which now exceeds 320 million tons per year." Due to
the lack of proper recycling strategies and disposal processes,
plastic waste, which hardly breaks down naturally, is mainly
released into the environment where it persists and
accumulates.>® However, since plastics are lightweight and
show noticeable barrier properties, polymers such as polyethyl-
ene terephthalate (PET), polyvinyl chloride (PVC), polystyrene
(PS) and polypropylene (PP) represent ideal materials for
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conditions (70 °C for 2 h and 40 °C for 10 days).

packaging a large variety of food products. On the other hand,
while these petroleum-derived materials help reduce the
amount of organic waste by increasing food preservation, they
also contribute to a significant increase in non-biodegradable
plastic waste. To minimize the contamination damage that
these plastics cause to the environment, active attempts have
been made over the last few years to introduce bio-based
materials in food packaging applications.”® Biomaterials,
mainly based on natural biopolymers such as starches, cell-
ulose derivatives, chitosan, and pectin, are biodegradable and
edible substances.*” Among the most abundant biopolymers
in nature, cellulose and its derivatives have emerged as prom-
ising materials to be used in food packaging.®® Despite the
biodegradability, biocompatibility, low price and high thermal
resistance of native cellulose, its strong hydrophilicity, poor
solubility, high crystallinity and limited film forming ability
drastically limit its use in food packaging applications.’® On
the other hand, ethylcellulose (EC), one of the most significant
cellulose derivatives, is a biodegradable, nontoxic and excel-
lent film forming polymer.'" The ability of EC to incorporate
antimicrobial substances and reinforcing agents, together with
its hydrophobicity, barrier-forming characteristics, and heat-
resistance, makes EC films highly suitable in food packaging
applications.”® Since EC is not in itself an antimicrobial
polymer, to achieve active EC packaging films, antimicrobial
agents are incorporated within the inner structure of the poly-

This journal is © The Royal Society of Chemistry 2024
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meric matrix during the film forming process. On doing so,
EC packaging systems that are able to improve food quality
and extend the shelf life can be successfully obtained. Indeed,
interesting examples have been reported by using as anti-
microbial additives natural molecules such as capsaicin as well
as metal nanoparticles with strong antibacterial effects.”>™> In
this regard, bioactive coordination Ag(1) and Cu(un) compounds
(BioCCs) and coordination polymers (BioCPs), due to their bio-
logical activity and low toxicity to human cells, are nowadays of
particular interest in the field of metal-containing additives for
multifunctional bioactive polymeric films."*™° In particular,
silver carrying agents have been and still are the most investi-
gated antimicrobial metal drugs due to their high inhibitory
and bactericidal effects.’>*' Although silver nanoparticles
(AgNPs) and Ag salts (AgX) are the most studied forms of anti-
microbial additives in polymer matrices, the use of silver coordi-
nation compounds and coordination polymers addresses some
drawbacks presented by both AgNPs and AgX salts. Since Ag(1)
ions are the active component in silver delivery systems, their
release in the case of AgNPs depends on several variables, such
as nanoparticle size, shape, and surface, often affected by aggre-
gation phenomena compromising their antimicrobial activity,”>
whereas for silver salts the effective release can be limited by
the reduction of unshielded Ag(1) ions to metallic silver. Ag(i)
complexes and coordination polymers, depending on the
choice of coordinated ligands, can overcome these limitations,
resulting in more stable species with a slow and consistent
release of Ag(i) ions.”?

On the other hand, the ability of EC to incorporate reinfor-
cing agents such as natural plasticizers represents an
additional method not only to obtain EC films for active packa-
ging, but also to improve their mechanical properties, which
are partly limited by the semi-crystalline nature of EC.>**
Additives such as soybean and sunflower oil can reduce the
intermolecular interactions between EC polymer chains,
enhancing the free space between polymers and the mobility
of chains.’®*” In this regard, among all vegetable oils, castor
oil shows good performance at low temperatures, high kin-
ematic viscosity and excellent lubrication properties.”**° The
high viscosity of this vegetable oil is rather unusual and is the
result of the hydrogen bonding network formed by the
hydroxyl group in the predominant ricinoleic fatty acid.*® It is
noteworthy that thin films of EC plasticized with castor oil and
containing anthocyanins were recently developed for intelli-
gent packaging to monitor the freshness of pork meat.*'

In addition, in our research studies on eco-friendly bio-
active thin films for food packaging, we recently reported on
the preparation and antibacterial properties of EC films
embedded with antimicrobial Ag(i) 4-acyl-5-pyrazolonate (Q)
complexes bearing imidazole (Im) ancillary ligands.>* As an
extension of our previous work, herein we present the conco-
mitant effects exerted by new Ag(1) derivatives of the general
formula [Ag(Q™“*®*)(R-Im)] containing different substituents
on the Im ancillary ligands and the natural plasticizer castor
oil when both are added to the EC biopolymer in the prepa-
ration of bioactive thin films (Fig. 1).
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1, [Ag(QPYCF3)(Bn-Im)], Bn-Im is 1-benzylimidazole,

7P R1=CHxCeHs Ro = H;
CFgy
- Ro 2, [Ag(QPCF3)(Bu-Im)], Bu-Im is 1-butylimidazole,
N R Ry = CHaCH,CH,CH3; Ry = H;

3, [Ag(QPY:CF3)(H-Im)], H-Im is Imidazole,
Ry =H; Ry =H;

4, [Ag(QPYCF3)(Ph-Im)], Ph-Im is 2-phenylimidazole,

PY.CF3)(R- .
[Ag(QP)(RIm)], 1-4 Ry = H: Ry = Coblg

Fig. 1 Structure of complexes [Ag(QP“F3)(R-Im)], 1-4.

All the complexes were synthesised according to the pro-
cedure reported in the literature,®® and the single crystal X-ray
structural characterization of complexes 1 and 2 is reported for
the first time.

The identification of the best performing [Ag(QF*”
(R-Im)] complexes with respect to the different substituents
held by the Im ancillary ligands, their suitable concentration
and the right amount of the plasticizer to be used as dopants
in the preparation of bioactive EC films has been achieved
through both physical-chemical and mechanical characteriz-
ation. All the new films are tested for their antimicrobial
activity against Escherichia coli (E. coli) as a model of Gram-
negative bacterial strains and the results are compared to
those obtained from the EC films specifically prepared incor-
porating only the Ag(i) complexes. Moreover, Ag(i) migration
tests towards specific food simulants, according to the EU
Food Contact Regulations for Plastics 10/2011 on the
migration of chemicals from plastic, are reported.

CF3)

Experimental
Materials and physical-chemical characterization

All commercial reagents and solvents were purchased from
Sigma Aldrich and were used without further purification. The
ethylcellulose (EC) used has a degree of substitution equal to
48.0-49.5% (w/w) ethoxyl basis. Castor oil was purchased from
AFOM. E. coli ATCC 25922 was purchased from Merck.

Infrared (IR) spectra were recorded on a PerkinElmer
Spectrum One FT-IR spectrometer. Fourier transform infrared
(FT-IR) analysis was carried out on the film samples in the
mid-infrared area (4000-400 cm™) with a PerkinElmer
Spectrum 100 FT-IR spectrometer. KBr pellets were prepared
only to acquire the spectra of the Ag(1) complexes. Differential
Scanning Calorimetry (DSC) analysis was performed using a
TA DSC Q2000 instrument with a refrigerated cooling unit
(RCS 90). Indium metal standard was used for temperature
calibration. The samples were accurately weighed (5-6 mg) and
crimped in non-hermetic aluminium pans. The samples were
heated at a heating rate of 5 °C min~", under a dry nitrogen
atmosphere (flow rate: 50 ml min~*), using an empty non-her-
metic aluminium pan as a reference.

Powder X-ray diffraction (PXRD) measurements were carried
out on a Bruker D2-Phaser equipped with Cu Ko radiation
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(A=1.5418 A) and a Lynxeye detector, at 30 kV and 10 mA, with
a step size of 0.01° (26). The obtained diffractograms were ana-
lysed using DIFFRAC.EVA diffraction software.

Tensile strength measurements were recorded on a Sauter
TVO-S tensile tester equipped with a Sauter FH-1k digital
dynamometer and AFH FAST software (Sauter GmbH,
Balingen, Germany) at a strain rate of 5 mm min~". EC-based
films were cut into rectangular strips of dimensions 5 cm X
1 cm (length x width).

X-Ray crystallographic analysis

Single crystal X-ray diffraction data of complexes 1 and 2 were
collected at room temperature using a Bruker-Nonius
X8APEXII CCD area detector system equipped with a graphite
monochromator with Mo Ka radiation (1 = 0.71073 A). In both
cases, data were integrated, corrected from absorption effects
and scaled using SAINT and SADABS programs.>*® Structures
were solved by direct methods and refined by full-matrix least
squares based on F* using the SHELX and SHELXTL software
packages.>”*® All non-hydrogen atoms were refined anisotropi-
cally, and hydrogen atoms were included at geometrically cal-
culated positions and refined using a riding model. All graphi-
cal representations have been obtained using Olex2-1.5.>° The
details of data collection and structure refinements are
reported in the ESI (Table S17).

Preparation of complexes [Ag(Q™"°")(R-Im)], 1-4

The synthesis procedures of the ligand HQP " and the Ag(i)
complexes 1-3 are reported in literature.’® On the basis of this
synthetic procedure, complex 4 was synthesized for the first
time by adding 2-phenyl-imidazole (0.316 g, 2.0 mmol) to a
suspension of [Ag(Q™°")] coordination polymeric species
(0.250 g, 0.66 mmol) in acetonitrile (30 mL) solution. A colour-
less solid was formed slowly and the reaction mixture was
stirred at room temperature for 1 h. Subsequently, the solvent
was removed using a rotary evaporator and the precipitate was
filtered and washed with methanol. The obtained powder was
dried in vacuo. Yield: 85%. M.p. 140 °C. Anal. calc. for
C10H15AgF;N50,: C, 46.00% H, 2.90% N, 13.41% O, 6.13%;
found C, 46.38% H, 2.98% N, 13.68%, O, 6.19%; IR (KBr)
(Umax/em™): 3459m v, 3060w u(C atom-H), 1664s (C=0),
1592m, 1559m, 1515s, 1434s y(C=C, C=N, C-N), 1342s,
1302m, 1246s, 953s, 775vs. '"H NMR (DMSO-d6): 6H 12.99 (1H,
s, -NH), 8.67 (1H, d, J(H-H) = 8.46 H,, Hy), 8.25 (1H, d, J(H-H)
= 4.14 H,, H,), 7.99 (2H, d, J(H-H) = 6.9 Hz, H)), 7.92 (1H, t,
J(H-H) = 7.08 Hz, H¢), 7.49-7.41(3H, m, Hi), 7.31 (2H, s, Hy),
7.17 (1H, t, J(H-H) = 4.92 Hz, H.), 2.29 (3H, s, H,) ppm.

Preparation of EC-P and ECnx-P films (n = 1-4, x = a—c)

The EC-P films were prepared similarly to the procedure
already reported, by adding castor oil to an EC dichloro-
methane solution.'®*? In detail, in order to prepare plasticized
films with different contents of castor oil (expressed as weight
ratios between CO and EC), 1.05 mL (200% w/w, P1), 0.7 mL
(134% w/w, P2), 0.3 mL (56% w/w, P3), and 0.15 mL (29% w/w,
P4) of the plasticizer were added to 45 mL of a dichloro-
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methane solution containing 0.500 g of EC. In all cases, the
solution was thoroughly mixed to help the dissolution process
and then poured into a Petri glass dish (9 cm diameter).*>*>*?
The solvent was left to evaporate at room temperature for 24 h
and the obtained transparent films were desorbed with 5 mL
of distilled water from the glass surface.

All the ECnx-P4 films were prepared by adding 0.15 mL of
castor oil (29% w/w, P) into 45 mL of a dichloromethane solu-
tion containing 0.500 g of EC, followed by the dissolution of
different amounts of [Ag(Q™"°")(R-Im)], 1-4 (2.5%, a, 0.05%,
b, and 0.02%, ¢, weight ratios between the complex and EC).
The solutions were stirred for 2 h and then poured into a Petri
glass dish (9 cm diameter). After the slow solvent evaporation
for 24 h at room temperature, the films were desorbed with
5 mL of distilled water from the glass surface.

The same procedure was used to prepare the reference
films without and with castor oil: EC0, EC-AgNOsa-c, ECnx,
and EC-AgNOjza—c-P4.

Antibacterial activity

The antibacterial activity of all EC films was tested in agree-
ment with the ISO standard. EC films were previously prepared
as squares with dimensions of 5 x 5 cm and tested, in triplicate,
against Escherichia coli (E. coli). The EC films were completely
immersed in a bacterial aqueous suspension of E. coli (112 CFU
mL™", 20 mL) in sterile Petri dishes for 24 h at room tempera-
ture. In this way, both faces of the EC films were in contact with
the bacterial aqueous suspension. After the contact test, every
bacterial aqueous suspension was filtered with a nitrocellulose
membrane filter, placed over a plate containing Glucoxane Agar
and incubated overnight at 35 + 1 °C for 24 h. [Ag(QP"°™)
(R-Im)] unloaded EC-P4 and ECO samples were used as negative
controls, while ECO-P and ECO loaded with AgNO; were used as
positive controls. In order to evaluate the antibacterial activity of
all the silver containing EC films, the % of bacteria growth
reduction was calculated by counting the number of bacteria
that survived and these values were compared with the number
of colonies of the negative control. The percentage of reduction
was calculated as previously reported.®”

Ag(1) migration tests

Inductively Coupled Plasma (ICP) analyses for specific Ag(i)
ion migration were carried out using an ICP-OES 5800 VDV
optical emission spectrometer. The obtained data were ana-
lysed wusing ICP EXPERT VERSIONE 7.5.3.11953 1.1
FIRMWARE 5395 software. The instrumental limit of quantifi-
cation (LOQ) of 0.004 mg L™" was determined with the White
method and corresponds to that provided by ISO-11885:
Waters quality. The determination of selected elements was
performed by inductively coupled plasma optical emission
spectrometry (ICP-OES).*

The Ag(1) migration tests of all the Ag-based films were per-
formed under two different contact conditions and using three
different simulants: distilled water (simulant A), ethanol 10%
v/v (simulant B) and acetic acid 3% v/v (simulant C). The films,
previously cut into squares of dimensions 5 x 5 cm, were

This journal is © The Royal Society of Chemistry 2024
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immersed in 50 mL of simulant in a conical flask, so that both
faces of the sample were in contact with the simulant. The
measurements were performed to correlate Ag(1) migration as a
function of contact liquid type, temperature, relative exposure
time, and amount of Ag(1) complexes present in the film. All
conical flasks, covered with aluminium foil, were kept in a con-
trolled atmosphere under two assay conditions: 40 °C for 10
days and 70 °C for 2 h, according to the EU legislation on the
migration of chemicals from plastic materials.** Currently, the
Food and Drug Administration (FDA/CFSAN) allows the appli-
cation of silver nitrate (AgNO;) in bottled water and the
European Food Safety Authority (EFSA) has declared a specific
migration limit of equal to or lower than 0.05 mg kg™ of
food.*"*> After the immersion period, the samples were
removed, and the simulant was extracted to analyse the Ag(1)
released in the simulants by using ICP-OES. Calibration curves
for the investigated element (silver) were obtained by using
aqueous standard solutions (3% nitric acid) prepared by
appropriate dilution of stock standards. For each sample,
three experiments were carried out to evaluate the reproduci-
bility of the release.

Results and discussion
Ag(1)-based doping agents, [Ag(Q®“**)(R-Im)], 1-4

The synthesis and complete characterization in solution of the
Ag(1) [Ag(Q™“**)(R-Im)] complexes 1-3, chosen in this work as
antimicrobial dopants for the preparation of EC plasticized
films to be used as active food packaging materials, as well as
their stability as monomeric species, are reported in the litera-
ture.”® Moreover, analogous monomeric Ag(i) species have
already been evaluated for their eventual cytotoxic effects
when embedded in a polyethylene (PE) matrix, proving to be
harmless to human cells. Due to the analogy of complex 4 with
derivatives 1-3, its fundamental characterization has been
sufficient to determine the achievement of the expected
species. Complexes 1-4 all feature the same N,-chelated 4-acyl-
5-pyrazolonate ligand, but differ in the functionalization at the
N4 position of the coordinated imidazole ring. In complexes 1
and 2, the coordinated Im ligand lacks the polar N-H group,
with the nitrogen atom bonded to the hydrophobic benzyl and
butyl substituents. Differently, complexes 3 and 4, which both
present the N-H functionality, could show a different ability to
form intermolecular interactions such as hydrogen bonds
both among themselves and with the polymer matrix.
Moreover, in complex 4, the phenyl substituent at the ortho-
position with respect to the N-H functionality of the co-
ordinated Im ligand could exert a steric hindrance, impeding
the formation of strong intermolecular interactions. It could
be then expected that the different structural features of the
four Ag(1) complexes modulate their interactions through their
hydrophobic/hydrophilic characteristics with the plasticizer as
well as the EC polymer after their incorporation.

Complexes 1 and 2 have been crystallized through slow
evaporation of a dichloromethane solution and the single

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Molecular structure of (a) [Ag(Q™<")(Bn-Im)], 1, and (b) [Ag
(QPYCF3)(Bu-Im)], 2, with the atomic labelling scheme.

crystal X-ray structural characterization is herein reported. As
shown in Fig. 2, the HQP®“" ligand is found in a mono-
anionic N,-chelating mode, with the Ag(1) coordination sphere
completed by the imidazole ligand (1-benzylimidazole, Bn-Im,
and 1-butylimidazole, Bu-Im) bound through its nitrogen
atom.

The bond distances and angles around the Ag(i) ion are
comparable to those found in the crystal structure of an analo-
gous Ag(1) complex of the HQ™®*® ligand and similar co-
ordinated imidazole ligands (Table 1).** Similarly, a distinct
asymmetry between the Ag-N bond distances within the N,N-
chelated ring is found, being more pronounced in complex 2
compared to the corresponding values found in the reference
compounds. While both complexes show a similar “bite”
angle, the trigonal-planar geometry around the metal ion is
found to be much more distorted in complex 2 than in 1. The
rotation of the Bn-Im ligand with respect to the N,N-chelated
ring in 1 is quite pronounced, with a twist angle around the
Ag-N(4) bond of 53.9(3)° and a dihedral angle between its

Table 1 Selected bond distances (A) and angles (°) of [Ag(Q™-“F)(Bn-
Im)], 1, and [Ag(Q®-<F*)(Bu-Im)], 2

1 2
Ag-N(1) 2.261(2) 2.195(2)
Ag-N(3) 2.362(2) 2.414(2)
Ag-N(4) 2.141(2) 2.127(3)
N(1)-Ag-N(3) 70.8(1) 71.0(1)
N(1)-Ag-N(4) 143.6(1) 165.3(1)
N(3)-Ag-N(4) 145.1(1) 120.9(1)
N(1)-N(2)-C(7)-N(3) 9.1(3) 1.0(4)

Dalton Trans., 2024, 53,15992-16004 | 15995
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mean plane and the N,N-chelated ring of 48.7(1)°. Moreover,
the overall distortion from planarity in 1 is indicated by the
torsional angle around the N(2)-C(7) bond within the N,N-che-
lated ring of 9.1(3)°. The phenyl ring of the imidazole benzyl
substituent is nearly perpendicular to the imidazole ring, with
a dihedral angle between the two mean planes of 91.3(1)°. The
3D packing of 1 is characterized by weak intermolecular inter-
actions involving the H atoms of the aromatic rings establish-
ing C-H-O and C-H-n contacts with the O atom of the -C=0
group of the ligand and the aromatic ring of the imidazole
benzyl substituent (Fig. 3a). Moreover, n-n interactions are
established between the pyridine ligands of the coordinated
acylpyrazolonate ligands. Differently, molecules of complex 2
exhibit a greater tendency towards flatness. In this case, the
“twist angle” around the Ag-N(4) bond and the dihedral angle
between imidazole and the N,N-chelated ring mean planes
have values equal to 7.3(2) and 13.8(1), respectively. The butyl
chain bound to the N atom of the imidazole ligand adopts an
all-trans-configuration in the average molecular plane. In this
case, the overall molecular geometry induces the formation of
dimers of molecules held together via argentophilic inter-
actions, with a minimum Ag-Ag distance of 3.273(1) A approxi-
mately along the b direction (Fig. 3b). Within the dimers, weak
C-H-F contacts are established with the H atoms of the hydro-
carbon chain.

In the ac plane, where the average molecular plane lies, one
of the imidazole H atoms at the ortho-position with respect to
the substituted nitrogen atom, is involved in hydrogen
bonding (@ direction) with one of the O atoms of the co-
ordinated HQ®™ " ligand. Moreover, C-H-O and C-H-F con-
tacts are found along the ¢ direction (Fig. 3c). The experi-
mental PXRD patterns of complexes 1 and 2 are in agreement

> ‘\,i‘ 1;14_) ‘;\;%: &S
{

-«
f\}«
S

eyt Dby

b) <)
Fig. 3 Crystal packing view of (a) complex 1 (down the a direction)

showing n—-n—r C-H-r, C—H-O and C-H-F interactions, and (b) (c)
complex 2 along the b direction and in the ac plane.
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with the simulated ones derived from the single X-ray crystal
structure (Fig. S1 in the ESIT).

Plasticized EC films

All the EC-based films were prepared by solvent casting, a
straightforward method for the preparation of both pristine
biopolymeric films and biopolymeric films incorporating
active species.'®*® To determine the suitable amount of castor
oil to use as a plasticizer for EC films, different amounts in
terms of the weight ratio of the natural plasticizer have been
used (see the Experimental section). The occurrence of plastici-
zers in polymeric matrices can greatly influence their mechani-
cal properties, both in terms of the tensile strength and per-
centage of elongation at break. Experimental measurements of
the ECO film have shown that it is characterized by a reason-
ably high Young’s modulus (914 + 42 MPa), indicating robust
properties in terms of resistance to deformation before break-
ing. Nevertheless, its percentage value of elongation at break is
extremely poor, only 1.4%, significantly limiting the employ-
ment of these eco-friendly materials in food packaging appli-
cations. To improve their elastic properties, EC films were
doped with different amounts of castor oil (200%, 134%, 56%
and 29% w/w, respectively, named EC-P1, EC-P2, EC-P3 and
EC-P4), and their mechanical properties were measured and
compared to those of the pristine ethylcellulose film (ECO0).
The results are reported in Table 2, except for EC-P1, whose
elevated concentration in castor oil (200% w/w) induced phase
separation resulting in a very oily and inhomogeneous film
with several cracks, preventing it from being analysed
mechanically. Therefore, only EC-P2, EC-P3 and EC-P4 were
considered for mechanical investigations. As shown in Table 2,
the addition of castor oil leads to a sharp reduction of the
Young’s modulus of plasticized samples, up to eight times
lower than that of pristine EC films. On the other hand, this
remarkable decrease in Young’s modulus is counterbalanced
by a greater elastic character, achieving percentage values of
elongation of more than 18% when the lowest amount of
castor oil is introduced into the EC polymeric matrix. In con-
sideration of the results reported in Table 2, the sample EC-P4
represents the best compromise between the minimum
reduction of Young’s modulus and the highest percentage
value of elongation when compared to the performances of
ECO. Consequently, EC-P1 and EC-P2 were excluded from
further investigations with Ag complexes. The stress vs. strain
plots of ECO, EC-P2, EC-P3 and EC-P4 are reported in Fig. 4.

Table 2 Mechanical properties of ECO, EC-P2, EC-P3 and EC-P4
samples

Castor oil Young’s

amount modulus Elongation Stress
Sample (% w/w) (MPa) at break (%) (MPa)
ECO 0 914 + 42 1.4+0.1 12.2+0.9
EC-P2 134 1177 16.3 £ 0.2 7.7+1.2
EC-P3 56 158+ 9 15.7 £ 0.2 8.0+1.1
EC-P4 29 180 £ 11 18.6 £ 0.3 8.9+0.8
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Fig. 4 Comparison of stress vs. strain plots between EC films and EC-P
films.

Upon identifying the EC-P4 film as the best performing one,
before the use of the Ag(i) complexes as further dopants into
the EC polymeric matrix, its thermal and structural character-
ization studies have been performed and compared with those
of the pure EC film.

As previously reported, the DSC trace of the pure EC
polymer presents on heating a first slow endothermal process
at low temperature (from 35 °C to 60 °C) characterised by a
broad low intensity peak, corresponding to the evaporation of
solvent molecules entrapped into the drop-casted film mem-
brane. This process is then followed by a slight change of the
slope at ca. 135 °C, corresponding to the glass transition temp-
erature () of the EC polymer, and ultimately by an endother-
mal process corresponding to the melting of the polymer
occurring at ca. 183 °C.>> When castor oil is introduced into
the ECO polymer, even at a low concentration of the plasticizer
(29% w/w), the registered DSC trace is characterised by the loss
of slope change during heating, thus preventing the exact
determination of the glass transition temperature in agree-
ment with an increase of the plasticity of the system. This is
accompanied by a broadening of the melting point tempera-
ture, which spreads on a wider range of temperatures up to
200 °C. Another piece of evidence of this increase of “fluidity”
of the system resides in the absence of the exothermic peak of
the crystallization process observed upon cooling. This occurs
because castor oil increases the mobility of the polymer
chains, thereby enhancing their ability to remain in an amor-
phous state rather than crystallizing.”” While for pure ECO,
this process occurs upon cooling at ca. 178 °C, when castor oil
is used, this process is not observed, proving that the presence
of the plasticizer impedes the crystallization process (Fig. 5).

To investigate the structural changes of the polymer EC
backbone after castor oil incorporation, powder X-ray diffrac-
tion (PXRD) analysis was carried out on the plasticized and
non-plasticized films. As already reported, the PXRD pattern of
EC films casted from dichloromethane solution is character-
ized by two reflection peaks attributable to the interlayer dis-
tance of the ordered polymer structures and to the interchain
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distance within the same polymer layer, respectively.*?
However, this diffraction profile can also be associated with
the lyotropic liquid crystalline nature of EC films, specifically
their cholesteric phase. The comparison between ECO and
EC-P4 diffractograms (Fig. 6, black and red lines, respectively)
highlights that the two referenced peaks are found at different
angle values within the two samples. The first reflection,
associated with the interlayer distance and centred at 26 = 8.2°
(d = 10.8 A) in the ECO pattern, shifts to a lower angle value,
corresponding to a larger d value (20 = 7.2°; d = 12.2 A), in the
diffraction profile of EC-P4.%*

This finding, already reported for other plasticized poly-
mers, clearly demonstrates the effectiveness of the plasticizer
in intercalating between the layers of the polymer chains, redu-
cing the intermolecular interactions existing between
them.*®*>° Moreover, in the ECO-P pattern, the second peak,
arising from the interchain distance within the same polymer
layer, shifts to slightly higher angles (20 = 20.2°), corres-
ponding to smaller d-spacings (d = 4.4 A), compared to the
ECO pattern (20 = 19.2°; d = 4.6 A). This may also be ascribed
to the interposition of the plasticizer between the polymer
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Fig. 6 PXRD patterns of ECO (black line) and EC-P4 (red line).
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layers, which forces the chains within each layer to pack more
closely.

Ag(1)-based plasticized films (ECnx-P, n = 1-4, x = a—c)

The Ag(1)-doped films were formulated at three different con-
centrations of the Ag(1) species (2.5%, 0.05%, and 0.02% w/w,
with respect to EC). The most concentrated films (2.5% w/w)
were prepared and used exclusively for the physico-chemical
characterization of these materials. In fact, any structural
changes in the polymer matrix resulting from the interaction
of EC and eventually castor oil with the Ag(r) complexes would
not be detectable in more diluted samples. The significantly
reduced concentrations of 0.05% and 0.02% w/w were chosen
to verify the antimicrobial activity of the derived films even in
the presence of a low amount of silver derivatives.

The introduction of Ag(i) complexes into plasticized films
can alter the internal polymer structure by the establishment
of new chemical interactions between the EC polymer chains,
plasticizer and Ag(1) derivatives. Therefore, the mechanical pro-
perties of the plasticized films doped with Ag(1) were properly
investigated in order to find which Ag(1) complex, and in what
percentage, can ensure a mechanical behaviour of the derived
film similar to or even better than that of EC-P4. Since ECO is
poorly elastic and highly stiff, the mechanical characterization
of the non-plasticized EC films containing the Ag(i) complexes
was not performed. Furthermore, since AgNO; is the standard
reference material in antibacterial tests, EC-P4 films contain-
ing AgNO; in different weight amounts were also prepared and
their mechanical properties were evaluated on par with the
other samples. All experimental results are reported in Fig. 7
and Table S2.f

What immediately stands out is that Ag(i) doping enhances
film robustness, with Young’s modulus values higher than
that of EC-P4 (180 MPa) and quite similar to that of the pris-
tine ECO film (914 MPa) (Fig. 7). Nonetheless, the elastic pro-
perties are clearly reduced, going back to very poor values,
especially when complexes 3 and 4 are used as dopant agents
(Fig. 7). In contrast, interesting results are obtained with
complex 2, where the film at 0.05% w/w concentration exhibits
a Young’s modulus of 418 MPa, two times higher than that of
EC-P4, and a percentage of elongation of 21%, representing an
additional 13% increase over the corresponding value in
EC-P4. This improvement in both directions, robustness and
elasticity, proves that complex 2 manages to insert itself into
the hydrocarbon chains of both castor oil and the EC polymer
via compatible intermolecular interactions with the substitu-
ent on the imidazole ring, without altering in a substantial
way the structure of the neat EC-P4 film.

When the Ag(1) complexes are blended together with castor
oil into the polymer EC matrix, the only observable change is
the decrease of the melting point temperature of the polymer
by a few degrees, while the DSC thermogram is still character-
ised by a relative broadening of the melting point endothermic
peak that spreads from 177 °C up to ca. 200 °C. Fig. 5 reports
the DSC trace of the EC1a-P4 film as an example, together with
the traces of the EC-P4 blend and pure ECO for a direct com-
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samples.

parison. A similar behaviour is observed for all complexes
(Fig. S2 in the ESI¥).

The PXRD patterns of the plasticized films containing the
Ag(1) complexes, compared to the corresponding non-plasti-
cized samples and to the reference matrices ECO and ECO-P,
are illustrated in Fig. 8. The effectiveness of the plasticizer per-
sists even in the presence of Ag(i) complexes within the
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Fig. 8 PXRD patterns of (a) ECO, ECla, EC-P4 and ECla-P4; (b) ECO,
EC2a, EC-P4 and EC2a-P4; (c) ECO, EC3a, EC-P4 and EC3a-P4; and (d)
ECO, EC4a, EC-P4 and EC4a-P4. In all patterns: EC-P4 and ECO: red and
black lines and ECna-P4 and ECna: pink and blue lines.
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polymer matrix, since the PXRD patterns of all the Ag(i)-con-
taining plasticized films (Fig. 8, pink lines) exhibit reflections
associated with the interlayer and interchain distances at the
same positions as in the EC0-P4 film (Fig. 8, red lines), thus
shifted with respect to the corresponding non-plasticized films
(Fig. 8, blue lines). Previously, it has been demonstrated that
complex 1 displays a strong affinity toward the EC polymer
matrix.*” In fact, upon the incorporation of complex 1 into the
EC polymer matrix, a local hexagonal sub-organization of the
polymer backbone, which coexists with the chiral nematic
order (N*), is formed. This is evidenced by the emergence of
three weak reflections in the typical diffraction profile of ECO,
as seen in the PXRD pattern of EC1a (Fig. 8a, blue line, reflec-
tions are marked with stars). These diffraction peaks corres-
pond to interplanar spacings of d = 11.26 A, 6.6 A, and 2.4 A,
and can be indexed to a 2D hexagonal lattice (H). The same
applies when complex 1 is incorporated into ECO in the pres-
ence of castor oil (Fig. 8a, pink line), with weak reflections,
consistent with a 2D hexagonal lattice, occurring at the same
d-values as in the corresponding non-plasticized film. A
similar phenomenon is observed when complex 2 is incorpor-
ated into the polymer, as the diffraction peaks, associated with
the hexagonal sub-organization of the EC matrix, also appear
in the PXRD patterns of EC2a and EC2a-P4 (Fig. 8b, blue and
pink lines, respectively; reflections are marked with stars). The
explanation for this observation lies in the similar structures
of the two complexes, which allow for efficient incorporation
between the polymer chains, thus modifying the organization
of the polymer matrix. Moreover, the presence of castor oil,
hydrophobic in nature, does not change the miscibility of both
complexes 1 and 2 with the ethylcellulose polymer; in contrast,
it forms a perfectly homogeneous blend.

A different situation is observed when complexes 3 and 4
are incorporated into the polymer matrix, both in the presence
and absence of the plasticizer. Indeed, in the diffraction pro-
files of EC3a, EC3a-P4, EC4a and EC4a-P4 (Fig. 8c and d, blue
and pink lines), the distinctive reflections of these Ag(i) com-
pounds (Fig. S3c and S3d in the ESI}) arise from the typical
diffraction profile of EC. This finding clearly indicates that the
crystallization of complexes 3 and 4 occurs during the film
forming process in both plasticized and non-plasticized cases,
leading to the formation of inhomogeneous samples. Finally,
the PXRD patterns of the films containing AgNO;, ECAgNO;a
and ECAgNO;a-P4, are perfectly superimposable with the
corresponding PXRD patterns of the reference films, ECO and
EC-P4, respectively (Fig. S4 in the ESIT). The absence of both
characteristic AgNO; reflections and new diffraction peaks, as
previously observed in plasticizer-free EC films, indicates excel-
lent incorporation of the salt into the polymer matrix, effec-
tively acting as a solvent-like dispersive medium for AgNO;.

The FT-IR spectra of the Ag(i)-incorporating films, along
with those of the corresponding Ag(1) complexes, are illustrated
in Fig. 10, and compared to those of ECO and ECO-P (Fig. 9).
First of all, the addition of castor oil to the EC polymer is
evident due to the presence of the 1743 cm™" band in the spec-
trum of ECO-P (Fig. 9, red line; the band is marked with a tri-
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Fig. 9 FT-IR spectra of ECO (black line) and EC-P4 (red line).

angle), which is characteristic of the C=O vibration of the
ester groups of the plasticizer.

With the addition of the Ag(i) complexes, the ester band
remains unchanged, indicating the absence of significant
interactions between the plasticizer and the Ag(i) compounds
(Fig. 10). In addition, the FT-IR spectra of the Ag(i)-containing
films, both plasticized and non-plasticized (Fig. 10, pink and
blue lines, respectively), show no significant differences com-
pared to the undoped films. However, some differences are
observed between the spectra of the Ag(1)-containing films and
those of the corresponding Ag(i) complexes. Specifically, the
band at ca. 1665 cm™', arising from the C=O stretching
vibrations of the Ag(1) complex carbonyl groups, shifts to a
higher wavenumber in the spectra of the corresponding films
(Fig. 10). As previously reported, this finding suggests the exist-
ence of weak van der Waals interactions between the polymer
and the Ag(1) additives.*>>! However, this effect is negligible in
the film containing complex 3, while it is enhanced in the
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Fig. 10 FT-IR spectra of (a) ECla, ECla-P4 and complex 1; (b) EC2a,
EC2a-P4 and complex 2; (c) EC3a, EC3a-P4 and complex 3; and (d)
EC4a, EC4a-P4 and complex 4. Non-plasticized and plasticized films:
blue and pink lines and complexes 1-4: green line.
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FT-IR spectra of the films incorporating the other Ag(i)-com-
pounds. This indicates that the presence of benzyl, butyl, and
phenyl substituents on the imidazole ring of complexes 1, 2
and 4, respectively, plays a significant role in the interaction
with the matrix.

Antibacterial activity

Food-borne diseases caused by microorganisms (bacteria,
viruses, fungi, and other parasites) are at the origin of a sig-
nificant number of human illnesses.’* The most common bac-
terial pathogens are pathogenic Escherichia coli (E. coli),
Salmonella spp., Campylobacter spp., Staphylococcus aureus,
Clostridium perfringens, Listeria monocytogenes, Shigella spp.,
and Cronobacter sakazakii.>® In this work, as preliminary
studies of the antibacterial activity of all new plasticized ECnx-
P4 films, Escherichia coli has been chosen as a model of Gram-
negative bacterial strains, in comparison with our previous
studies conducted on non-plasticized EC films containing
similar Ag(1) additives.’® EC-P4, ECO, ECAgNO;-P4 and
ECAgNO;, at various concentrations, were tested as negative
and positive controls, respectively. The results of the antibac-
terial activities shown by ECnx-P4 and ECnx films, expressed
as the relative killing percentage (%), according to the ISO
standard, are reported in Tables S3 and S4 in the ESIL.{ The
obtained data are shown in Fig. 11 only for the films, both
plasticized and non-plasticized, containing a minor amount of
[Ag(Q™“")(R-Im)] complexes, 1-4.

The embedding of silver derivatives introduces antibacterial
activity even at low concentrations in all cases. However, only
in the EC1b,c-P4, EC2b,c-P4 and EC3c-P4 films, the concomi-
tant presence of the plasticizer and the Ag(i) additives in the
EC polymer makes the derived films more active against E. coli
with respect to the non-plasticized ones. The best relative
killing percentage is found in the case of EC1b-P4 and EC2b-
P4 films, containing complexes [Ag(Q™“**)(Bn-Im)], 1, and [Ag
(Q™°**)(Bu-Im)], 2, in a concentration of 0.05% w/w, whose
activities are comparable with that found for ECAgNO;b-P4.
These results are particularly encouraging since in the Ag(i)
complexes under study, the concomitant presence of the co-
ordinated 4-acyl-5-pyrazolone and the imidazole ligands, both
biologically active organic molecules,> synergistically imparts

Fig. 11 Antibacterial activity, expressed as the relative killing percentage
(%) of ECnb,c-P4 and ECnb,c films and relative controls.
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a significant bactericide behavior at least against E. coli even in
the absence of water solubility.

Release tests of Ag(1) migration

Ag(1) migration from the new ECnx-P4 films has been tested by
using three food simulants, corresponding to a different food
class, depending on the pH. In particular, distilled water (A),
ethanol 10% v/v (B) and acetic acid 3% v/v (C) have been
chosen and all were used under two assay conditions, 70 °C
for 2 h and 40 °C for 10 days, according to the EU legislation
on the migration of chemicals from plastic materials.** The
measurements have been performed in order to correlate Ag(1)
migration as a function of contact liquid type, temperature
and relative exposure time, in relation to the amount of Ag(1)
complexes introduced together with the plasticizer into the EC
matrix. Presently, the Food and Drug Administration (FDA/
CFSAN) allows the application of AgNO; in bottled water and
the European Food Safety Authority (EFSA) has declared a
specific migration limit of equal to or lower than 0.05 mg kg™"
of food.***> ECP4 and EC-AgNOa-c-P4 were tested respectively
as negative and positive controls, with the ECP4 film showing
a total absence of Ag(i) ions and assuming the maximum
migration of free Ag(1) ions from EC-AgNOsa-c-P4 films. To
understand the role of castor oil in combination with the Ag(1)
derivatives, identical measurements were performed on non-
plasticized ECnx films as well as on their negative and positive
ECO and EC-AgNOjza-c controls. The Ag() migration values
expressed in terms of milligrams per volume at the different
concentrations and under different working conditions are
reported in Tables S5-S8 (ESIT), while in Fig. 12-17 only the
data of the films, both plasticized and non-plasticized, con-
taining a minor amount of [Ag(QP**“"*)(R-Im)] complexes, 1-4,
are presented.

As shown in Fig. 12-17, the addition of complexes 1 and 2
and castor oil into the EC polymer matrix produces a distinct
effect of Ag(i) release with respect to complexes 3 and 4,
despite the simulant and the assay conditions. Indeed, in the
case of EClb,c-P4 and EC2b,c-P4, the Ag(i) migration values
are always below the limit set by the EU legislation of

a)

s — o

[~

EC2cPA EQ2c

EC1b-P4  EClb EClcP4  ECIc

<)

I 3

EC2cPA  EC2C

EC1b-P4  EClb EClcP4  ECIc EC2b-P4  EC2b

Fig. 12 Ag() migration values in milligrams per volume of EClb,c-P4,
EC1b,c, EC2b,c-P4 and EC2b,c films in simulant A at (a) and (b) 2 h and
70 °C and (c) and (d) 10 days at 40 °C.
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simulant A at (a), (b) and (c) 2 h and 70 °C and (d), (e) and (f) 10 days at
40 °C.

0.05 mg kg™" or the instrumental limit of quantification (LOQ)
of 0.004 mg L', and equal to or lower than the corresponding
values found for the non-plasticized EC1b,c and EC2b,c
(Fig. 12, 13 and 14) films.*> Another important common
aspect is that in EC1b,c-P4 and EC2b,c-P4, the Ag(1) migration
is not concentration dependent, with the only exception being
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EC2b-P4 in simulant C at the shortest exposure time and at
the highest temperature (Fig. 14b).

In distilled water (simulant A), the effect of the presence of
the plasticizer is much more evident in the presence of
complex 2, where the difference in Ag(i) migration is very sig-
nificant with respect to the non-plasticized film at the 0.05%
weight ratio between the complex and EC under both working
conditions (Fig. 12b and d). Differently, in simulants B and C,
the greatest difference between the plasticized and non-plasti-
cized EC films is clearly dependent on the working conditions
(Fig. 13 and 14). Indeed, in simulant B, the reduction of the
swelling effect exerted by ethanol on the EC polymeric matrix*
in the plasticized films is favoured by a temperature of 70 °C
and an exposure time of 2 h in the case of EC1b-P4, while for
EC2b-P4, a lower temperature and a longer exposure time are
necessary (Fig. 13a and d). Even if both complexes 1 and 2
show structures compatible with efficient incorporation
between the EC polymer chains and the hydrophobic plastici-
zer, thereby forming perfectly homogeneous blends, some
differences in Ag(i) migration in the various simulants and
under the different working conditions can only be revealed at
a higher content of complexes within the films. As reported in
Tables S3 and S4,f the Ag(i) migration from EC2a-P4 films is
generally lower than that observed in the case of the EC1a-P4
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ones, at 70 °C and two hours of exposure and in the three
simulants, while the opposite trend is recorded when lowering
the temperature and increasing the time of exposure. The pres-
ence of the butyl substituent on the Bu-Im ligand in complex 2
yields a predominance of hydrophobic interactions with the
aliphatic chains of the environment (both castor oil and EC
polymer) compared to what can be hypothesized in the case of
complex 1. Indeed, in 1, the presence of the phenyl ring in the
coordinated Bn-Im ligand introduces more interactions such
as aromatic ones, as already highlighted by the analysis of the
intermolecular interactions in the solid crystalline state.
Therefore, as an attempt of explanation, at high temperature,
the increased motion induced on the rotationally free phenyl
ring of the Bn-Im coordinated ligand in complex 1 causes the
weakening of the aromatic interactions established within the
polymeric matrix, with the consequent increase of silver
migration. This effect is particularly evident in simulants B
and C. While in simulant B, a concomitant swelling effect of
the polymer EC matrix in the presence of ethanol amplifies
the effect of Ag(1) release, in simulant C, degradation effects in
an acidic medium may not be irrelevant (Table S4 in the ESIT).
On the other hand, at a lower temperature and a longer
exposure time, an opposite trend in silver migration between
EC1a-P4 and EC2a-P4 is observed (Table S5 in the ESI}).

The cooperative hydrophobic and aromatic intermolecular
interactions between complex 1 and the plasticized EC polymer
matrix help keep the complex molecules tightly embedded
within the system for a longer time, with a consequent
reduction of silver migration with respect to EC2a-P4 films.

In all cases, the Ag(1) migration from EC1b,c-P4 and EC2b,c-
P4 films is always found to be lower than that recorded for the
reference EC-AgNO3b,c-P4 films (Fig. 15-17). Indeed, when
AgNO; is embedded with castor oil within the EC matrix, the
Ag(1) release from the resulting films is concentration depen-
dent, higher than that from the non-plasticized ones and, in
the case of 0.05% w/w concentration, it is higher than the
limit set by the EU legislation (0.05 mg kg ™). As proved by the
PXRD pattern of the AgNOsa-P4 film (Fig. S3 in the ESI}), even
in the presence of the plasticizer, the Ag(i) salt is deeply and
homogeneously dispersed within the matrix, similar to the
case of the non-plasticized film.>* Even if Ag(1) ions do not
cause any inner or surface structural variation of the polymeric
backbone, the presence of castor oil, inducing a kind of inner
“fluidity”, favors a greater mobility of the free ions, increasing
their release when compared to the non-plasticized films.

The same trends in terms of Ag(i) release are observed in the
case of EC3b,c-P4 and EC4b,c-P4 films when compared to the
non-plasticized ones (Fig. 15-17). In these cases, both complexes
give rise to inhomogeneous films, crystallizing on their surface
(see PXRD characterization), regardless of the presence or
absence of the plasticizer. However, the major Ag(1) release from
EC3b,c-P4 and EC4b,c-P4 films when compared to the non-plasti-
cized ones could be explained by the significant incompatibility
between both complexes and the hydrophobic plasticizer.

Generally, the highest values of Ag(1) migration are detected
in all simulants A, B and C under both working conditions, at
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a complex concentration of 0.05% w/w, overcoming the limit
set by the EU legislation of 0.05 mg kg™'. The Ag()) release
decreases on decreasing the amount of complexes 3 and 4
added to the EC matrix. No significant difference is observed
in the Ag(i) migration values between the EC3-P4 and EC4-P4
films in all the complex concentrations, in all simulants and
under the working conditions used in Fig. 15-17 and Tables
S6 and S7 in the ESL}

Conclusions

[Ag(Q™“**)(R-Im)] complexes, 1-4, have been used in this
work as bioactive dopants for the preparation of EC films in
conjunction with the natural plasticizer castor oil as potential
active food packaging materials. Upon identifying the best con-
centration of castor oil to be used to obtain films with better
mechanical properties compared to the pristine EC polymer,
the effects of different substituents on the N atom of the co-
ordinated Im ligands in the Ag(i) complexes have been deter-
mined. Indeed, the nature of the substituents has been shown
to play a key role in the formation of highly homogeneous,
robust and elastic films. Both complexes 1 and 2, showing
benzyl and butyl substituents respectively, have proved to have
structures compatible with efficient incorporation between the
EC polymer and the hydrophobic plasticizer chains, when
compared to complexes 3 and 4. In the latter cases, the pres-
ence of the N-H functionality on the coordinated Im ligand
yields the strong tendency of complexes 3 and 4 to crystalize
during the film forming process, leading to the formation of
inhomogeneous samples. All EC1x-P4 and EC2x-P4 films (x is
the content of the Ag(1) complex within the plasticized EC
polymer) have shown better mechanical properties with
respect to the non-plasticized films, particularly relevant in the
case of the use of the [Ag(QP°")(Bu-Im)] complex, 2, at 0.05%
w/w concentration. The best robustness and elasticity found
for the EC2b-P4 film prove the ability of molecules of 2, more
than that of complex 1, to match very well with the hydro-
carbon chains of both castor oil and the EC polymer, becom-
ing part of the entire blend. To this end, as shown by the
crystal structure determination of 1 and 2, the presence of the
butyl chain instead of the bulky benzyl substituent on the
imidazole ligand endows molecules of 2 with a greater ten-
dency towards flatness, increasing their ability to interpene-
trate between the castor oil and EC polymer chains. The
addition of the Ag(1) derivatives introduces antibacterial
activity against E. coli even at low concentrations. Moreover,
the concomitant presence in the EC polymer of the plasticizer
and the Ag(1) additives makes the derived films more active
with respect to the non-plasticized ones. Particularly relevant
is the case of EC1b-P4 and EC2b-P4 films, containing com-
plexes [Ag(Q™°"*)(Bn-Im)], 1, and [Ag(Q™"*)(Bu-Im)], 2, in a
concentration of 0.05% w/w, whose activities are comparable
with that found for ECAgNO;b-P4. Measurements of Ag()
migration in three food simulants, distilled water (A), ethanol
10% v/v (B) and acetic acid 3% v/v (C), and under two assay

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt02201g

Open Access Article. Published on 06 September 2024. Downloaded on 3/10/2026 8:37:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

conditions, 70 °C for 2 h and 40 °C for 10 days, have been per-
formed to verify the ability of the EC plasticized matrix to
deeply incorporate the Ag(1) antimicrobial dopants. Only in the
case of EC1x-P4 and EC2x-P4 films with lower contents of Ag(1)
complexes (x = 0.05 and 0.02 w/w), Ag(1) migration is not con-
centration dependent, lower than that observed in the non-
plasticized films and lower than the limit set by the EU legis-
lation (0.05 mg kg '), regardless of the working conditions. On
the other hand, the higher Ag(i) release from EC3b,c-P4 and
EC4b,c-P4 films than from the non-plasticized ones could be a
sign of the intimate incompatibility between both complexes
and the hydrophobic plasticizer.
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