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In this work, two ZIF-8-based biocomposites were obtained by entrapping the biomolecules benzaldehyde
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and methyl anthranilate via direct impregnation with fast encapsulation kinetics and high molecule payloads
were achieved. The obtained biocomposites exhibit an enhanced antifungal activity against Penicilium
expansum after integration in biopolymeric zein films in comparison with the action of free molecules,
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Introduction

Fungal contamination in food leads to vast deterioration and a
series of food safety problems. The effects of these microor-
ganisms are related to cell growth, which can produce toxic
secondary metabolites (mycotoxins) that besides the toxic
effects frequently evolve to degenerative, toxinogenic, or carci-
nogenic issues. Fungi can also produce coloration or black
points, not accepted by most consumers." Among many strat-
egies against fungal contamination, essential oils (EOs) and
their derivatives, aromatic molecules extracted from plant com-
ponents, have been investigated. Particularly, their incorpor-
ation into biopolymer films has a promising outlook as anti-
microbials which are appealing in food-related applications.”?
EOs exhibit interesting physicochemical properties (i.e. anti-
bacterial, antifungal, antiviral, pest control)* as natural pro-
ducts with high added values in terms of the environment and
consumer demand. However, these compounds are susceptible
to degradation by oxidation, volatilization or light exposure if
not protected.” Indeed, direct incorporation of EOs within
active packaging is limited and their encapsulation is needed
in order to facilitate their application.

Nanostructured Metal-Organic Frameworks are presented
as a viable tool to protect these fragile compounds. Their
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making these biomaterials promising candidates for food preservation and packaging applications.

hybrid porous stractures enable high loading of cargo and con-
trolled release, which® make them appealing as cargo deliver-
ing nanocarriers in the agricultural field”® as well as in the
food industry to ensure the shelf-life of food products.”'°
Indeed, the implementation of MOF-based composites into
biofilms for the improvement of food preservation has been
explored in the last few years resulting in sensing,'™'?
antibacterial’®'* and antioxidant'>'® performances. An arche-
typal MOF carrier used for these purposes is the zinc-based
zeolitic imidazolate framework (ZIF) material known as ZIF-8,
which exhibits permanent porosity (Sggr ~1600 m* g™), a high
loading capacity and optimal thermal and chemical stability."”
These characteristics linked with a facile synthesis, responsive
behaviour,'® and pH-sensitive degradation have positioned
this material as a potential advanced platform for the con-
trolled release of active molecules.’® For instance, ZIF-8 has
been utilised for the controlled delivery of fungicidal agents
into plants for protection against diseases.’’ Taking into
account these scaffold performances,”"**> we aimed to explore
the impact of incorporating ZIF-8 for the delivery of antifungal
molecules supported on biopolymeric films.

In this work, two biomolecule@ZIF-8 biocomposites con-
taining benzaldehyde (Bz) and methyl anthranilate (MA) have
been prepared, and their fungicidal effect after integration
into biopolymeric films has been analysed. Bz is the main con-
stituent of bitter almond oil and is commonly employed as a
flavouring agent with insecticidal, antioxidant, antibacterial,
and antifungal activities®*** and has shown promising results
for its use in active packaging.>® MA can be naturally found in
Concord and other Vitis labrusca grapes and has been exten-
sively used as a flavouring agent in food and drugs, with a
demonstrated antifungal activity.”® Their direct incorporation
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into ZIF-8 and simple processing into biofilms not only stabil-
izes and protects them, but also promotes an enhanced fungi-
static and fungicidal activity, turning these biocomposites as a
potential option for food packaging.

Results and discussion
Biomolecule encapsulation within ZIF-8 nanoparticles

The fungicidal Bz and MA molecules were encapsulated into
preformed ZIF-8 nanoparticles (NPs) following a direct impreg-
nation method previously developed (Fig. 1a).” ZIF-8 NPs were
synthesised adapting a previously reported procedure,”
obtaining NPs of ca. 100 nm (Fig. S17). In a general procedure,
ZIF-8 NPs were soaked into a Bz or MA aqueous ethanolic solu-
tion (20%) with a 5:1 biomolecule:ZIF-8 molar ratio.
Biomolecule encapsulation was assessed by monitoring their
concentration in the supernatant (calibration curves are dis-
played in Fig. S2f) by means of High-Performance Liquid
Chromatography (HPLC), revealing a fast encapsulation kinetic
profile where the concentration of the biomolecule drastically
decreases after the first minute of contact and remains con-
stant for 24 h (Fig. S31). The gel-like solids (especially for
MA@?ZIF-8, Fig. S41) were collected by centrifugation and air-
dried. Part of the solid was thermally treated for further
characterization.

FTIR analysis confirmed the presence of Bz and MA in the
different biocomposites, as deduced from the detection of the
most remarkable bands of the respective molecules in addition
to the characteristic bands of ZIF-8 (Fig. 1b, ¢, Fig. S57,
Table S17). Thermo-gravimetric analysis (TGA) of the obtained
biocomposites was evaluated in comparison with the pristine
ZIF-8 nanoMOF (Fig. 1d, e and Table S2t). To minimize the
large solvent content remanent from the encapsulation media
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in the samples (especially for MA@ZIF-8, Fig. S67), and facili-
tate the manipulation of the obtained materials, TGA profiles
were carried out after preliminary thermal treatment. ZIF-8
NPs and Bz@ZIF-8 composite were pre-treated by heating at
100 °C for 3 hours. In the case of MA@ZIF-8, this thermal pre-
treatment was extended up to 16 hours due to its gel nature.
The Bz@ZIF-8 composite thermal profile exhibited the
expected decomposition with an additional mass loss of ca.
21% up to 150 °C that can be related to the removal of benz-
aldehyde molecules (Bz boiling point is 178 °C). The
MA@ZIF-8 thermal profile presents ca. 18% mass loss up to
100 °C related to departure of physisorbed solvent molecules.
Between this temperature and 260 °C a distinctive mass drop
of ca. 34% (dry base, D.B.) was detected, which can be
assigned to the loss of encapsulated MA molecules (MA
boiling point is 256 °C). Finally, the thermal stability of the
ZIF-8 carrier was maintained in the composites, since the
ligand decomposition temperature remained in the same
range (+ 5 °C) for all three materials. Therefore, considering
the inorganic residue expected for ZIF-8 (ca. 36%), a molecule
content of 21 and 34% was respectively estimated for Bz and
MA biocomposites.

Framework integrity after biomolecule infiltration was eval-
uated by means of PXRD analysis performed before and after
the encapsulation process, confirming the preservation of the
ZIF-8 crystal structure in both cases (Fig. 1f). The relative
intensity of the first diffraction peak corresponding to the
(011) plane drastically decreases in both composite diffracto-
grams, in good agreement with the increase of electronic
density arising from the effective active molecule physisorption
into the pores of the framework. However, the contribution to
this intensity reduction due to an etching effect on the NPs’
surface produced by the aldehyde molecules cannot be com-
pletely discarded.”®
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Fig. 1 (a) Scheme of biomolecule encapsulation into ZIF-8. (b—f) Characterization of the biomolecule@ZIF-8 composites as compared with ZIF-8:

FTIR spectra of (b) Bz@ZIF-8 (blue) compared with ZIF-8 (purple) and benzaldehyde (yellow), and (c) MA@ZIF-8 (pink) compared with ZIF-8 (purple)
and methyl anthranilate (orange). Thermo-gravimetric profiles of (d) Bz@ZIF-8 and (e) MA@ZIF-8, compared with the pristine ZIF-8 NPs. (f) XRPD
patterns of the obtained biomolecule@ZIF-8 composites in comparison with pristine ZIF-8. The hkl reflection list of the ZIF-8 unit cell, obtained
from crystallographic data,” is depicted at the bottom. All samples were dried at 100 °C for 3 h before measurement, except for MA@ZIF-8 which

was dried for 16 h.
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N, sorption studies before and after biomolecule encapsula-
tion were carried out to evaluate the porosity of the composite
materials and therefore assess the location of the active mole-
cules (Fig. 2a). The control ZIF-8 material exhibits a type I(b)
isotherm based on the IUPAC technical report,>® where the
abrupt increase of N, uptake in the low-pressure region is con-
cordant with the microporosity of the material. An increase in
the N, uptake is observed in the 0.9-1 region, related to the
reduced particle size of the material, and expected character-
istic filling of the inter-particular space. A porous surface
decrease of ca. 84% and 90% was evidenced after Bz and MA
encapsulation, respectively (Sggr = 1712 vs. 276 and 169 m* g™*
for ZIF-8 vs. Bz@ZIF-8 and MA@ZIF-8). A characteristic of
ZIF-8 material is that exhibits flexibility upon gas uptake,*
reflected in slope changes in the 0-0.1 P/P, region of the N,
sorption isotherms. A close inspection of this gate-opening
effect is displayed in the logarithmic representation of the N,
adsorption branch (Fig. S7t), where three steps can be clearly
distinguished. This gate opening behaviour of the
ZIF-8 micropores is completely lost upon biomolecule infiltra-
tion, mainly due to a prevented reorientation of the imidazo-
late linkers upon gas sorption after biomolecule infiltration.
Pore distribution analysis was conducted by employing the
Horvath-Kawazoe equations for pore-size distribution (PSD).*"
Pristine ZIF-8 NPs present 3 PSD centres with 5.8, 7.4 and
9.4 A. The two smaller PSD sites of ZIF-8 (Fig. 2b) are due to
the flexible six-membered ring, and arise from the vibrations
of the linker, as the rotation of the methylimidazolate ligand
allows the infiltration of more N, molecules, expanding the
available volume in the pore. Thus, the largest PSD centre of
ZIF-8 nanoparticles, of about 9.4 A, corresponds to the
maximum opening available, almost the diameter of the ZIF-8
SOD cage.?® In the composite materials, the largest pore drasti-
cally decreases, revealing an effective encapsulation of both
molecules, which is also related to the loss of some degree of
flexibility in the framework.
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Fig. 2 (a) N, sorption isotherms at 77 K of Bz@ZIF-8 (blue) and
MA@ZIF-8 (pink) compared with ZIF 8 (dark purple). Solid symbols for
adsorption and open ones for desorption. Samples were activated at
100 °C for 3 h before measurement. (b) Pore size distributions were

obtained employing the Horvath—Kawazoe equations of pristine ZIF-8
NPs and composites.
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A more precise analysis of the biomolecule content in the
composites was assessed by thermal desorption gas chromato-
graphy of the solids. A loading of ca. 31 and 33% was respect-
ively obtained for the Bz and MA composites. A comparison of
these loading values with other porous frameworks is pre-
sented in Table 1, revealing the high payload obtained in both
ZIF-8-based composites. In view of these values and consider-
ing the inhibitory concentrations required for antifungal
activity in essential oils,**?* it can be postulated that the
loaded biomolecule contents obtained may be appropriate for
fungicidal applications in both cases.

In vitro evaluation of antifungal activity

Microbiology studies were conducted to determine the
efficiency of Bz@ZIF-8 and MA®@ZIF-8 composites against
Penicilium expansum after their integration in zein biopoly-
meric films and release of acive compounds. P. expansum was
selected due to its spread spoilage activity causing blue mold
decay of fruit and production of toxic secondary metabolites
such as patulin and citrinin, resulting in an economic concern
for the fresh fruit and the fruit processing industries.*®
Essentially, Bz and MA active molecules produce fungi inhi-
bition when they are present at a concentration above the
minimum inhibitory concentration. As soon as the concen-
tration decreases below this limit, microorganisms resume
their growth (fungistatic effect). When the concentration
increases above the minimum lethal concentration, the micro-
organisms die, and they cannot grow even when the molecule
concentration decreases to zero (fungicidal effect). Following a
micro-atmosphere test, the fungal growth of P. expansum was
monitored over 9 days (Fig. 3a, b and Fig. S8t). A drastic elim-
ination of fungi was observed in the dish in contact with
Bz@ZIF-8 for 9 days, with fungal growth being prevented even
after the removal of the active layer. In contrast, the free benz-
aldehyde zein film retained ca. 90% size of the control growth
after 48 h. Even though the growth rate was diminished over
time compared to the control, fungal growth still reached 70%
of the control at day 6 and remained constant after the
removal of the active layer and monitoring at day 9. Similarly,
no fungal presence could be observed in the dish in contact
with the MA@ZIF-8 film and the fungal growth was still com-
pletely prevented after 9 days. These results reveal both fungi-
static and fungicidal effects for the films containing Bz@ZIF-8
and MA@ZIF-8 composites. In the latter case, the free methyl
anthranilate is already relatively effective, reducing ca. 75% of
the fungal growth in the control plate after 48 h, increasing its

Table 1 Biomolecule loading in the composite materials determined by
GC-MS in this work compared with other porous materials

Carrier Loading/%  Ref.

ZIF-8 (Bz@ZIF-8) 31 This work
ZIF-8 (MA@ZIF-8) 33

Nanoporous carbon based on MIL-101 (Bz) 56 36
y-Cyclodextrin-based MOF (Bz) 3 37

Nay zeolite (MA) 34 38

Dalton Trans., 2023, 52,17993-17999 | 17995
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(a) Images of the micro-atmosphere test carried out to determine the activity of Bz@ZIF-8 and MA@ZIF-8 containing films against Penicilium

expansum: images of the Petri dishes showing 3 droplets of the fungal suspension for control (I, VI), free benzaldehyde(ll, VII), Bz@ZIF-8 composite
(111, VINI), free methyl anthranilate (IV, IX) and MA@ZIF-8 composite (V, X). The images of the Petri dishes on the top correspond to 48 hours of incu-
bation whereas images on the bottom are taken, after 6 days. (b) Time evolution of the fungal growth diameter on the incubated dishes. (c) Flux

evolution of Bz released from the films over time.

efficiency up to 85% after 6 days of incubation and maintain-
ing this effect even after removal of the film.

This prolonged inhibition of the microorganisms during
several days is explained by the retention of the active mole-
cules in the headspace of the Petri dish where the in vitro test
is carried out: the fungi are deposited over the culture media
in the Petri dish and the film is attached to the Petri dish lid
that covers the dish. Then, although the dish is not hermeti-
cally sealed, the released active compounds remain in the
headspace after removal of the active layer.

Release kinetics of the films

To better understand the different behaviour of the free vs.
encapsulated biomolecules, their release kinetics were studied
by GC in conditions closed to that of a packaged food product
(humid environment). During the release kinetics assay, the
films were exposed to a stream of humid air that constantly
removed out of the system the molecules released from the
film and their liberation rate was quantified. In Fig. 3c, the
evolution of Bz release from zein films is presented.
Biomolecule release over time is significantly higher for the
films containing Bz@ZIF-8 than for the films containing free
Bz, though the release evolution follows a similar profile
showing a maximum after 1 hour of exposure. This is most
definitely a direct consequence of the greater concentration of
Bz in the film, likely due to a prevented volatilization during
the film manufacture, as revealed in the accumulated release
of Bz (Fig. S9at). Kinetically, the release is very similar, as can
be seen in the insert, where the ratio of mass release at time
“t” vs. the mass at infinite time has been plotted (Fig. S9bf).
Such analysis on MA could not be carried out, as the low vola-
tility of this substance resulted in concentrations below the
sensitivity of the technique. Nevertheless, the improvement in
antifungal capacity for MA@ZIF-8 composites may also be
associated with an efficient incorporation into the film. Thus,
it can be established that Bz and MA encapsulation into ZIF-8
and later incorporation within the films improves the antifun-
gal performance, revealing both fungistatic and fungicidal
effects.

17996 | Dalton Trans., 2023, 52,17993-17999

Experimental

Materials and methods

Materials. Zinc nitrate hexahydrate (98%) and 2-methyl-
imidazole (98%) were purchased from Sigma-Aldrich.
Benzaldehyde (BA) (99%+) was purchased from Alfa Aesar.
Methyl anthranilate (MA) was purchased from Sigma-Aldrich.
Methanol and absolute ethanol were purchased from
Honeywell. All chemicals were used as received without the
need of further purification and Milli-Q water was obtained
from a Millipore Milli-Q system.

Synthesis of ZIF-8 nanoparticles. ZIF-8 NPs were synthesized
at 60 °C adapting the procedure described by Langner and co-
workers.”” A solution of Zn(NO;),-6H,O (1.476 g, 5 mmol) in
100 mL of methanol at 40 °C was rapidly added to a solution
of 2-methylimidazole (3.286 g, 40 mmol) in 50 mL of methanol
at the same temperature. The mixture was heated at 65 °C and
stirred for 1 h before placing the flask in an ice bath to stop
the reaction. The precipitate was isolated by centrifugation
(8228¢, 30 min, room temperature), washed with methanol
three times, and dried in air overnight.

Preparation of biomolecule@ZIF-8 composite materials.
Bz@ZIF-8 and MA®@ZIF-8 composites were obtained adapting
a direct impregnation method.” In a typical preparation,
11.65 mL of benzaldehyde or 16.61 mL of methyl anthranilate
emulsions (20 mg mL™" concentration) prepared in a
H,0:EtOH (4:1) mixture were directly added to 100 mg of
dried ZIF-8 NPs. After 1 h stirring in a 360° rotating shaker,
the biomolecule@ZIF-8 materials were retrieved by centrifu-
gation (12 857g, 20 min) and dried in air overnight. The com-
posites were then dried at 100 °C in an oven for 3 or 16 hours,
respectively for Bz@ZIF-8 and MA@ZIF-8.

Determination of encapsulation kinetics. Calibration curves
were prepared and measured using an HPLC 1260 Agilent
Infinity equipment with UV-vis detection. Benzaldehyde and
methyl anthranilate solutions were prepared in acetonitrile in
the range of 0.015 to 0.2 and 0.25 to 5 mg mL™", respectively.
The column used was 150 x 4.6 mm packed with 4 pm par-
ticles of C18 (Agilent) operated at 25 °C. To elute the bio-

This journal is © The Royal Society of Chemistry 2023
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molecules, the mobile phase employed was a binary mix of
acetonitrile (70%) and water. The flow rate of the mixture was
fixed at 1 mL min™", and the injection volume of the samples
was 20 pL. The molecules were detected by UV-vis at A =
260 nm for benzaldehyde and at 4 = 250 nm for methyl anthra-
nilate with retention times of 2.04 and 3.55 min, respectively.
To ensure the reproducibility, calibration curves were repeated
6 times. Benzaldehyde and methyl anthranilate concentration
in the encapsulation supernatant was analysed between one
minute and seven days. Each encapsulation was performed in
triplicate to ensure the reproducibility.

Determination of the loading capacity (LC). Bioactive mole-
cule content in the composites was determined by thermal de-
sorption gas chromatography, using an HP 7890B equipped
with an HP5 column of 30 m, 320 pm of diameter and 0.25 pm
of thickness. The thermal gradient employed was: 40 °C
(3 min), 10 °C min™" ramp until 200 °C and 15 min isotherm.
A 1 mg sample was placed and weighed in an ultra-inert micro-
vial (Agilent Technologies) and kept in the injector holder. The
multimodal injector, used in thermal desorption mode, was
heated on a ballistic ramp (600 °C min™") from 40 to 200 °C in
a 4 min isotherm fully desorbing volatile molecules into the
column, and the detector was set at 220 °C. The instrument
was calibrated by injecting known concentrations of benz-
aldehyde and methyl anthranilate.

Biomolecule loading in the obtained composite materials
was quantified and expressed according to the following
equation:

mass of biomolecule o
mass of composite

Biomolecule loading % =

Characterization of ZIF-8 NPs and biomolecule@ZIF-8 com-
posite materials. Particle size measured as the hydrodynamic
diameter in methanolic suspensions was collected on
Zetasizer Ultra equipment operating at 25 °C, equipped with a
red (633 nm) laser and an avalanche photodiode detector
(Malvern, UK). X-ray powder diffraction patterns were acquired
using an X-ray diffractometer (PANalytical Empyrean) with
copper as the radiation source (Cu-Ko, 1.5418 A). Infrared spec-
troscopy was conducted employing an ALPHA II FTIR spectro-
meter (Bruker). Thermogravimetric analyses were carried out
with TGA 550 (TA Instruments) in high-resolution mode
(Ramp: 20.0 °C min~" to 700 °C; Res 4 Sensitivity 3). N, sorp-
tion isotherms were obtained using a TRISTAR II apparatus
(Micromeritics) at —196 °C. All samples were activated before
TGA and sorption measurements at 100 °C for 3 or 16 hours,
respectively for BZ@ZIF-8 and MA@ZIF-8 composites.

Preparation of polymeric films. Two zein films were pre-
pared from an 80% hydroalcoholic solution containing 15%
weight of zein. Two fractions were separated: to the first one
0.5 g biomolecule@ZIF-8 composite was added per g of zein,
whereas the corresponding amount of free biomolecule (con-
sidering the loading capacity) was directly added to the second
fraction. The mixtures were spread on a flat surface of PTFE
using a 100 pm coating rod and dried in an open oven at 75 °C
for 10 min. The films obtained were stored in PP/met envel-

This journal is © The Royal Society of Chemistry 2023
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opes until further characterization. The residual content of
biomolecule in both films was analysed. For this, the samples
were cut from both films, introduced into a micro vial, and
tested by thermal desorption and gas chromatography obtain-
ing a final concentration of biomolecule of 0.150 + 0.015 and
0.165 + 0.020 g g for benzaldehyde and methyl anthranilate
in the encapsulated film, and 0.105 + 0.011 and 0.155 =*
0.020 g ¢ ' in the film with pure benzaldehyde and methyl
anthranilate, respectively.

Release kinetics. Relative release evolution and cumulative
release profiles were measured by monitoring the benz-
aldehyde release from the polymeric films at 23 + 1 °C and 95
+ 3% RH (simulating the exposure to fresh food). A piece of
sample of the film was placed on a desorption tube where a
humid 15 mL min~" stream of N, hauled the released product
into the injector of a gas chromatograph (using a heated con-
duction at 70 °C to avoid condensation). Humidity and gas
flow rate were controlled by using a thermohygrometer
(Reptiles planet, Saint Jean de Védas France), and an Aalborg
GFM-1700 mass flowmeter (Sigma-Aldrich), respectively. The
benzaldehyde release flow was determined using an
HP7890 gas chromatograph with a 200 pL automatic injection
valve and an HP5 column of 30 m, 320 pm diameter, and
0.25 pm thickness. Thermal conditions were as follows: 80 °C
at the injection valve, 200 °C at the injection port, 220 °C at
the flame ionization detector, and 100 °C at the column oven.

Determination of fungicidal activity. The strain of
Penicillium expansum fungus was obtained from the Spanish
collection of type cultures (CECT 2278). The fungus was grown
on agar before the experiment in PDA (potato dextrose agar)
medium - which is a solid general fungal growth medium.
The fungus grew for seven days at 28 °C, until the entire plate
was covered (90 mm). In this phase the spores were extracted.
The extracting protocol consisted of the following steps: in a
laminar flow cabinet 10 mL of peptone water with Tween 80
(0.05%) were dropped on the surface of the plate and the
mycelium was broken by scraping with the help of a spatula.
5 mL of the formed suspension were shaken vigorously with a
vortex. After serial dilutions a concentration of 10> spores per
mL was achieved - the spores were counted in an optical
microscope with the help of a Neubuer camera. 3 pL of the
said suspension were placed equidistantly on the PDA plate. A
film containing either the biomolecule@ZIF-8 composite or
the equivalent content of free active molecule was placed on
the inside of the Petri dish lid. The prepared dishes were incu-
bated at 28 °C and the growth of the fungus was monitored
visually by measuring the growth halo. After six days of incu-
bation the films were removed, and the incubation of the
plates was continued until day 9.

Conclusions

In this work, two ZIF-8-based biocomposites containing benz-
aldehyde and methyl anthranilate were obtained employing a
direct infiltration method. The encapsulation kinetics revealed
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an immediate encapsulation process, with loadings of ca.
20-30 wt%. The obtained composites Bz@ZIF-8 and
MA@ZIF-8 were implemented into biopolymeric zein films
and tested in antifungal activity essays. The released benz-
aldehyde and methyl anthranilate dose was high enough to
oppose fungal growth over 9 days revealing an improved fungi-
static and fungicide activity, as compared to the “free” bio-
molecule integrated in the biopolymeric films. These results
evidence that the prepared biomolecule@ZIF-8 composites are
potential candidates for food packaging applications due to
their direct preparation, simple processing, and a scaffold-
mediated efficient incorporation that enhances antifungal
action.
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