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Abstract

In this study, for the first time, double-layer films based on furcellaran and gelatin were obtained, in which the 1st layer of
furcellaran was enriched with various plant extracts. The aim of this work was to improve the composition of the developed
innovative packaging material by using two layers of biopolymer complexes and analysing the composites to determine the
effect of different model plant extracts on the physicochemical properties of the double-layered materials. Furthermore, the
hypothesis that positron annihilation lifetime spectroscopy (PALS) could be correlated with gas barrier properties was verified.
The addition of plant extracts significantly influenced the physicochemical parameters of the obtained double-layered materi-
als. The lowest solubility was noted in films with the addition of garlic extract (58.40%) and black pepper extract (59.26%)
which also had the lowest water content (8.88%). The film with garlic extract also had the lowest oxygen transfer rate (OTR)
value after 6 months of storage which is consistent with PALS. The presented data suggest the possibility of correlating PALS
results with the gas barrier properties. Tests carried out using this method will facilitate the selection of new potential ingredi-
ents when designing packaging materials based on biopolymers, thus, making it possible to obtain new-generation matrices.
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direction of transformation on the food packaging market
is shifting towards the development of innovations meeting
the requirements contained in legal regulations regarding the
reduction of consuming so-called classic polymer materials,
while ensuring the ability to meet the increasingly stringent
requirements of the food industry and consumers themselves
(de Vargas et al., 2022; Garavand et al., 2017; Neethirajan
& Jayas, 2011). Due to the above, research has been carried
out for many years on the development and modification of
biopolymer film composition as an alternative to synthetic
packaging (Grzebieniarz et al., 2023; Mouhoub et al., 2023).

Biopolymers, as alternative substitutes for plastics,
seem to be a promising direction of work on innovations in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-023-03190-2&domain=pdf

1202

Food and Bioprocess Technology (2024) 17:1201-1214

packaging, however, despite intensive research, areas that
limit their use are still identified, and which, at the same
time, provide space for improving their quality. One of the
weaknesses of biopolymers, limiting their widespread appli-
cability, is the not fully satisfactory values of the parameters
characterising functional properties of the films produced
from them, e.g. relatively low mechanical strength of the
film, degradation rate in various environments and, conse-
quently, changes in mechanical, physical as well as thermal
properties during storage (Voon et al., 2012). In addition,
their resistance to the growth of microorganisms on the sur-
face should be considered, and consequently, the impact on
the microbiological purity of the stored products as well as
the potential release of harmful compounds into the pack-
aged product (Pérez et al., 2021). In order to overcome these
limitations, scientists are making various attempts to modify
biopolymer films. The most common of these is a combina-
tion of 2 or more biodegradable polymers (Izzi et al., 2023;
Khan et al., 2023) plasticiser additives (Hern4ndez et al.,
2022), chemical modifications, the addition of nanoparticles
or nanofillers (Neethirajan et al., 2011; Wang et al., 2022),
as well as active ingredients (Gulati et al., 2023; Ver6nica
et al., 2023). Nanoparticle additives are innovative but con-
troversial approach. Chemical modifications seem to be
promising; nonetheless, they have many restrictions result-
ing from economic- and safety-related aspects, as well as
potential application on an industrial scale, especially in the
food industry. Hence, the approach taking the concepts of
combining polymers with additions of natural active ingre-
dients into account seems to be a justified, economical form
of modifying biopolymer films (Dutta & Sit, 2023; Shakouri
et al., 2023).

One of the polymers with very great applicative poten-
tial is furcellaran. It is a negatively charged copolymer of
B-carrageenan and k-carrageenan obtained from red algae.
The feature distinguishing it from other biopolymers is
its ability to form gels that are transformed from a ball
to a helix, i.e. from a disordered to ordered state. This
allows the modification of biopolymer films and shaping
the desired functional properties of packaging materials
(Marangoni et al., 2020; Schaefer et al., 2020). Recent
literature reports demonstrate the validity of combining
two polysaccharides in the synthesis of biopolymer films.
In their research da Silva Pereira et al. (2021) indicate that
the mechanical and barrier properties of protein- and pol-
ysaccharide-based films can be improved through interac-
tions between the components. They have shown that these
interactions can affect film properties such as texture, ther-
mal stability or chemical structure. Izzi et al. (2023) in
their study also demonstrate that combining more than
one biopolymer for film formation leads to the precipita-
tion of materials with better mechanical and barrier prop-
erties compared to those having only one component. In
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the present study, a protein-polysaccharide complex was
developed using furcellaran and gelatin, both of which are
capable of forming gels.

The use of biopolymers capable of forming gels makes
it possible to innovatively modify the material by using two
biopolymer layers. As demonstrated by Grzebieniarz et al.
(2023) and Saini et al. (2021) the synthesis of multilayer
biopolymer films can significantly improve the performance
of composites by improving, among other things, its barrier
properties or increasing the strength of the material. The
formation of multilayer biopolymer films is an innovative
pathway for the synthesis of biopolymer materials with very
high development potential and significant opportunities for
their improvement and modification.

In their research Ribeiro et al. (2021) note a recent trend
in packaging research focusing on the using natural sources
of antimicrobial and antioxidant compounds, such as natu-
ral plant extracts. They indicate that this area of research is
motivated by environmental and health concerns. As future
challenges in this area of research, they identify the need for
a comprehensive analysis of the physicochemical and per-
formance properties of biopolymer-based films, especially
in the context of assessing the effects of natural extracts on
film parameters.

The addition of plant extracts of films has been exten-
sively reported in the literature, however, focusing only on
the modification of monolayer films (Kumar et al., 2022;
Silva-Weiss et al., 2013). As an active ingredient, it has been
shown to improve antimicrobial, barrier, mechanical or ther-
mal properties. Due to the origin of the extract and the sol-
vent used, biopolymeric materials can be successfully modi-
fied (da Rosa et al., 2020; Xu et al., 2021). The evaluation
of the effects of plant extracts on multilayer films appears to
be of great importance in view of the possibility of modify-
ing biopolymer-based materials through the use of natural,
non-toxic compounds and the properties of the biopolymers
themselves. However, since research in this field has only
recently been carried out, there are still relatively few areas
that need further investigation with a particular focus on
the effect of plant extracts on the performance properties of
multilayer biopolymer films.

Due to the fact that the actions undertaken to improve
the composition of double-layer films based on furcellaran
and gelatin, additionally enriched with additives, are highly
innovative, and it is extremely important to subject the pro-
duced films to quality assessment considering the features
and properties characterising their applicative value. Assess-
ing the value in use, understood as the degree to which the
set of properties of the packaging material meets the require-
ments related to its application, is crucial to determine the
potential for using the material in the case of a specific food
product group with concrete quality requirements (Cholewa-
Wojcik, 2016; Vaziri et al., 2022).
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As part of work on improving the composition of the
biopolymer double-layer packaging material under develop-
ment, the addition of natural plant extracts was introduced in
order to determine the effect on the physicochemical prop-
erties of multi-layer biopolymer films based on furcellaran
and gelatin. In addition to standard methods used to evaluate
the quality and performance of biopolymer packaging films,
a method of positron annihilation lifetime spectroscopy
(PALS) was also used, which may become an interesting
tool in the selection and optimisation regarding the composi-
tion of biopolymer packaging matrices. Water extracts from
commonly available and economical plants: lingonberries,
black pepper, garlic, dried tomatoes and tansy herb were
prepared. The extracts were added to the 1st furcellaran layer
in the double-layer films, and the planned tests were carried
out on the composites obtained in this manner. The structure
was characterised by atomic force microscopy (AFM) and
scanning electron microscopy (SEM). Colour and barrier
properties against UV light, water properties such as water
content, solubility and contact angle as well as thermal prop-
erties (DSC) were determined. Another area of research was
gas barrier properties as a function of time. Water vapour
transmission rate (WVTR) and oxygen transmission rates
(OTR) were analysed over a 6-month period. Due to the fact
that the parameters characterising the functional properties
of the packaging material are one of the priority components
determining the final quality of the packaging, the analysis
of the obtained results (so-called technical parameters) was
the basis for assessing the quality of composites as innova-
tive packaging materials for food products. The hypothesis
of this study was to prove whether the innovative solution
to corelate PALS with the gas barrier properties and using
active furcellaran/gelatin-based double-layer films are ways
to eliminate the functional drawbacks of single-layer films.

Materials and Methods
Materials

Gelatin (GEL) was purchased from Chemland (Stargard,
Poland) and furcellaran (FUR) was supplied by Est-Agar AS
(Karla Village, Estonia). The declared molecular weight of
the FUR was 2.95 x 10° Da, while the chemical composition
included carbohydrate content, 79.61/100 g; protein content,
1.18/100 g; and fat content, 0.24/100 g. Glycerol was also
purchased from Chemland (Stargard, Poland).

The implemented spices grainy black pepper (Kamis,
Poland), granulated garlic (Kamis, Poland) and dried toma-
toes (Kamis, Poland) were purchased in a nearby Lidl store
(Krakéw, Poland), lingonberries came from Natura Wita
(Pificzéw, Poland), and tansy herb (Tanacetum vulgare) from
Plantago (Ztotéw, Poland).

Preparation of Aqueous Plant Extracts

All the aqueous extracts were prepared in the same way, and
a detailed description can be found in the paper by Jamréz
et al. (2022a, b, ¢). Furthermore, 10 g of black pepper fruit
(BPE), dried tomatoes (DTE), lingonberry fruit (LBE), tansy
herb (TVE) or granulated garlic (GE) were weighed succes-
sively and poured into 90 ml of deionised water. The mixture
was then stirred at 80 °C for 2 h. The resulting extracts were
filtered using quantitative filter paper.

Preparation of Double-Layer Films

The 1st layer of the film was a 1% furcellaran solution with
the addition of aqueous plant extracts. Glycerol was used as
a plasticiser in a ratio of 1:1, according to polymer weight.
In 5 beakers, 370 ml of 1% FUR solutions were prepared, to
which 100 ml of water extracts (LBE, BPE, DTE, TVE, GE)
were successively added. The solutions were left in condi-
tions of constant stirring at 60 °C for 1 h. Then, the solutions
prepared as such were poured onto a mould and allowed to
transform into a gel. At this time, the 2nd layer was prepared.
Five beakers contained 470 ml of 1% FUR, to which 2.35 g
of gelatine were added, while constantly stirring (tempera-
ture 60 °C, duration 20 min). The solutions prepared in this
way were poured onto the 1st film layer. The films were
allowed to dry at room temperature under a lab hood, and
after complete drying, they were removed from the moulds
for further analysis.

Positron Lifetime Spectroscopy

In the present work, a digital positron lifetime spectrometer
purchased from TechnoAP was used (Mawatari, Japan). As
the detector, 2 photomultipliers were applied: H3378-50
coupled with BaF, scintillators in the form of a disc. The
time resolution of the spectrometer was about 180 ps. The
isotope 22Na was used as the positron source. The isotope
was enveloped into a 7-pum thick Kapton film. The activity
of the source was approximately 1.9 MBq. Samples com-
prised 2 stacks of 7 films with a total thickness of about
1.5 mm which sandwiched the positron source. All spectra
containing more than 1.5x 10° counts were deconvoluted
using LT code taking the source contribution and subtracting
the background into account (Kansy, 1996).

Atomic Force Microscope - AFM

Surface topography images were obtained with the Dimen-
sion Icon XR Atomic Force Microscope (AFM) (Bruker, Santa
Barbara, CA, USA). The microscope was operated in the air
via the Peak Force Tapping (PFT) mode. Standard silicon can-
tilevers with a nominal spring constant of 0.4 N/m, nominal tip
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radius <2 nm and triangular geometry were used in the analy-
sis. Before evaluation, each sample was cut into appropriately
sized pieces and glued to a smooth silicon wafer.

Scanning Electron Microscope — SEM

Sample morphologies were analysed using the SEM/FIB
Quanta 3D 200i (FEI, Oregon, USA) microscope. The typical
parameters were: 5-kV acceleration voltage (current of 0.2 nA)
and 10-mm working distance. Magnifications of X 200, x 800
and x 1500 were registered for the top views of the samples.
The samples were imaged with no prior preparation. From
each sample, 2 different spots were chosen as those most rep-
resentative. The cross sections of the samples were imaged
with the same parameters, magnifications of X 200, x 500
and X 1000.

Optical and Colour Parameters

UV spectra were recorded for the film within the wavelength
range of 300—700 nm using the Shimadzu 2101 spectropho-
tometer (Shimadzu, Kyoto, Japan). The opacity was measured
according to the method proposed by Du et al. (2021) and was
calculated using the following formula:

Opacity = Agg/x ()

where A, means the absorbance value at the wavelength of
600 nm, while x is the thickness of the film (mm). The film
thickness was measured with a handheld device, Mitotuyo,
No. 7327 (Kawasaki, Japan).

The surface colour of the composites was evaluated using
the reflection method via the Color i5 spectrometer (X-Rite,
Grand Rapids MI, USA, illuminant D65) with the following
parameters: measuring geometry d/8, observer 10°, spec-
tral range 400-700 nm and measuring gap 25 mm. A white
standard plate with the following parameters: L* =98.82,
a*=—0.36 and b*=3.28 was used as the background.

The results are demonstrated as L* (lightness), a*
(red—green) and b* (yellow—blue). The whiteness (WI) and
yellowness indices (YI) were also estimated based on the for-
mulas below:

WI = 100 — \/(L—L*)2+(a—a>k)2+(b—b %)? )
YI = (142.86 X b *)/L * 3)

Water Content and Solubility in Water
The water properties were determined according to the

method proposed by Kavoosi et al. (2014) and Souza et al.
(2017). From each film, 20 X 20-mm squares were cut
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out and then weighed to the nearest 0.0001 to determine
the initial weight (W1). The samples were dried for 24 h
at 70 °C, and re-weighed (initial dry weight—W?2). Each
sample was placed in 30 ml of deionised water and stored
at room temperature. After 24 h, the samples were dried
again at 20 °C for 24 h and weighed (final insoluble mass—
W3). Before the analysis, the samples were conditioned
by storing them in a desiccator with a saturated solution
of Mg(NO;), (RH=~53%) at room temperature for 48 h.
Water content and solubility were determined using the fol-
lowing formulas:

Water content [%] = [(W1 — W2) x 100] / W1 4)

Solubility [%] = [(W1 — W3) x 100] / W1 (5)

Water Vapour Transmission Rate (WVTR)
and Oxygen Transmission Rate (OTR)

Water vapour transmission rate (WVTR) and oxygen trans-
mission rates (OTR) were determined as a function of time
using the gravimetric method according to ISO 2528:2017.
A special vessel was filled with a drying substance (silica
gel), which was then covered with the tested material and
placed in a chamber with a regulated microclimate. Condi-
tions of 23 °C and 85% humidity were used to establish the
WVTR value, and 23 °C and 50% humidity were imple-
mented to determine the OTR value. The analysis included
4 measurements immediately after film preparation and after
1, 4 and 6 months.

Contact Angle

The contact angle of the tested films with respect to water
was determined via the sessile drop method at room tem-
perature (~23 °C) using a video contact angle measurement
system (OCA, Dataphysics, Germany). A drop of deionised
water (8 pl in volume) was dotted onto the surface of the
film with a micro-injector, and then an image was obtained
and analysed.

Thermal Properties-Differential Scanning
Calorimetry (DSC)

The thermodynamic characteristics of the films were determined
by using the DSC 4000 differential scanning calorimeter (Perki-
nElmer, USA). Samples (approximately 5 mg) were hermeti-
cally closed in aluminium pans and heated from 30 to 300 °C at
arate of 10 °C/min. An empty aluminium pan was used as a ref-
erence. Temperatures and enthalpy of thermal transitions were
determined with the use of Pyris software (PerkinElmer, USA).
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Statistical Analysis

All analyses were performed in at least 3 replicates. Dif-
ferences between the means of the data were tested for
statistical significance at p <0.05 using Statistica software
(Stat Soft, Inc., USA). The Saphiro-Wilk test was used to
check normality of distribution, while one-way ANOVA was
applied to assess the significance of differences between the
mean values. Turkey’s post-hoc tests were also implemented.

Results
Positron Annihilation Lifetime Spectroscopy (PALS)

A nucleus of 2>Na undergoes the p*-decay emitting a positron
which enters the material studied. Emission of the positron is
followed by emission of a 1.28-MeV photon. The detection of
the photon indicates ‘birth’ of the positron. The detection of
one of the annihilation photons of energy totalling 511 keV
marks ‘death’ of the positron allows to determine its lifetime.
This is the basis of PALS. In molecular materials, the posi-
tron and electron pair can form a bound state before anni-
hilation, which is an analogue of the hydrogen atom, called
positronium (Ps). Ps has can be formed in regions of low
electron density such as pores or inter- and intra-molecular
spaces. In the case of polymers, the latter are called local
free volumes or holes. Due to the arrangement of the spins
of both particles, Ps can exist in 2 states, so-called para-Ps
(p-Ps), when the spins are set anti-parallel and orto-Ps (o-Ps),
when the spins are parallel. When Ps is created in a vacuum,
the ratio of the p-Ps to 0-Ps is 1:3 and p-Ps annihilates into 2
photons with the lifetime of 125 ps for, while o-Ps annihilates
into 3 photons with the lifetime of 142 ns. In matter, due to
the presence of other electrons, the positron forming o-Ps
can annihilate with a “foreign’ electron with anti-parallel spin
into 2 photons in a process called pick-off annihilation. This
causes significant shortening of the o-Ps lifetime to a few
nanoseconds. Moreover, this lifetime depends on the size of
the local free volume holes. The positron lifetime spectrum
can be described as the sum of exponential decay functions.
Each exponential decay function, called a positron lifetime
component, is defined by its intensity / and lifetime 7. For
materials where Ps is formed, there are usually 3 positron
lifetime components. The shortest one, 7;, comes from anni-
hilation of p-Ps, the medium one, 7, within the range of 0.3
to 0.45 ns, originates from annihilation of positrons which do
not form Ps, i.e. free positrons and the longest one, 7; come
from annihilation of 0-Ps in the pick-off process.

To obtain information on the size of the local free volume
hole, the following relationship is commonly used (Eldrup
et al., 1981; Tao et al., 2020). It links the radius of free vol-
ume R with the o-Ps lifetime z5:

R 1 . R -1
2,[ns] = 0.5[1 - g g sin <2nR+ A)] )

where A =0.1656 nm and this is an empirical parameter
describing the depth of penetrating the positronium wave func-
tion into the area surrounding the free volume hole where
the electrons are located. The increase in the value of radius
R causes a non-linear increase in the value of the lifetime
component 7.

In Fig. 1, the results of the positron lifetime measure-
ments are presented for the as received biopolymers and
after storage for 6 months. Shown are the o-Ps lifetime, 7;
(Fig. 1A) and the average volume of the free volume holes
Vh=4/3nR3/3 (Fig. 1B) calculated using the free volume
radius given by Eq. (1).

Another important parameter characterising the proper-
ties of the material is the fraction of free volumes f, in the
material under study. There have been attempts to connect it
with the intensity of the o-Ps component, /3, in the spectrum
via the following formula (Wang et al., 1990).

fi=a VL, @)

where f, is given in %, Vh=4/3nR3/3 is expressed in 10\3, and
the coefficient a=0.0018 (Wang et al., 1990). However, this
equation should be used with caution because various fac-
tors can influence /5 and not only changes in the fraction of
the free volume. Results of the /; intensity component were
higher for the reference than for furcellarans with extracts.
In the case of the obtained biopolymers, the value for the
reference was 24.4 +0.1%, and after storage, 25.4 +0.1%.
For all furcellarans with extracts, the values were similar
both for the achieved fims and after 6 months of storage,
the average value being 22.2 +0.1%. Results for value of the
radius R and fraction of free volumes f, are given in Table 1.

Uncertainty related to the quantities in Table 1 are as fol-
lows: R — 0.001 nm, f, — 0.1%.

The introduction of additives to the base polymer causes
a decrease in 7; and hence a reduction in the average size of
the free volume holes in comparison to the reference sample.
However, these changes are small. The changes are more
visible for TVE, DTE and GE than for the BPE and LBE
films. The situation is similar for the intensity of the o-Ps
component, /5, and therefore, the free volume fraction f,,.

Storing the films for 6 month causes a decrease in the
average size of the free volume holes for all samples. This
decrease may correlate with the decrease in water vapour
transmission rate. The smallest size was observed for the
TVE and GE films.

The application of PALS in the study of coatings
reported in literature, films and food packaging allowed to
indicate that the method is able to demonstrate differences
in porosity at the molecular level in the tested materials
(Reineccius & Yan, 2016). Small changes in size of the
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Fig. 1 The value of the third lifetime component, 7; (A) and the average size of the free volume holes V), (B)

free volume holes significantly affect diffusion due to the
exponential dependence of diffusion on these sizes. This
relationship has some support in the free volume theory by
Cohen and Turnbull (1959). Within the framework of this
theory, the relationship between the diffusion coefficient of
a penetrant, D, and the average free volume of a polymer,
V,, is the following:

D = ART exp [-B/ V)] (8)

where R is the gas constant, while A and B are empirical
constants. The reciprocal correlation between the size of
the free volume holes and logarithm of gas permeability
is as was shown for polyhydroxyimides (Nocon-Szmajda
et al., 2021).

Research on glassy carbohydrate encapsulation systems
performed by Drusch et al. (2012) and further, by Serfert
et al. (2013), allowed to note that an increase in the free
volume holes negatively influences oxygen diffusion. How-
ever, according to those authors, oxygen diffusion rates may
depend not only on free volume size but also on oxygen solu-
bility in a matrix. This may shed light on oxygen permeabil-
ity results regarding the films under study, for which it was
shown that despite the same size of the free volume holes
for TVE and GE films, only the latter exhibited significant
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decrease in oxygen permeability after 6 months of storage
(Fig. 2).

Recently, PALS has shown great potential in differenti-
ating the size of free volume elements that present similar
bulk properties but significant differences in the stability
of the microencapsulated oil, showing that the oxygen dif-
fusivity through the matrix must be a key determinant in
auto-oxidation of the encapsulated oil.

Table 1 PALS measurement

R (m) f, (%)
results
Reference 0276 3.9
After storage 0.266 3.6
TVE 0265 3.0
After storage 0.258 2.8
DTE 0267 3.1
After storage 0.262 3.0
BPE 0275 35
After storage 0.262 3.0
GE 0264 32
After storage 0.258 3.0
LBE 0270 34
After storage 0.260 3.0
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Fig.2 Water vapour permeabil-
ity (A) and oxygen permeability
(B) as functions of time

——LBE —-GE —-BPE

DTE —-TVE

300

280 +

260 +

WVTR [g/m 2 -d]

240 +

220

B ~o—LBE

Month

——GE —-BPE DTE —-TVE

80

OTR [cm3/m2 ‘d]
N (=)
(=] (=]

(3o ]
(=
l
T

Water Vapour Transmission Rate (WVTR)
and Oxygen Transmission Rate (OTR)

WVTR (A) and OTR (B) parameters of the analysed com-
posites are presented in Fig. 2. It has been demonstrated
that in the case of water vapour permeability, the results
significantly differed (p < 0.05) depending on the type of
plant extract.

A statistically significant (p <0.05) decrease was also
observed in the WVTR value after the first month of film
analysis. Jamr6z et al. (2022a, b, ¢) and Bonilla and Sobral
(2016) showed that the addition of plant extracts did not
significantly improve the WVTR value. However, in the

1 4 6
Month

study, it was indicated that there are significant differences
between the various extracts, and the lowest value was
observed for LBE, which exhibited the most hydrophobic
nature. Jamrdz et al. (2022a, b, ¢) observed a completely
different phenomenon. These authors enriched double-
layer films based on furcellaran and CMC with lingon-
berry extract, and the obtained values were within the
range of 852.00-957.47 g/m® x d. Not only is the selection
of the active ingredient important, but also the fine-tuning
of the film-forming matrix is of great significance as well.

The analysis of oxygen barrier properties showed that the
type of film is not significant (p > 0.05), however, as in the
case of the WVTR value as a function of time, a statistically
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significant (p <0.05) decrease was observed. The lowest OTR
values were noted in films enriched with garlic extract. The
obtained data confirm the validity of PALS analysis, which
showed that after 6 months of storing the tested films (Table 1),
the GE-enriched biopolymer matrix reduces the size of free
volumetric holes during storage, making it difficult for oxygen
molecules to penetrate. The barrier properties of biopolymer
films depend on many factors, including material thickness and
composition, permeability as well as microclimate conditions
such as temperature and humidity (Jamrdz et al., 2019). Lower
WVTR and OTR values are a desirable feature in the case of
biopolymer films, especially those with potential use for food
storage. Barriers to water vapour can reduce the migration of
moisture, and thus, contribute to extending the shelf-life of
products (Jamroz et al., 2020).

Atomic Force Microscopy (AFM) and Scanning
Electron Microscopy (SEM) Analysis

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) were used to visualise the topography
and surface structure of the film. These results are shown
in Fig. 3.

All films, both the 1st (A) and 2nd layers (B) of the com-
posites, were analysed. For all the obtained composites, the
structure of the 1st layer was much rougher, which may have
been due to the addition of water extracts. Medina-Jaramillo
et al. (2017) demonstrated that there is a significant relation-
ship between the roughness of the material and its hydropho-
bicity/hydrophilicity. Therefore, the surface roughness of the
composites results from the hydrophilicity of the added com-
posites. These authors achieved a similar result to Ju et al.
(20194, b) as well as Jamroz et al. (2022a). The 2nd layer of
the composites was characterised by lower roughness com-
pared to the 1st one. Pure FUR and GEL films have a dense
and non-porous structure (Jamréz et al., 2022b; Makarova
et al., 2022; Yao et al., 2019). The observed roughness may
have been caused by the presence of insoluble compounds
in the extracts and the movement of hydrophilic molecules
to the surface of the film during the drying process (Ju et al.,
2019a, b).

Both the structure of furcellaran and gelatin have a spe-
cific smooth, compact surface (Jamro6z et al., 2018). The
addition of plant extracts significantly affected its appear-
ance (Fig. 3C). Here, a spongy structure can be observed that
is very ordered, which can also directly affect the gas barrier
properties. The ordered, compact structure of the film can
be a strong barrier for gases, hindering the migration path.
Moreover, the separation of the layers was not as pronounced
as was the case in other double-layer films (Jamrdz et al.,
2022a, b, c), however, this may indicate high compatibility
between the 2 biopolymers present in the films.
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Optic and Colour Parameters

All films showed barrier properties against UV light, which
is shown in Fig. 4. The highest UV barrier was shown in
the case of films with the addition of lingonberry extract,
pepper and tansy, and the lowest with garlic and tomato
extract. The barrier effect of LBE against UV light has been
observed and previously described by Jamr6z et al. (2022a,
b, ¢) and indicates the action of phenolic components. For
the black pepper extract, the maximum absorbance value is
observed at a wavelength of about 350 nm, which is related
to the presence of piperine in its composition, an alkaloid
that gives the spice a characteristic taste (Aziz et al., 2015).
The high barrier properties against UV light in the case of
tansy is associated with the presence of flavonoids. Several
main flavonoids found in this plant can be distinguished,
namely: apigenin, acacetin, luteolin, cynaroside, eupatilin
and jaceidin (Kurkina et al., 2011). The main active sub-
stance of garlic is allicin, which is formed as a result of the
action of the enzyme allinase on allin. It is a phytoncide
with strong bactericidal effects and a characteristic smell.
Bocchini et al. (2001) conducted a UV analysis of allicin,
obtaining the highest absorbance value within the range of
300 and 200 nm, indicating that allicin is mainly responsi-
ble for the barrier properties of the composite containing
garlic extract. In the case of the tomato extract, the highest
absorbance value was observed between 400 and 550 nm.
The decrease in light transmittance can be explained by the
presence of lutein, lycopene and p-carotene in the sample.
The increase in absorbance due to the presence of lutein and
[-carotene was observed at the level of 420—450 nm, and for
lycopene, 470-500 nm (Siti Imama et al., 2020).

As expected, all films showed high opacity (Table 2).
There are many studies in which the effects of plant extracts
have been noted with regard to the degree of film opacity,
due to the colour resulting from the presence of dyes, which,
at the same time, contributes to the reduction of UV light
transmission (Gulati et al., 2023; Munir et al., 2019). In all
the films, the values of parameters L*, a* and b* differed
significantly and were consistent with the visual observation
(Table 2). The highest value of the L* (lightness) param-
eter with the highest transparency was obtained for the film
with the addition of GE, and the lowest for the film with the
addition of LBE. A similar effect was obtained for the film
with lingonberry extract Jamrdz et al. (2022a, b, ¢) noted
that the degree of opacity increased with the concentration
of the extract, and Gulati et al. (2023) noted that the total
colour difference AE also increased with increasing extract
concentration. This may be due to the selective absorption of
low-wavelength light by phenolic compounds (Fabra et al.,
2018), and the same UV light barrier mechanism for garlic
extract was indicated by Salim et al. (2022), who have also
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TVE LBE DIE GE BPE

Fig.3 AFM photographs of the surface. A First layer (FUR + plant extract). B Second layer (FUR+GEL), 1 — LBE, 2 — DTE, 3 - TVE, 4 -
BPE, 5 — GE. C SEM cross-section photographs of tested films
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Fig.4 UV-Vis spectra of the analysed composites

shown high barrier properties for films containing garlic
extracts.

As Ortiz-Duarte (2021) and Janior (2021) have shown,
the characteristics of optical properties and opacity are of
great importance in the context of the potential application
of films in the food industry. The use of films with high bar-
rier properties makes it possible to create a protective barrier
and support for food to improve its sensory properties. Light
passing through the packaging material may promote oxida-
tion reactions of photosensitive compounds, consequently,
shortening their shelf-life. The primary function of packag-
ing materials and packaging made of them should therefore
be to protect products, e.g. against the negative effects of UV
light and, as a result, to extend shelf-life, protect against loss
of colour and nutritional value as well as the presence of an
unpleasant taste. In addition, the use of natural dyes allows
to reduce the share of synthetic dyes in the food industry
(Arfat et al., 2017; Salim et al., 2022).

FUR-based films are hydrophilic, and the addition of
plant extracts affects both the 1st and 2nd film layers (Jam-
roz et al., 2021). Various effects of plant extracts on water
parameters were observed (Table 2). There are 2 types of
water-biopolymer interactions. If the water content is less
than 100 g per 1 kg of biopolymer, hydrogen bonds cause
the formation of a water-biopolymer system. However, if the
water content reaches a level above this value, water-water
interactions occur inside the biopolymer matrix (Zajac et al.,
2021). For the LBE and GE films, an increase in the value
towards hydrophobic properties was observed, while for
the lingonberry extract, we noted a WCA value above 90°,
which proves the hydrophobicity of the composite. Simi-
larly, it was for these films that the lowest water content was
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found. For the remaining films, the addition of plant extracts
increased the hydrophilicity, which may be related to the
presence of numerous phenolic groups in the extracts, fur-
ther improving the interaction of the film with water mole-
cules by reducing the contact angle and increasing the water
content in the composite (Sun et al., 2017).

As described by Junior (2021) biopolymer films tend
to be hydrophilic, which results in low barrier properties
against water vapour and, consequently, in reduced func-
tional values and potential applications. Therefore, it seems
important to analyse the possibility of modifying and alter-
ing biopolymer films to increase hydrophobic properties
and improve barrier properties. Both furcellaran and gela-
tin films are hydrophilic and have high solubility (Jamréz
et al., 2021; Tagrida et al., 2023), and additionally, plant
extracts contribute to increasing the solubility of biopolymer
films (Tagrida et al., 2023). Presenting these components
in a different configuration and arrangement can eliminate
the problem of excessive solubility. The obtained double-
layer films based on furcellaran, gelatin and plant extracts
are characterised by good water properties, which may have
resulted from the formation of a furcellaran-gelatin complex,
already presented earlier by our team (Jamroz et al., 2018).

Thermal Properties

In Table 2, the melting point (7m) and enthalpy (AH)
of the film with added extracts are shown. The endo-
thermic peak of the furcellaran-based film is approxi-
mately 206 °C, while for gelatin films, it occurs between
130-140 °C, which is most likely associated with a partial
change regarding the helix-coil of some proteins (Jamrdz
et al., 2019). The observed value of the melting point is
within the range characteristic for the FUR/GEL com-
posite. The highest enthalpy value was obtained for the
film containing LBE. This may be due to the presence of
water-polymer hydrogen bonds, which can stabilise the
structure of the composite, good miscibility of the com-
ponent polymers or the interaction of the FUR matrix with
the phenolic compounds of the lingonberry extract. The
reinforced film structure showed higher thermal stability,
requiring more energy to break down the internal interac-
tions (Jamroéz et al., 2021, 2022c¢). In the work by Jamréz
et al. (2022c), the authors added lingonberry extract to
a double-layer film based on furcellaran and CMC and
observed that as the concentration of lingonberry extract
elevated, the AH value also increased. However, even at
the highest concentration of the extract, the value of AH
was lower (164.1 J/g) than in the case of double-layer
films based on furcellaran and gelatin enriched with the
blueberry extract. These results indicate that the film-
forming matrix is of great importance in the preparation
of materials based on biopolymers.



Food and Bioprocess Technology (2024) 17:1201-1214

1211

Table 2 Functional properties and external appearance of the analysed composites

TYPE OF FILMS
Parameter *
LBE GE BPE DTE TVE
COLOUR PARAMETERS
L* 71.56+0.32" 88.19+0.11° 72.07+0.38" 82.17+0.22° 60.30+31.29°
a* 12.96+0.20¢ -0.50+0.05° 7.42+0.20¢ 5.49+0.14° 4.56+0.09°
b* 34.42+0.23¢ 19.54+0.37* 38.81+0.37¢ 5.49+0.29° 43.4240.19°
WI 53.46 77.16 51.61 80.56 40.99
YI 68.85 31.66 76.93 9.54 102.86
Appearance
The opacity 0.78+0.03° 0.30£0.11% 0.68+0.15" 0.36+0.02° 0.50240.06*
Thickness [um] 240.60£6.43°  280.20+12.91°  206.60 £3.51°  244.80+3.19°  140.09+129.64
WATER PROPERTIES
1% layer 1% layer 1% layer 1% layer 1% layer
(FUR/LBE) (FUR/GE) (FUR/BPE) (FUR/DTE) (FUR/TVE)
92.0440.73% 87.61+2.67° 59.71+1.18¢ 36.56+1.534 52.71+2.80°

Water contact angle .‘ A _‘. A A

[°] 2" Jayer 2" Jayer 2" Jayer 2™ Jayer

2" Jayer
(FUR/GEL) (FUR/GEL) (FUR/GEL) (FUR/GEL) (FUR/GEL)
81.7241.07¢ 51.9743.212 84.00+2.084 56.57+1.02° 64.9942.67¢

A = A = S

Water content [%] 9.47+0.55% 8.88+0.48° 12.33+1.42¢ 12.74+2.51°¢

12.01+0.52°¢
Solubility [%] 70.48+1.14%  58.4042.45%¢  59.2643.40% 63.23+6.03* 64.11 £5.41%
THERMAL PROPERTIES
Peak temperature
Ty (°C) 168.07+1.8° 164.6242.5®  158.73+4.9®  156.81+4.7% 156.22+5.9°

Enthalpy (AH) (J/g) ~ 229.64+7.53°  175.64+£12.63 202.724£12.06°  200.6+12.72*  165.24+7.73%®

*Parameters marked with the same letters (a, b, c, etc.) do not differ significantly at the significance level of p < 0.05
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Conclusions

Evaluating the quality of double-layer films based on FUR/
GEL films with the addition of aqueous plant extracts, car-
ried out on the basis of the analysis of parameters charac-
terising the functional properties, showed that these films
have great applicative potential and can be used as an
alternative to food packaging based on plastics. A decrease
in the WVTR and OTR values was observed, which is a
desirable phenomenon due to the possibility of ensuring
better conditions, e.g. for stored food. Water, colour and
optical properties depend on the type of extract used, in
particular, its active substance or the amount of phenolic
compounds. All the analysed films showed good barrier
properties against UV light. The type of water extract does
not significantly affect the water vapour permeability of
the film, but it differentiates the degree of oxygen perme-
ability. With the passage of storage time, the WVTR and
OTR values of the produced biopolymer films decrease,
which may be related to changes in the micro-environment.
In addition, the conducted research using the PALS method
allowed to confirm that the addition of plant extracts, in
particular, those from garlic, affects the parameters of gas
permeability after 6 months of storage, which is a highly
satisfactory result. In this work, a new direction of research
is indicated, concerning the determination of the correla-
tion between PALS analysis and the performance parame-
ters of biopolymer films. The remaining results of research
on the quality assessment of the produced biopolymer films
were confirmed by relatively stable performance param-
eters. Nevertheless, due to the developmental nature of this
work, further research is necessary to determine the impact
of the packaging material on changes in the shelf-life of the
product packed in it. The acquired knowledge will allow
for the identification of further activities in the field of
developing the concept of innovation regarding integrated
products, as well as managing their life cycle.
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