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ARTICLE INFO ABSTRACT

Keywords: This study aimed to develop active, biodegradable materials for food packaging by incorporating sage extract
Electrospinning (SE) within a zein-gelatin blend by electrospinning and solvent casting. The fabrication techniques, SE incorpora-
So%vent casting tion, and its content (5, 10% w/w) determined the materials’ properties. Electrospinning produced
Zein . 0.36-0.53 mm thick, non-transparent fibrous mats (mean fiber diameter 1.12-1.36 pum). Solvent casting gener-
Gelatin . . ) e . . S s

Sage ated 0.34-0.41 mm thick, transparent continuous films. The analysis indicated the constituents’ compatibility,

homogenous dispersion, and efficient SE incorporation without strong chemical interactions and phase separa-
tion. The solvent-cast films presented more ordered structures, higher mechanical resistance, elongation, and wa-
ter vapor barrier performance than the electrospun mats. The SE-incorporating formulations showed phenolics’
delivery ability to food simulants influenced by structure, SE content, and media polarity. The electrospun mats
expressed higher DPPH®* radicals’ inhibition, while the solvent-cast films showed stronger Staphylococcus aureus
and Escherichia coli growth inhibition, increased by SE incorporation. All formulations showed rapid complete
bio-disintegration in compost (18-25 days).

Active biodegradable food packaging materials

1. Introduction

The growing concerns about the abundant use of food plastic pack-
aging are the use of non-renewable sources, low reusability and non-
favorable balance between production and recycling, high waste quan-
tity, improper disposal, long degradation periods, and environmental
impact (Amin et al., 2022; Jayakumar et al., 2022). One of the exten-
sive, innovation-driven research to tackle these issues and support sus-
tainable development and circular economy focuses on biodegradable
biopolymers for single-use and edible packaging materials. Interest-
ingly, some biopolymers originate from the food industry by-products.
Zein, a by-product of corn processing, is a promising biopolymer from
environmental and economic viewpoints as low-cost, biodegradable,
biocompatible, and generally recognized as safe (GRAS). It can gener-
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ate coatings and films with low moisture absorption and high thermal
resistance (Gagliardi et al., 2021; Gaona-Sanchez et al., 2015; Meng &
Cloutier, 2014). The good film-forming properties of zein make its use
as a coating material easy and practical, but as stand-alone material
could face brittleness and lack of flexibility (Yemenicioglu, 2016). An
approach to address it is blending zein with other biopolymers, such as
gelatin, a protein obtained by partial hydrolysis of collagen. Gelatin is
abundant, biodegradable, biocompatible, and approved as GRAS with
good film-forming properties and efficiency in improving the strength,
flexibility, and handling of protein-based composite materials (Cao et
al., 2007; Deng et al., 2018).

The development of biopolymer-based materials also focuses on
food waste reduction. Accordingly, biopolymers can act as matrices in-
corporating active compounds to tailor an active role to the materials in
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food preservation, aiming to delay food quality and safety loss and in-
crease shelf-life, preventing spoilage-caused waste. Thus, materials in-
corporating antioxidant and antimicrobial compounds aim to prevent
oxidation reactions and microorganisms’ growth (Amin et al., 2022;
Jayakumar et al., 2022). Of importance to this end is zein compatibility
with different active compounds (Mellinas et al., 2016). The focus is on
natural actives, such as phenolic plant extracts, over synthetic preserva-
tives due to safety requirements, the “clean labeling” trend, and bioac-
tive properties (Amin et al., 2022; Nufez-Flores et al., 2013). The po-
tent herb in this regard is sage (Salvia officinalis L.), widely used in di-
etary and medicinal preparations as a flavoring, preserving, and thera-
peutic agent. Sage extracts have many beneficial effects, including an-
tioxidant, antifungal, and antibacterial, closely associated with pheno-
lic constituents (Martins et al., 2014; Shan et al., 2007).

The fabrication of biopolymer-based materials incorporating nat-
ural active compounds endorses mild processing conditions to prevent
denaturation. Solvent casting is a commonly used technique at a labora-
tory scale. It is simple and involves solubilization of film-forming con-
stituents, casting the solution onto flat substrates, and drying under
mild conditions, leading to film formation. As film manufacturing by
solvent casting is batch, there are approaches to scale up the process
and enable shorter and continuous production of bigger-size films
(Etxabide et al., 2018; Mellinas et al., 2016). Another technique gaining
increased interest is electrospinning. It implies electro-hydrodynamic
processing, i.e., an action of a high-voltage electric field on polymer so-
lution with active compounds, which makes charged jet of the solution
from a spinneret tip and causes its elongation toward the grounded col-
lector, resulting in mats composed of polymeric fibers incorporating ac-
tives. The advantages of electrospinning are continuous and facile
process, ambient temperature and pressure conditions, cost-
effectiveness, high specific surface of the fibers, and a possibility to
scale up the process (Echegoyen et al., 2017; Etxabide et al., 2018). Ei-
ther solvent casting or electrospinning could process solutions contain-
ing a blend of zein and gelatin, which defines the materials’ properties
(Deng et al., 2018). There are antibacterial electrospun gelatin/zein-
based food packaging materials whose activity was provided by incor-
porating perillaldehyde (Wang et al., 2022) and resveratrol (Li et al.,
2020). To the best of our knowledge, no studies dealing with active,
biodegradable packaging materials based on zein-gelatin blend incor-
porating herbal extracts. Generally, materials based on biopolymers in-
corporating natural extracts are complex systems, and it is needed to
define the phenomena of their structuring, possible interactions, and
factors affecting their properties. Also, biodegradation of materials in-
corporating antimicrobial compounds is an important property but still
not much explored.

This study aimed to develop biodegradable, active mats and films
based on a zein-gelatin blend incorporating sage extract (SE). Initially,
prepared SE was analyzed for phenolic compounds and then incorpo-
rated as an active constituent at different contents within the protein
blend by electrospinning and solvent casting. Morphology, thickness,
transparency, chemical interactions, thermal properties and stability,
mechanical performance, water resistance, phenolics release, antiox-
idative and antibacterial potential, and degradation in a compost of the
mats and films were studied to determine the effects of the applied fab-
rication technique, SE incorporation, and its content.

2. Material and methods
2.1. Materials

Plant material (Salvia officinalis L.) was from the Institute for Medic-
inal Plant Research “Dr. Josif Pan¢i¢” (Serbia). The matrix constituents
were zein (Acros Organics, Belgium), gelatin (HiMedia Laboratories, In-
dia), and glycerol (NRK Engineering, Serbia). The solvents were acetic
acid (Zorka Pharma-Hemija, Serbia), ethanol (Reahem, Serbia), formic
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acid (Merck KGaA, Germany), acetonitrile, and methanol (both Fisher
Scientific, United Kingdom). The reagents were Folin-Ciocalteu (Merck
KGaA, Germany), sodium carbonate (Fisher Scientific, United King-
dom), and 2,2-diphenyl-1-picrylhydrazyl (Sigma Aldrich, MA, USA).
The standards were gallic acid (Merck KGaA, Germany), protocate-
chuic, ferulic, caffeic, p-coumaric acids (Sigma Aldrich, MA, USA), and
rosmarinic acid (EDQM, France). The bacteria were from the American
Type Culture Collection (ATCC, VA, USA), and the media (Miiller Hin-
ton Broth and Agar) were from HiMedia Laboratories (India).

2.2. Sage extract preparation

Maceration was performed with 50% (v/v) aqueous ethanol solu-
tion at a plant material-solvent ratio of 1:20 (w/v) on an orbital shaker
(GFL 3005, Germany) at 200 rpm and room temperature for 90 min.
The extraction solution was filtered and evaporated at 35 °C in a uni-
versal oven (UF55, Memmert GmbH + Co.KG, Germany) to obtain dry
sage extract (SE). The extraction yield was determined using Eq. (1):

Yield (%) = Z—? x 100 o))

where m; and m, are the weight (g) of the plant material subjected
to the extraction and the produced dry extract, respectively.

2.3. Sage extract characterization

2.3.1. Total phenolics content (TPC) determination

TPC was determined using the Folin-Ciocalteu reagent (Singleton
Vernon & Lamuela-Raventos, 1999). SE, reconstituted in 50% (v/v)
aqueous ethanol solution (0.25 mL), was mixed in triplicate with Folin-
Ciocalteu reagent (10-fold diluted in water, 1.25 mL). The mixture was
placed in darkness at room temperature for five minutes, followed by
Na,COj; addition (75 g/L, 1 mL), and a reaction occurred for two hours
in the dark at room temperature. The absorbance was measured at
760 nm using a UV-Vis spectrophotometer (HALO DB-20S, Dynamica
Scientific Ltd., United Kingdom) against a blank containing the ethanol
solution instead of the sample. TPC was determined using the gallic
acid standard curve (0-100 mg/L) and expressed as mg gallic acid
equivalents (GAE)/g SE.

2.3.2. High Performance Liquid Chromatography (HPLC) determination of
phenolic acids (PAs)

PAs were identified and quantified by the Bischoff liquid chro-
matography system (Bischoff Chromatography, Germany) on a re-
versed-phase column (150X4.6 mm, 5pum particle size, ProntoSIL
120-5-C18 AQ PLUS) and a UV-Vis detector. SE reconstituted in 50%
(v/v) aqueous ethanol solution was filtered through a 0.45 um nylon sy-
ringe filter and injected (20 pL) in triplicate. The mobile phase con-
tained 0.2% (v/v) formic acid in water (A) and acetonitrile (B). The gra-
dient elution for separation was applied according to Trifkovi¢ et al.
(2015) with slight modifications: 5-20% B (0-2 min), 20-55% B
(2-20 min), 80% B (20-25 min), 80-100% B (25-30 min) at a flow rate
of 0.8 mL/min. Protocatechuic, ferulic, caffeic, p-coumaric and ros-
marinic acid were used standards. The detection wavelength was
290 nm, corresponding to a plateau wavelength range (290-305 nm)
from the UV-Vis spectra of the standards (Supplementary material, Fig-
ure A.1). Identification of PAs of SE was made by comparing retention
times and spectra with those of the standards and by spiking. The con-
centrations were determined using calibration curves of the standards
(1-20 mg/L) and expressed as mg/g SE.
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2.4. Synthesis of zein-gelatin-based mats and films

2.4.1. Preparation of solutions

Solutions based on a blend of zein and gelatin in 80% (v/v) aqueous
acetic acid at a ratio of total biopolymer content to solvent of 3:7 (w/w)
with zein to gelatin ratio of 3:1 (w/w) were prepared. There were four
formulations:: control solution (without SE) and active solutions with
different SE contents (5%, 10%, and 20% w/w, to the total biopolymer
content). Each formulation contained glycerol (30% w/w to the total
biopolymer content). Regarding the control solution preparation, zein
was dissolved in an 80% (v/v) aqueous acetic acid solution under mag-
netic stirring at room temperature (2 h), followed by gelatin dissolution
overnight. Finally, glycerol was added, stirring for one more hour. The
active solutions preparation implied SE dissolution in the aqueous solu-
tion of acetic acid (80%, v/v) under magnetic stirring at room tempera-
ture overnight and filtration through 0.22 pm polytetrafluoroethylene
(PTFE) filters, followed by dissolution of zein, gelatin, and glycerol in
the filtrates as described for the control solution.

2.4.2. Electrospinning

The solutions-loaded syringes were placed on a pump and con-
nected to a metallic stainless-steel needle with a 0.8 mm inner diameter
through a PTFE tube. A positive electrode of a high-voltage power sup-
ply was attached to the needle. The electrospinning (CH-01 setup,
Linari Engineering, Italy) occurred for one hour per cycle under a flow
rate of 1.5 mL/h and a voltage of 23 kV in a sealed chamber at 20-25 °C
and 50% humidity. The samples were collected on an aluminum foil
placed over a grounded flat metallic collector and positioned 15 cm
away from the needle tip. The designations used for the control electro-
spun formulation (without SE) and the active ones incorporating 5%
and 10% SE were: ZGe, ZG-5SEe, and ZG-10SEe, respectively.

2.4.3. Solvent casting

The above-prepared solutions (7 g) were poured into plastic Petri
dishes (9 cm diameter) and placed in a universal oven (UF55, Memmert
GmbH + Co.KG, Germany) at 35 °C for 48 h. The designations used for
the control solvent-cast formulation (without SE) and the active ones
incorporating 5% and 10% SE were: ZGsc, ZG-5SEsc, and ZG-10SEsc,
respectively.

2.5. Characterization of the electrospun mats and solvent-cast films

2.5.1. Morphology

After being coated with gold under vacuum on an SCD 005 sputter
coater (BALT-TEC AG, Switzerland) morphology of the samples was an-
alyzed by scanning electron microscopy (SEM) using a JSSM-6390LV mi-
croscope (JEOL Ltd, Japan) at a voltage of 15 kV. The diameters of 100
fibers from 5 micrographs for each electrospun formulation were mea-
sured using the ImageJ program (National Institutes of Health,
Bethesda, MD, USA).

2.5.2. Thickness

The thickness of three specimens for each formulation was mea-
sured at five points using an electronic caliper (pro-max Fowler, Fowler
High Precision, MA, USA).

2.5.3. Transparency

The transparency of the samples was determined visually as contact
transparency and quantitatively measuring the light absorption of three
specimens (2X cm) set in the UV/Vis spectrophotometer cell (HALO DB-
20S, Dynamica Scientific Ltd., United Kingdom) perpendicularly to the
light beam. Transparency, T, was calculated following Eq. (2):

T(mm™") = Agpo/L (@)
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where Ag is the absorbance measured at 600 nm, and L is the sam-
ple thickness (mm) (Malagurski et al., 2017).

2.5.4. Fourier transform infrared (FT-IR) spectroscopy

The chemical composition and effect of SE incorporation on struc-
tural properties of the mats and films, as well as chemical interactions
between the constituents, were evaluated by FT-IR spectroscopy. The
analysis was performed on the as-produced samples in attenuated total
reflection mode (ATR), employing an IRAffinity-1S (Shimadzu, Japan).
The spectra were recorded in the wavenumber range of 4000-600 cm™!
with a resolution of 4 cm=! and 100 accumulations per scan and
processed using software IR solution (Shimadzu, Japan) and Spectra-
gryph (Menges, 2018).

2.5.5. Differential scanning calorimetry (DSC)

The thermal properties of the unloaded SE, mats, and films were
evaluated by DSC using the DSC131 EVO instrument (Setaram Instru-
mentation, France). The samples sealed in aluminum pans were heated
from — 40-250 °C at a heating rate of 10 °C/min under a nitrogen at-
mosphere.

2.5.6. Thermogravimetric analysis (TGA)

The thermal degradation behavior of the unloaded SE, mats, and
films was tested by TGA, employing a TGA/DTA SETSYS 2400 CS Evo-
lution instrument (Setaram Instrumentation, France). The temperature
range was 25-700 °C at a heating rate of 5 °C/min under an argon flow
rate of 20 mL/min.

2.5.7. Mechanical properties

The tensile test of the mats and films was performed using a Texture
Analyzer Shimadzu EZ Test LX (Shimadzu, Japan). The specimens
(4010 mm) were stretched in triplicates with a jaws’ distance of
20 mm at a crosshead speed of 30 mm/min at room temperature. The
resulting stress-strain curves were used to determine tensile strength,
elongation at break, and elastic modulus.

2.5.8. Water solubility, water contact angle, and water vapor permeability

The solubility of the mats and films in water was determined gravi-
metrically (Salevi¢ et al., 2022). The specimens (2X cm) in triplicates
were dried in the universal oven (UF55, Memmert GmbH + Co.KG,
Germany) at 105 °C to the constant weight (m;) and then immersed in
distilled water (25 mL). After 24 h of agitation at 100 rpm at room tem-
perature on the orbital shaker (GFL 3005, Germany), the specimens
were dried at 105 °C to the constant weight (m,). The water solubility
(WS) was calculated according to Eq. (3):

WS (%) = "2 o 100 3)
my

The contact angle of water drops to the mats’ and films’ surfaces
was determined using an optical microscope (Smart 5 MP Pro, Delta
Optical, Poland) and the image analysis software (Algellai et al., 2018).
To this end, distilled water (5 pL) was dropped at different positions on
the surface of each sample in triplicates.

The mats’ and films’ water vapor permeability was determined
gravimetrically (ASTM, 1995). The specimens in triplicates were sealed
to the Payne permeability cups (5100, Elcometer, United Kingdom)
filled with distilled water (5 mL) without direct contact between the
specimens and water. The cups with the specimens without water and
the cups with aluminum foil with water were tested as controls to eval-
uate the volatile compounds’ loss and the water loss through the seal-
ing, respectively. All cups were kept in a desiccator with dried silica gel
on the bottom at 20 °C and weighed periodically for ten days. The water
vapor permeability, WVP, was calculated following Eq. (4):
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WVP(g/s»m e Pa) = L/ IRXL @
AP
where WVTR is the water vapor transmission rate determined from
the permeation slope of weight loss as a function of time per unit of ex-
posed specimen area (g/ssm?), L is the sample thickness (m), and AP is
the vapor partial pressure difference between the two sides of the speci-
mens (Pa).

2.5.9. Migration test

The migration of phenolic compounds, as total phenolics and pheno-
lic acids (particularly rosmarinic acid), from the mats and films into
food simulant media: distilled water, 3% aqueous acetic acid solution
(w/v), 10% and 95% aqueous ethanol solutions (v/v) was tested
(European Commission, 2011; European Commission, 2017). The sam-
ples were immersed in triplicates into the media at a contact surface
area-media ratio of 6 dm?2/kg and kept at 20 °C in darkness under static
conditions. After ten days, the media were filtered through nylon filters
(0.45 pm) and analyzed for total phenolic compounds and phenolic
acids by the methodologies described in Sections 2.3.1. and 2.3.2, re-
spectively. As proteins may contribute to the Folin-Ciocalteu test re-
sponse, the absorbance of the media in contact with the control mats
and films was measured and subtracted from the absorbance of the me-
dia with SE-incorporating ones.

2.5.10. Antioxidant activity

2,2-diphenyl-1-picrylhydrazyl (DPPH*) free radicals scavenging
ability of the mats and films was determined to assess antioxidant po-
tential (Salevic et al., 2019). The samples were immersed in DPPH*
methanolic solution (0.094 mmol/L) in triplicates at an equivalent
1 mg/mL and kept in darkness at room temperature under static condi-
tions for 1 h. The control contained only the DPPH* solution. The ab-
sorbance was measured spectrophotometrically at 517 nm. DPPH* radi-
cals’ inhibition (I) was determined using Eq. (5):

A=A 100 5)
4

c

1(%) =

where A, and A; are the absorbance values of the control solution
and the solution containing the sample, respectively.

2.5.11. Antibacterial activity

The broth macro-dilution assay (Malagurski et al., 2017) was ap-
plied to evaluate the antibacterial potential of the mats and films
against Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC
25922. Before adding the bacterial suspensions (preparation described
in Supplementary material, Appendix 1), the samples were UV irradia-
tion-sterilized (254 nm, 15 min each side). Tubes with the samples in
the bacterial suspensions (concentration 320 mg/mL) were vortexed
and incubated at 37 °C for 24 h under static conditions. Subsequently,
serial dilutions of the suspensions were prepared and plated onto
Miiller Hinton Agar (37 °C for 24 h) to enumerate the remaining num-
ber of viable bacterial cells by counting colony-forming units (CFU).
Tubes with the bacterial suspensions only were also prepared and
treated as those containing the samples. The antibacterial activity was
determined by calculating log;o(N./N,), where N, and N, represent the
average number of viable bacterial cells after the incubation without
and with the samples, respectively.

2.5.12. Determination of released acetic-ion

The ion chromatography (IC) system Metrohm 761 Compact IC
equipped with a chemical suppressor and thermostated conductivity
detector (Metrohm, Switzerland) was employed to determine acetic-ion
released from the mats and films into the suspensions during the incu-
bation (details given in Supplementary material, Appendix 2).
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2.5.13. Bio-disintegration in compost

Testing the bio-disintegration ability of the mats and films was per-
formed in a compost model system according to the previously de-
scribed protocol (Ponjavic et al., 2017). The samples (2X1.5 cm) were
buried in duplicates (1 cm depth) inside glass Petri dishes (120 mm di-
ameter, 30 mm height) containing the compost (100 g, 2 cm height)
and placed for incubation (37 °C, 25 days). The humidity of the com-
post was maintained at around 50% by weight. The samples were peri-
odically taken out, washed with hexane, dried, photographed, and
weighed. The bio-disintegration was analyzed visually, comparing the
appearance of the samples before and after the incubation. The bio-
disintegration degree was also determined as weight loss by Eq. (6):

. m; —m,
weightloss (%) = ——— X 100 6)
m;

where m; and m, are the initial and residual sample weight (g), re-
spectively.

2.6. Statistical analysis

The results, expressed as mean *+ standard deviation, were statisti-
cally analyzed using SPSS Statistics 26 software (IBM, NY, USA). De-
pending on variance homogeneity tested by Levene’s test, one-way
analysis of variance (ANOVA) with posthoc Tukey’s test or Kruskal-
Wallis test with Mann-Whitney U test were employed to assess the in-
fluence of the extract incorporation and fabrication techniques on the
properties of the mats and films. The significance level was p < 0.05.

3. Results and discussion

3.1. SE characterization: total phenolic content (TPC) and phenolic acids
(PAs)

TPC and PAs were determined in the prepared sage extract (SE) to
evaluate its potential to impart functionality to the electrospun mats
and solvent-cast films, as these compounds are closely related to the an-
tioxidant and antibacterial activity (Shan et al., 2007). The extraction
yield of SE was 15.66% (w/w), with a TPC of 157.73 mg GAE/g SE.
Among five identified (Supplementary material, Figure A.2) and quan-
tified PAs, rosmarinic acid was the predominant (15.49 mg/g), fol-
lowed by p-coumaric (2.33 mg/g), ferulic (1.18 mg/g), protocatechuic
(0.87 mg/g), and caffeic (0.31 mg/g) acid. Several studies also reported
S. officinalis extracts of different origins and applied extraction condi-
tions as rich sources of phenolic compounds, with PAs being the major
constituents. These studies also showed the dominance of rosmarinic
acid among sage phenolic constituents, which is one of the quality para-
meters of sage extracts due to its many biological activities and poten-
tial health benefits (Farhat et al., 2013; Martins et al., 2014; Shan et al.,
2005). The presence of these compounds in SE is of particular interest
for active materials development due to their potent antioxidative and
antimicrobial potential and low sensorial impact (Andrade et al., 2022;
Hernandez-Garcia et al., 2022).

The SE was also analyzed by Fourier transform infrared (FT-IR)
spectroscopy. The obtained spectrum (Fig. 1) showed the characteristic
bands that we previously described (Salevi¢ et al., 2022). These are the
broad band in the range of 3600-3000 cm~! (phenolic O—H stretching
vibrations, residual water), and the bands at around 2925 cm~! (C-H
stretching vibrations), 1715 and 1031 cm~! (C=0 and C—O stretch-
ing vibrations, respectively, attributed to extracted plant primary
metabolites), and 1516 cm~! (benzene ring stretching vibrations, as-
signed to secondary plant metabolites, primarily phenolic compounds).
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Fig. 1. FT-IR spectra of the constituents in native forms and the ZG-based electrospun mats (a) and solvent-cast films (b).

3.2. Characterization of the ZG-based electrospun mats and solvent-cast
films

3.2.1. Morphology

The application of electrospinning and solvent casting techniques
allowed the successful development of ZG-based mats and films, control
ones (without SE), and those incorporating 5% and 10% (w/w) SE. The
electrospinning process was stable and continuous, without the solu-
tions dripping nor merging fibers. However, the increase in SE content
to 20% (w/w) induced process instability and merging fibers, which ex-
cluded this formulation from the study.

The SEM micrographs (Fig. 2) depicted distinct differences in sur-
face morphology and structure between the electrospun mats and sol-
vent-cast films, regardless of the SE incorporation. The electrospinning
technique produced mats composed of dense, randomly oriented, uni-
form fibers. Regardless of the SE incorporation and loaded content, the
fibers presented similar morphologies with a regular, fibrillar shape and
smooth surface without beads, aggregates, or defects. These morpho-
logical properties indicate a homogenous extract dispersion within the
fibers (Salevi¢ et al., 2019). As shown in the diameter distribution his-
tograms (Fig. 2), the SE incorporation and the higher loaded content in-
creased (p < 0.05) the mean fiber diameter. Some studies also reported
increased diameters of protein-based fibers after encapsulation of ac-
tive compounds, such as zein fibers encapsulating gallic acid (5-20%)
(Neo et al., 2013) and cross-linked gelatin/zein fibers encapsulating al-
lopurinol (5-20%) (Deng et al., 2019). Considering that the processing
parameters for the synthesis of all electrospun formulations in our study
were the same, it may be assumed that the SE altered solution proper-
ties and interactions among the protein chains increasing fiber diame-
ters. Active compounds may increase molecular entanglement in solu-
tion and impart jet resistance to the stretching forces during the electro-
spinning generating thicker fibers (Altan et al., 2018; Neo et al., 2013).

The solvent casting technique yielded structures of continuous and
compact films. All solvent-cast formulations showed surface morphol-
ogy with no pores, cracks, or phase separation, suggesting good con-
stituents’ compatibility and efficient SE incorporation within the film
structures. There were wrinkled regions along the surfaces of all formu-

lated films, which can be related to solvent evaporation. Of note, the
solvent evaporation mode during solvent casting is surface-based, in-
ducing molecular organization of polymers and forming solid film
(Deng et al., 2018). Thus, solvent molecules during the drying diffuse
slowly to the film-forming solution surface and evaporate there, which
may cause the shrinkage of the film surface. Still, the wrinkled regions
were less pronounced for the SE-incorporating films than for the control
film. This observation implies that the SE may interact with the protein
chains and affect their packaging, causing more homogenous deposits
during the drying and smoother surfaces of the resulting films. Simi-
larly, positive effects of natural extract incorporation on surface
smoothness, homogeneity, and structure compactness of protein-based,
solvent-cast films, were reported for gelatin films incorporating green
tea extract (Wu et al., 2013).

3.2.2. Thickness

The electrospun formulations ZGe, ZG-5SEe, and ZG-10SEe were
364.67 * 123.71, 488.67 = 98.51, and 534.67 + 123.55 pm thick, re-
spectively. The SE incorporation increased the thickness (p < 0.05)
compared to the control mat. This effect may be related to the mean di-
ameter of the fibers making the mats. Thus, thicker fibers generated
thicker mats, although the thickness of the mats loaded with 5% and
10% SE was similar (p > 0.05). The solvent-cast formulations ZGsc,
ZG-5SEsc, and ZG-10SEsc were 341.33 + 86.71, 397.33 = 34.15, and
414.67 + 89.80 pum thick, respectively. The SE incorporation and in-
crease in its content slightly increased (p > 0.05) the thickness of the
solvent-cast films indicating uniform SE distribution within the film
structures.

3.2.3. Transparency

The developed ZG-based mats and films were visually homoge-
neous, without phase separation and defects, regardless of the fabrica-
tion technique and SE incorporation (Fig. 2). However, there were sub-
stantial differences in the visual appearance and contact transparency
between the mats and films triggered by the fabrication techniques and
discussed structural differences.
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Fig. 2. SEM micrographs of the ZG-based electrospun mats (first row), histograms of fiber diameter distributions (second row), and SEM micrographs of the ZG-
based solvent-cast films (third row). Macroscopic images of the mats and films showing their contact transparency and films’ transparency values (T, mm~1) are in

the right bottom corner of the micrographs.

The electrospun mats were white-colored and opaque, regardless of
the SE incorporation. As the mats are composed of thin, randomly ori-
ented fibers generating porosity, the visual appearance is due to light
scattering (Tijing et al., 2013). On the other hand, the compact and con-
tinuous structure of the solvent-cast films resulted in high contact trans-
parency, regardless of the SE incorporation. The control film exhibited
yellow color originating from the color of native zein. A darker color of
the films was developed by the SE incorporation being more intense
with the increase in the SE content due to the intrinsic SE color
(Supplementary material, Figure A.3). Similarly, Gémez-Estaca et al.
(2009) reported that oregano or rosemary extracts incorporation in-
duced darker color of gelatin films. According to their findings, the
darker coloration of the protein-based films incorporating herbal ex-
tracts is advantageous regarding light barrier properties, especially to-
wards ultraviolet light, and thus against oxidation processes. However,
the quantitative measurement of the transparency of the solvent-cast
films developed in our study showed that the SE incorporation did not
significantly alter the film transparency (Fig. 2) with similar trans-
parency values for all solvent-cast formulations. These results may con-
firm compatibility among the film constituents and the ordered matrix.
Generally, the visual appearance of the mats and films is an important
property that determines their specific role. Regarding an application
viewpoint as food packaging materials, the choice between the electro-
spun mats and solvent-cast films would depend on whether the packag-
ing has to enable see-through or not.

3.2.4. FT-IR spectroscopy

Fig. 1 shows the spectra of the constituents in native forms and the
developed mats and films. The spectra of the carriers exhibited typical
bands for protein-based materials. The characteristic bands for zein are
at 1646 (C=0 stretching vibrations, amide I) and 1529 cm~! (N—H

bending and C—N stretching vibrations, amide II) (Neo et al., 2013).
The spectrum of gelatin showed similar bands to those identified for
zein but at different positions (i.e., amide I at 1634 cm~1, amide II at
1539 cm~1), demonstrating structural differences between these pro-
teins. Glycerol had a strong band at 1031 cm~! (C-O stretching) (Ntnez-
Flores et al., 2013).

The spectra of all electrospun mats and solvent-cast films were simi-
lar, presenting peaks like those identified for the constituents in native
forms. The potential interactions are weak and reflected in overlapping
the zein and gelatin bands, most probably occurring during the mats’
and films’ synthesis. The glycerol band at 1031 cm™! shifted in the
mats’ and films’ spectra (new position at ~1041 cm~1), implying possi-
ble interactions between -OH groups of the plasticizer (glycerol) and
the carriers (zein and gelatin) (Nunez-Flores et al., 2013; Wu et al.,
2013). The SE incorporation did not induce new bands nor considerable
shifts of the existing bands compared to the spectra of the control sam-
ples. The bands originating from the proteins and glycerol are only visi-
ble in the spectra of the SE-incorporating samples, completely overlap-
ping the SE bands. In addition, there were no bands split in the spec-
trum of any mat and film. These spectral features indicate homogenous
dispersion of the constituents and efficient, physical incorporation of SE
within the ZG-based mats and films without strong chemical interac-
tions to alter the FT-IR spectra.

3.2.5. DSC analysis

The effects of the fabrication techniques and SE incorporation on
the thermal properties of the ZG-based electrospun mats and solvent-
cast films were studied employing DSC. Fig. 3 gives DSC thermograms
of the unloaded SE, mats, and films, and Table A.1 (Supplementary
material) summarizes the corresponding data. The thermogram of the
unloaded SE showed a broad endotherm peak at 100.13 °C and en-
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Fig. 3. DSC thermograms of the unloaded SE and the ZG-based electrospun mats (a) and solvent-cast films (b). TGA curves: weight loss as a function of temperature
(c) and the first derivative analysis (d) of the unloaded SE and the ZG-based mats and films.

thalpy of 368.99 J/g, which can be related to the loss of solvent
residues and volatile compounds.

Regarding the electrospun mats, the thermogram of the control
showed an endothermic peak at 81.17 °C, representing denaturation
temperature (Td) which is close to that reported by Deng et al. (2018)
(83.77 °C) for the ZG-based electrospun mat at the same protein ratio.
The SE incorporation within the mat at 5% loading induced only slight
modifications of the thermal properties compared to the control mat,
whereas 10% loading increased Td and AHd. This result suggests that
the higher SE content incorporated within the mats triggered a more or-
dered structure that requires higher thermal energy for denaturation,
which might be due to a potential hydrogen bonding of active com-
pounds and protein matrix (Deng et al., 2019). Regarding the solvent-
cast films, the thermogram of the control showed an endothermic peak
at 144.29 °C, reflecting Td. The SE incorporation within the films
slightly modified the thermal properties with similar Td and AHd for all
film formulations, regardless of the SE incorporation, being in the range
of 141.76-145.54 °C and 60.78-64.45 J/g, respectively
(Supplementary material, Table A.1). The thermograms of ZGsc, ZG-
5SEsc, and ZG-10SEsc also exhibited low-intensity endothermic peaks
at 69.56, 69.67, and 73.50 °C, respectively, corresponding to their glass
transition temperature. The increase in the glass transition temperature

may reflect a more ordered system and the hydrogen bonding interac-
tions between active compounds and proteins (Deng et al., 2019;
Gaona-Sanchez et al., 2015). Altogether, the DSC analysis suggested
that the higher content of the incorporated SE, rich in phenolic com-
pounds, within the ZG-based mats and films promoted low-intensity in-
teractions and more ordered structures, regardless of the fabrication
technique.

A distinct difference in thermal properties of the samples, influ-
enced by the fabrication technique, can be observed. The electrospun
mats had lower Td than the respective solvent-cast films. This result
could be due to the different solvent evaporation rates during the em-
ployed techniques, the electric field imposed on the solutions during
the electrospinning, and the structural differences between the mats
and films (Deng et al., 2019; Gaona-Sanchez et al., 2015; Krsti¢ et al.,
2017). Compared to the solvent casting technique, fast solvent evapora-
tion and high stretching of the polymer chains during the electrospin-
ning result in less ordered structures (Krsti¢ et al., 2017). In this regard,
the discussed SEM micrographs and the DSC analysis suggest that the
compact, continuous structure of the solvent-cast films may stabilize
their thermal properties compared to the fibrous structure of the elec-
trospun mats. Also, the thermograms of the SE-incorporating samples,
regardless of the fabrication technique and SE content, did not present
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the SE-originating peak, which in agreement with the FT-IR analysis,
indicates efficient SE incorporation. Finally, DSC analysis shows that
the thermal properties of the ZG-based mats and films are primarily in-
fluenced by the fabrication technique, less by the SE incorporation.

3.2.6. TGA

TGA was used to study the effects of the fabrication techniques and
SE incorporation on the thermal stability of the ZG-based electrospun
mats and solvent-cast films. From TGA curves of the unloaded SE, mats,
and films (Fig. 3), onset degradation temperature as the temperature at
5% weight loss, degradation temperature corresponding to the deriva-
tive peak maximum and subsequent weight loss, and residual mass at
700 °C were determined (Supplementary material, Table A.1).

The unloaded SE showed thermal stability behavior close to that we
previously reported (Salevic et al., 2019, Supplementary material, Ap-
pendix 3). In the thermal degradation curves of the mats and films,
there were three weight loss stages. The onset degradation temperature
at 5% weight loss (T5%) of the electrospun mats was in the range of
168-183 °C, which was higher than the one (136-143 °C) of the sol-
vent-cast films. This weight loss could be due to the evaporation of ad-
sorbed water, solvent residue, or SE volatiles. The temperature increase
promoted the weight loss of the samples, and two peaks appeared. In
dTG curves of the mats, these peaks appeared in the temperature range
of 197-225 °C and 302-310 °C, with the weight loss range of 13-17%
and 47-50%, respectively. Regarding dTG curves of the films, these
peaks occurred in the temperature range of 219-265°C and
304-314 °C, corresponding to the weight loss range of 20-28% and
50-55%, respectively. The first peak (Tdegl) can be due to the loss of
glycerol, structurally bound solvent, and decomposition of the mats and
films. The second peak (Tdeg2), related to the maximum degradation
rate, indicated the degradation of protein chains and SE (Contardi et al.,
2017; Deng et al., 2018; Wu et al., 2013). Tdeg2 was similar for all for-
mulations of the mats and films. Similarly, Liu et al. (2018) reported
that ethyl cellulose-gelatine composites fabricated by either electro-
spinning or solvent casting had close temperatures of maximum weight
loss. Also, Tdeg2 of the here-obtained ZG-based mats and films are simi-
lar to those reported for neat gelatin/zein nanofibers (Deng et al.,
2018). Further temperature increase led to pyrolysis, providing residual
mass at 700 °C in the range of 14-19% and 8-14% of the mats and
films, respectively.

Compared to the control mat and film, the SE incorporation and in-
creased loaded content decreased the decomposition temperature
(Tdegl), while the influence on the temperature of maximum degrada-
tion rate (Tdeg2) was lower. This behavior can be due to the evapora-
tion of some SE volatile and low-molecular-weight compounds. Also, no
SE-originating peaks were in the thermograms of the mats and films in-
corporating SE as being overlapped by those of the proteins. Therefore,
TGA confirms the previous indications on efficient SE dispersion within
the ZG-based mats and films without phase separation.

3.2.7. Mechanical properties

The tensile test was performed to determine the mechanical perfor-
mance: tensile strength (TS), elongation at break (EAB), and elastic
modulus (EM) of the developed mats and films as important properties
for their practical use and ability to retain integrity during handling. As
shown in Table 1, all ZG-based electrospun mats, control one and those
incorporating SE, showed a low mechanical strength. The electrospun
formulations withstood stress up to 0.87-0.95 MPa with elongation of
16-20% before the break and displayed elastic modulus in the range of
21-33 MPa. The SE incorporation within the fibers induced a slight
(p > 0.05) increase in EAB and a decrease in EM compared to the con-
trol, implying a mild SE plasticizing effect on the resulting electrospun
mats. Similarly, negligible interactions and a slight plasticizing effect
were achieved with the SE incorporation within poly(e-caprolactone)
fibers (Salevi¢ et al., 2019).
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Table 1

Mechanical properties (tensile strength (TS), elongation at break (EAB), and
elastic modulus (EM)), water solubility (WS), and water vapor permeability
(WVP) of the electrospun mats and solvent-cast films.

Sample TS (MPa) EAB (%) EM (MPa) WS (%) WVPx10-10 (g/
semePa)
ZGe 0.88 * 16.17 * 32.85 = 41.13 = 48.9 * 4.692
0.112 4.902> 11.472 0.442
7ZG-5SEe  0.95 * 16.96 * 21.97 = 36.78 = 42.9 *+ 2,652
0.122 3.282> 5.632 3.62bc
ZG-10SEe 0.87 = 20.50 = 21.47 + 31.70 = 36.3 + 8.872
0.202 2.172 8.002 1.40b
ZGsc 8.12 + 14.67 = 239.15 * 43.82 = 5.57 + 0.48b
1.19° 0.76P 95.10P 2.714
7ZG-5SEsc  1.14 + 22543 = 26.32 = 39.52 = 7.19 + 0.49¢
0.472 166.74¢ 11.702 0.71a¢
ZG- 3.07 = 53.34 = 82.06 = 34.44 = 5.44 + 0.54b
10SEsc  0.47¢ 12.82¢ 19.60¢ 0.69P

Different letters within the same column indicate significant differences among
formulations (p < 0.05).

The solvent-cast films showed higher TS (1-8 MPa), EAB
(15-225%), and EM (26-239 MPa), i.e., higher resistance to stress,
elongation that can withstand before the break, and stiffness than the
electrospun mats. Concerning the discussed structural differences, i.e.,
the porosity of the electrospun mats and the compactness of the solvent-
cast films, this result could be expected. It pointed out that the mats’
and films® mechanical performance is related to their structure and in-
duced by the fabrication techniques. The same effect of electrospinning
and solvent casting techniques on the mechanical behavior of the re-
sulting mats and films was shown for synthetic polymer (Tijing et al.,
2013).

The applied fabrication techniques also provided different extents of
the SE effects on the mechanical behavior of the here-developed mats
and films. A more pronounced SE plasticizing effect was determined for
the solvent-cast films, improving their deformability and flexibility.
Compared to the control solvent-cast film, the SE incorporation signifi-
cantly (p < 0.05) decreased TS and EM and increased EAB, resulting in
films being less breaking-resistant, less stiff, and more extensible. Ac-
cordingly, it may be assumed that slow solvent evaporation during the
solvent casting allowed the SE to interact with the protein chains and
affect their packaging, giving rise to higher chains’ mobility and favor-
ing films’ elasticity. Similarly, Rasid et al. (2018) reported increased
EAB of protein-based films when incorporating phenolics-rich extract.
They ascribed this effect to altered film structure, potential phenolics-
protein interactions, and extract-protein compatibility, resulting in
more cohesive and flexible film matrices. Liu et al. (2019) also reported
a plasticizing effect of phenolics on protein-based films. However, it can
be observed that the ZG-10SEsc had a higher strength and stiffness than
the ZG-5SEsc. This effect may be due to more probable interactions be-
tween the proteins and SE present in the higher content, leading to film
strengthening and compactness. In this regard, phenolics-proteins inter-
chain interactions may reduce the plasticizing effect and thus decrease
flexibility (Zhang et al., 2019). This implication is in line with the SEM
micrographs (Fig. 2), where the most compact and homogenous film
surface was observed for the ZG-10SEsc formulation.

Regarding the potential of using the mats and films as packaging
materials, the obtained results suggest that the solvent-cast films would
be more appropriate as stand-alone materials, being more able to with-
stand stress during handling. On the other hand, the electrospun mats
could be applied directly on food surfaces as coatings or could be sub-
jected to post-processing treatments, such as pressing and annealing, to
improve their mechanical properties.
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3.2.8. Water solubility, water contact angle, and water vapor permeability

The behaving property of the mats and films in a high-water content
environment was evaluated regarding water solubility, water contact
angle, and water vapor permeability as a function of the SE incorpora-
tion and fabrication techniques.

The water solubility (WS) of materials is an important property that
reflects their water resistance. Within the solubility test, all mats’ and
films’ formulations showed great integrity, not being readily soluble. As
seen in Table 1, the solvent-cast films showed somewhat higher WS
than the corresponding electrospun mats, which can be due to the dis-
cussed higher flexibility, i.e., higher chains’ mobility of the solvent-cast
films, facilitating their solubility. However, the SE incorporation had a
more pronounced effect on the mats’ and films” WS than the fabrication
techniques. There was a decreasing trend in the mats’ and films® WS
with the SE incorporation and the increase in its content. This is consis-
tent with other studies reporting decreased WS of films based on
gelatin-containing biopolymers-blend when incorporating phenolics-
rich extracts (Bertolo et al., 2022; Tagrida et al., 2023). It can be attrib-
uted to the competing effect of the extract phenolic compounds with
water molecules, where phenolics may interact with protein chains, de-
creasing their hydrophilic sites, availability, and affinity for water bind-
ing. Also, it was shown that rosmarinic acid decreased the WS of gelatin
films, relating the hydrophobicity to the benzene ring (Zhang et al.,
2019).

The water contact angle (WCA) on the surface of materials reflects
their wettability and hydrophilicity/hydrophobicity. The images of a
water drop applied on the mats’ and films’ surfaces are gathered in the
Supplementary material (Fig. A.4.). All mats’ and films’ formulations
showed low WCAs, indicating their hydrophilic character. Comparing
the control formulations, the electrospun mat showed higher hydropho-
bicity (WCA 34.47°) than the solvent-cast film (WCA 22.81°). According
to Deng et al. (2018), the differences in WCAs of the mats and films
could be due to different solvent evaporation mechanisms during man-
ufacturing, influencing orientations of proteins’ hydrophobic/hy-
drophilic domains. During fast solvent evaporation of electrospinning,
there is a concentration gradient of proteins from the surface to the core
within unsolidified fibers with the maximum concentration at the air-
liquid interface. Hence, proteins solidify from outside to inside, where
the nonpolar air side causes the orientation of proteins’ hydrophobic
domains outside. On the other hand, surface-mediated evaporation of
solvent casting forms a concentration gradient where solvent molecules
move to the solution surface, i.e., the air-liquid interface, and evaporate
there. In this case, the proteins’ solidification occurs from inside to out-
side, orientating the proteins’ hydrophilic domains outside. The higher
WCAs were also reported for ethyl cellulose, ethyl cellulose-gelatin
blend (Liu et al., 2018), and polyurethane (Tijing et al., 2013) electro-
spun mats compared to the respective solvent-cast films. Interestingly,
the SE-incorporating mats showed immediate water absorption, not en-
abling WCA measuring. As discussed, the SE incorporation increased
fibers’ diameters, which may decrease tortuous paths and facilitate wa-
ter absorption. Similarly, Deng et al. (2018) reported an immediate dis-
appearance of a water drop on gelatin nanofibers’ surface. Concerning
the solvent-cast films, the SE incorporation increased WCAs to 29.69
and 25.99° for the films incorporating 5% and 10% SE, respectively.
The greater hydrophobicity of the SE-incorporating films than the con-
trol one is in line with their lower WS.

Concerning the application of interest as food packaging materials,
aiming to preserve food quality and extend shelf-life, water vapor per-
meability (WVP) of materials is an important property reflecting their
barrier performance against moisture transfer between food and sur-
rounding. As one can observe (Table 1), electrospinning and solvent
casting generated the mats and films with the significantly different (p
< 0.05) WVP, where the solvent-cast films showed lower WVP values.
This result could be ascribed to the structural differences, where the fi-
brous structure of the electrospun mats generates porosity and thus
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makes paths for water sorption and easier permeation than the continu-
ous, compact structure of the solvent-cast films. The SE incorporation
and increase in its content slightly improved (p > 0.05) water vapor
barrier performance of the mats. The slight SE influence on the mats’
WVP is in line with the similar morphological properties of all electro-
spun formulations and homogenous SE dispersion within the fibers. Re-
garding the solvent-cast films, the SE incorporation at 5% content sig-
nificantly increased (p < 0.05) the WVP, while 10% content provided
the same WVP order of magnitude as the control solvent-cast film. This
result could be related to the SE plasticizing effect on the solvent-cast
films observed in the mechanical properties analysis. Accordingly, the
strong SE plasticizing effect at 5% content may increase the chains’ mo-
bility and free volume through the matrix, making it more available for
water permeation. Detrimental influence on water vapor barrier perfor-
mance was also reported for other materials incorporating active con-
stituents with plasticizing effect at lower loadings (Melendez-Rodriguez
et al., 2019). However, the water vapor barrier performance improve-
ment at 10% content of the incorporated SE may be due to the discussed
reduction in the plasticizing effect at the higher SE content and the
above-shown most compact and homogenous morphology of ZG-
10SEsc. Interestingly, the here-developed ZG-based mats and films pre-
sented a lower WVP than the widely used commercial polyvinyl chlo-
ride (PVC) wrap film (2.61x10-¢ gemm/hecmePa) (Kaewprachu et al.,
2015), implying their potential for packaging applications.

3.2.9. Migration

An important property of materials for active food packaging appli-
cations is the ability to release active compounds into foods when in di-
rect contact. Accordingly, the migration potential of phenolics from the
mats and films into 3% (w/v) aqueous acetic acid solution (AA), dis-
tilled water (W), 10% and 95% (v/v) aqueous ethanol solutions (10%E
and 95%E, respectively) was studied. These media represent food simu-
lants for food with a hydrophilic character and food with pH below 4.5
(AA), a hydrophilic character (W, 10%E), and a lipophilic character
(95%E). The test was performed by total immersion of the samples into
the media for ten days at 20 °C, corresponding to the contact conditions
of 3-30 days at 5-20°C in the worst foreseeable use (European
Commission, 2011; European Commission, 2017). The samples re-
tained integrity over the test with the incorporated SE content, samples’
structure, and media polarity influencing phenolics migration from the
ZG-based mats and films to the food simulants (Table 2). Among PAs
determined in the unloaded SE (Section 3.1), rosmarinic acid (RA) was
the only detected in the media. As expected, there was higher migration

Table 2

Migration of phenolics from the ZG-based mats and films to the food simulant
media: 3% (w/v) acetic acid (AA), distilled water (W), 10% (v/v) ethanol
(10%E), and 95% (v/v) ethanol (95%E).

Sample AA w 10%E 95%E

Total phenolic compounds (mg GAE/kg media)

ZG-5SEe 13.42 * 3.8321 10.03 + 0.812"1  15.42 + 0.7021  22.18 + 0.56?2
ZG-10SEe  26.67 + 5.8231 2878 + 1.78<1  27.46 * 0.59"1  32.13 * 2.31P1
ZG-5SEsc  20.80 * 29921 15.04 = 9.4221  12.02 = 0.50>! 11.93 * 0.52!

ZG-10SEsc  29.99 + 5.0012 46.80 + 10.8991 20.33 * 0.72242 20.94 + 0.7622
Rosmarinic acid (mg RA/kg media)

ZG-5SEe n.d. n.d. n.d. 2.12 + 0.552
ZG-10SEe n.d. 1.77 = 0.052! 1.78 * 0.4821 9.22 + 2.43b2
ZG-5SEsc  n.d. n.d. n.d. n.d.

ZG-10SEsc n.d. 3.43 + 0.05P1 1.08 + 0.18b2 6.43 + 0.00<3

Different letters within the same column indicate significant differences among
formulations (p < 0.05).

Different numbers within the same row indicate significant differences among
media (p < 0.05).

n.d. not detected
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of phenolic compounds, determined as total, and RA from the samples
incorporating the higher SE content, regardless of the technique and
medium.

There was a different trend of migration of phenolic compounds de-
termined as total from the mats and films into the food simulants. In the
case of the electrospun mats, there were slight variations in the pheno-
lics’ migration into AA, W, and 10% E, while the highest amounts mi-
grated to 95%E. The high content of non-polar amino acid residues, wa-
ter-insolubility, and solubility in aqueous ethanol of zein, as well as
gelatin insolubility in water at 20 °C (Meng & Cloutier, 2014), may in-
duce higher susceptibility of the mats, and consequently the higher mi-
gration of the actives to less polar solvents, in this case to 95% ethanol.
On the other hand, the solvent-cast films showed the lowest phenolics
migration into the ethanol-containing media. The phenolics’ migration
from the films increased in AA, which may be due to proteins’ protona-
tion by the acid (Li et al., 2020). The highest migration occurred in dis-
tilled water. This migration behavior is in line with the previous obser-
vation (Section 3.2.8) that the different solvent evaporation mecha-
nisms during electrospinning and solvent casting induce different orien-
tations of the proteins’ hydrophobic/hydrophilic domains (Deng et al.,
2018). Thus, the orientation of proteins’ hydrophobic domains outside
during electrospinning and hydrophilic domains outside during solvent
casting induces the highest susceptibility and affinity of the mats to
95%E and of the films to distilled water. Therefore, the here-developed
mats and films appear to differ in affinity and stability in the media of
different polarities, which might trigger the differences in phenolic
compounds’ migration.

Regarding RA, the highest migration occurred in 95%E from all for-
mulations indicating that the chemical nature of the actives also influ-
ences migration behavior from the mats and films. Similarly, Talon et
al. (2017) reported a higher RA migration from polysaccharides-based
films to the food simulant with higher ethanol content due to decreased
medium polarity and thus increased chemical affinity and solubility of
RA in the medium. Of note, the higher RA migration in 10%E and 95%E
occurred from the mats than the films. In the case of distilled water, the
higher migration was from the films. This result confirms the above-
mentioned different affinity and susceptibility of the mats and films to
the media with different polarities, which results in a different rate of
the matrices relaxation, media diffusion through the matrices, and the
migration of the incorporated actives into the media.

According to the Regulation on plastic materials and articles in-
tended to come into contact with food, phenolic compounds are not
listed among substances with the provided specific migration limit nor
other restrictions (European Commission, 2011). In that case, the
generic specific migration limit of 60 mg/kg should apply. The amounts
of migrated phenolic compounds from the developed ZG-based mats
and films are below the provided generic specific migration limit and
thus in line with the Regulation.

Altogether, the migration test revealed the ability of the ZG-based
mats and films incorporating SE to deliver phenolics, recognized for ac-
tive and bioactive properties, to foodstuff. This ability highlighted the
potential of the developed mats and films for use as active food contact
materials. Moreover, it showed that the phenolics’ migration from the
same formulation, in terms of the composition, could be tailored by the
fabrication technique, depending on a specific application, i.e., the hy-
drophilic/lipophilic character of the food.

3.2.10. Antioxidant activity

After being incubated in DPPH* free radicals solution, the mats and
films remained their integrity. All formulations exhibited an ability to
scavenge DPPH" radicals when in direct contact (Table 3). The control
mat and film showed the lowest DPPH* scavenging ability, which can
originate from some protein fractions with antioxidant properties
(amino acid residues, short peptides, and xanthophyll pigments of zein
(Gagliardi et al., 2021), and peptide fractions of gelatin (Gémez-Estaca
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Table 3
Biological activity of the ZG-based mats and films.

Sample Antioxidant  Antibacterial activity
activity
DPPH* S. aureus  CFU E. coli CFU
inhibition log;o reduction  log;, reduction
(%) (CFU/mL) (R) (CFu/ (R)
mL)
Bacterial 8.39 = - 9.48 = -
suspension 0.072 0.002
ZGe 17.98 = 0.902 6.03 * 2.36 + 0.12 9.00 = 0.48 + 0.00
0.11b 0.002
ZG-5SEe 65.62 + 2.83> 548 + 0.129.91 + 0.12 7.79 + 1.69 = 0.36
0.36P
ZG-10SEe 89.38 + 2.24¢ 5.39 * 3.00 + 0.13 6.98 = 2.49 + 0.01
0.13ce 0.02¢
Bacterial 8.39 + - 9.11 = -
suspension 0.072 0.002
ZGsc 10.46 = 0.05¢ 6.08 * 2.31 £ 0.50 6.63 = 2.49 = 0.68
0.50Pd 0.67¢
ZG-5SEsc 43.83 £ 2.79¢ 475 * 3.64 £ 0.38 6.34 = 2.77 £ 0.34
0.38¢ 0.34¢
ZG-10SEsc 73.10 + 1.87f 3.88 + 0.254.51 + 0.25 5.19 + 3.92 £ 0.71
0.714

Different letters within the same column indicate significant differences (p
< 0.05).

et al., 2009)). The mats’ and films’ ability to scavenge DPPH* radicals
significantly increased (p < 0.05) with the SE incorporation and its in-
creased content due to the SE intrinsic antioxidant activity. Positive ef-
fects of the SE incorporation on antioxidant properties of poly(e-
caprolactone)-based films (Salevi¢ et al., 2019), as well zein-based films
and fibers (Salevi¢ et al., 2022), were also achieved. The sage antioxida-
tive properties are primarily related to phenolic compounds, including
phenolic acids. The chemical structure of phenolic acids is responsible
for their free radicals scavenging ability. Namely, the hydroxyl groups
have electron-donating properties, while conjugated unsaturation facil-
itates free radicals delocalization. Specifically, RA is an excellent
DPPH" radical scavenger and one of the most potent antioxidant sage
constituents (Farhat et al., 2013; Lamien-Meda et al., 2010; Lu & Foo,
2001). Accordingly, the obtained results suggest not only retained radi-
cals scavenging ability of the SE during mats’ and films’ fabrication but
also synergistic antioxidant activity of the protein matrix and incorpo-
rated extract.

The fabrication technique also influenced the radical scavenging
ability of the samples, with the electrospun mats being more potent (p
< 0.05) than the respective solvent-cast films, which underlines the de-
pendence of the materials’ properties on their structure, as already dis-
cussed. Thus, the high surface area of the fibrous mats may provide
more contact within the reaction solution making active constituents
more available to react and neutralize the radicals than the compact
films.

Generally, the antioxidative performance of the developed mats and
films incorporating SE highlights their potential for use as active, food
contact materials with the functionality to prevent oxidative reactions
and food deterioration or even impart health-beneficial effects.

3.2.11. Antibacterial activity

The antibacterial performance of the mats and films, i.e., the ability
to reduce viable counts of foodborne pathogens when in direct contact,
was tested against S. aureus and E. coli. All formulations exhibited an-
tibacterial effects, regardless of the SE incorporation and fabrication
technique (Table 3). It was interesting to observe the ability of the con-
trol mat and film to inhibit bacterial growth. These results initiated ion
chromatography analysis of the suspensions after incubation with the
samples to determine acetic-ion release from the mats and films and ex-
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plain the antibacterial activity of the control samples. The IC showed
the potential of the mats and films to bind acetic acid, used as a solvent
for their synthesis, and release the acid into the suspensions during in-
cubation. The concentrations of acetic-ion were 2.24, 1.78, and
2.02 mg/mL for the suspensions treated with ZGe, ZG-5SEe, and ZG-
10SEe, respectively, and 1.94, 1.89, and 1.64 mg/mL for those treated
with ZGsc, ZG-5SEsc, and ZG-10SEsc, respectively. Acetic acid is a weak
digestible acid and an authorized food additive whose antibacterial ac-
tivity is related to acidity and ability to diffuse through the membrane
and cause cytoplasm acidification and changes to intracellular con-
stituents (Contardi et al., 2017; European Parliament and the Council of
the European Union, 2008). Similarly, Contardi et al. (2017) reported
that acetic acid residues imparted activity against E. coli to
polyvinylpyrrolidone-based mats and films. Apart from acetic acid
residues, the swelling of zein-based mats and films may restrict avail-
able water and nutrients to bacteria and reduce their growth, which re-
flects in the antibacterial activity of the controls (Salevi¢ et al., 2022).
The SE incorporation and increase in its content triggered more potent
antibacterial efficiency of the mats and films. The antibacterial perfor-
mance of the sage extract is highly related to phenolic compounds with
multiple modes of action, via damage to the cell wall and membrane
structures, changes in permeability, and leakage of intracellular compo-
nents (Shan et al., 2007; Witkowska et al., 2013). Regarding PAs, their
antibacterial action occurs via diffusion through the membrane, result-
ing in cytoplasm acidification and a decrease in cell viability (Sanchez-
Maldonado et al., 2011). Accordingly, the antibacterial activity of the
ZG-based mats and films incorporating SE could be ascribed to the syn-
ergistic effect of acetic acid residues and extract. SE incorporation also
induced antibacterial activity of other materials, such as zein-based
films and mats (Salevi¢ et al., 2022) and poly(e-caprolactone) annealed
films (Salevi¢ et al., 2019).

Generally, bacteria growth inhibition or CFU decrease by materials
during 24 h incubation represents the bacteriostatic effect. CFU reduc-
tion of > 3 1og;o defines as the bactericidal effect (Castro-Mayorga et
al., 2017). Accordingly, the effect against S. aureus was bacteriostatic
by ZGe, ZG-5SEe, and ZGsc and bactericidal by ZG-10SEe, ZG-5SEsc,
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and ZG-10SEsc formulations. Regarding E. coli, the effect was bacterio-
static, except for the ZG-10SEsc formulation, which generated a bacteri-
cidal effect. S. aureus was more susceptible than E. coli, regardless of the
SE incorporation and fabrication technique, which is consistent with
the antibacterial performance of the unloaded extract (Salevi¢ et al.,
2019). It can be related to the more complex structure of Gram-negative
bacteria than G-positive ones. Gram-negative bacteria have an outer
membrane rich in lipopolysaccharides and periplasmic space with en-
zymes that may restrict the penetration of the outside molecules and in-
activate the introduced molecules increasing bacterial resistance to ac-
tives (Shan et al., 2007).

The formulations with the same composition and different struc-
tures exhibited different bacterial growth inhibition, i.e., the solvent-
cast films were more effective than the electrospun mats. A much
higher density of solid films than fibrous mats caused by different mor-
phologies (Tijing et al., 2013) could be responsible for the differences in
the antibacterial activity of their surfaces. Accordingly, it seems that
the surface density of actives is higher for the solvent-cast films, which
may increase the actives’ availability and antibacterial efficiency of the
films’ surfaces.

Altogether, the results highlighted the potential of the SE incorpora-
tion to impart antibacterial, apart from the antioxidant performance to
the ZG-based mats and films, which could be of great interest regarding
applications as active food contact materials aimed to preserve food
quality and safety and decrease food waste generation.

3.2.12. Bio-disintegration in compost

The bio-disintegration of the mats and films during incubation in a
compost model system was studied. The samples were periodically
taken out from the compost and analyzed by comparing the visual ap-
pearance and measuring weight loss as a function of time (Fig. 4). All
formulations showed rapid bio-disintegration, regardless of the fabrica-
tion technique and incorporation of the extract with antibacterial activ-
ity. There were fluctuations in weight loss during the time, as it could
not be determined accurately due to compost particles adhering to the
residual samples.
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Fig. 4. Bio-disintegration images (left) and weight loss curves (right) of the electrospun mats and solvent-cast films during incubation in compost.
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The electrospun mats showed evident changes, such as darkening,
deformation, swelling, and fragmentation, indicating the beginning of
the degradation after five days of incubation in compost. Further disin-
tegration of the mats proceeded with incubation time, reaching the
level without visible residues in the compost after 18-25 days. The SE
incorporation had a positive effect and shortened the period needed for
the complete disintegration of the resulting mats (18 days) compared to
the control mat (25 days). Similarly, Medina Jaramillo et al. (2016) re-
ported fostering biodegradability of starch films after being incorpo-
rated with yerba mate extract due to the fast degradation of low-
molecular-weight compounds of the natural extract. Regarding the sol-
vent-cast films, all formulations exhibited similar disintegration behav-
ior, regardless of the SE incorporation. The changes in the films indicat-
ing the beginning of degradation, such as loss of transparency, darken-
ing, deformation, and fragmentation, were observed later compared to
the mats, i.e., after 18 days of incubation. This difference can be related
to the structural differences between the mats and films. Thus, fibrous
structures of the mats with a high surface-to-volume ratio may provide
a higher specific surface area and accessibility to soil microorganisms
than compact films’ structures. However, complete films’ disintegra-
tion occurred by the 25th day of incubation, the same as for the mats.
Xiong et al. (2008) also reported that the initial biodegradation of struc-
turally different materials occurs at different rates, reaching the same
biodegradation rates at a later stage, i.e., with an increase in degradable
time. Namely, dense, compact structures might reduce the microorgan-
isms’ infiltration velocity and slow initial degradation, while further in-
cubation destroys the compactness and its influence on the degradation
rate. It seems that the bio-disintegration of the mats and films occurs
through an inhomogeneous mechanism. Nevertheless, the obtained re-
sults highlighted the efficiency of the compost microorganisms and
their enzyme systems to erode the surfaces and spread into the bulk, en-
tirely breaking the mats and films. Of importance, incorporation of the
extract with antibacterial activity did not diminish the disintegration.
Generally, if material degradation of at least 90% by biological action
occurs in less than 180 days, it can be considered biodegradable mater-
ial (Alves-Silva et al., 2022). Accordingly, the short time for the com-
plete disintegration of the developed mats and films in the compost
makes them very promising as eco-friendly materials. The elimination
of waste materials can increase the degree of circularity compared to
the usual linear process.

4. Conclusions

Electrospinning and solvent casting techniques enabled the develop-
ment of ZG-based mats and films incorporating phenolics-rich SE. The
performed characterization gave an insight into the influence of the ap-
plied fabrication techniques, SE incorporation, and its content (5, 10%)
on the materials’ properties. The electrospun mats were white-colored,
opaque, and structurally composed of dense fibers, while the solvent-
cast films were transparent, with continuous and compact structures.
The SE incorporation increased fibers’ diameter and mats’ thickness
and provided more homogenous film surfaces. The analysis implied
good constituents’ compatibility, homogenous dispersion, and efficient
SE incorporation within the mats and films with low-intensity chemical
interactions. The thermal denaturation was primarily influenced by the
fabrication technique, less by the SE incorporation. The solid films were
more stable, requiring higher denaturation temperatures than the fi-
brous mats. In addition to this, the films presented higher resistance to
mechanical stress, elongation that can withstand before the break, and
water vapor barrier performance. The SE-incorporating mats and films
showed phenolics delivery ability to the food simulant media influ-
enced by the SE content, materials’ structure, and medium polarity.
Further, the SE incorporation improved the mats’ and films’ ability to
scavenge DPPH* radicals and inhibit S. aureus and E. coli bacteria
growth. The electrospun mats showed better antioxidative properties,
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and the solvent-cast films had higher antibacterial activity. These re-
sults are interesting for different applications, highlighting an ability to
tailor the materials’ properties by changing their morphology. Finally,
the mats’ and films’ bio-disintegration in compost was rapid, regardless
of the fabrication technique and SE incorporation. Altogether, the re-
sults highlighted the potential of the developed mats and films for use
as active, eco-friendly, and sustainable food packaging materials, aim-
ing to preserve food quality and safety and decrease food and packaging
waste generation.
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