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Abstract

Herein, sodium alginate (SA) and hydrolyzed collagen (HC) blend films incorporating propolis extract (PE) (1-4 wt%) were
prepared. A thorough morphological, structural and property-related evaluation has been provided. Micro-structurally, the
incorporation of low PE concentrations resulted in more uniform SA/HC films. The FTIR results confirmed no modifications
in the film’s functional groups, and the crystallinity degrees (XRD) of the films ranged from 4.1 to 5.6%. The incorpora-
tion of PE caused an increase in tensile strength, from 7.9 MPa (SA/HC) to 16.3 MPa (SA/HC/PE3%). Additionally, PE
incorporation reduced the water affinity of the films, leading to a reduction in their moisture content. A type III moisture
sorption isotherm was observed for all films at 25 °C, and the Smith’s model provided the best fit, suggesting that SA, HC
and PE presented good miscibility, reducing the availability of functional groups for adsorption of water molecules. More
importantly, the incorporation of PE improved the antioxidant activity of the films from 3.43% (SA/HC) to 22.5% (SA/HC/
PE4%), and provided an exceptional UV light blocking ability. Overall, green PE can be considered an interesting option for
the enhancement of SA/HC bioactive film performance.
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Introduction

Food packaging produced using petroleum-based polymers
has generated enormous concern as being a potential envi-
ronmental pollutant. In this sense, there is a tendency to
replace these polymers with renewable and/or biodegradable
packaging materials, such as those based on polysaccharides
and proteins [1-3]. Numerous biologically-based polymers
have shown promise for the production of films and coatings
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with food packaging applications, such as starch, chitosan,
alginate, pectin, gelatin and collagen [4-9].

Sodium alginate (SA) is a natural polysaccharide
extracted from seaweed and is composed of linear polyuronic
acid (1 —4) linked by p-d-mannuronic and a-1-guluronate,
which has good biodegradability, high compatibility and the
ability to form films [10-12]. However, pure SA-based films
still have relatively weak mechanical and water vapor barrier
properties, limiting their application in food packaging [12,
13]. SA/gelatin or SA/hydrolyzed collagen blends, which are
typical polysaccharide/protein systems, have demonstrated
good ability to form films with superior mechanical proper-
ties [13]. Hydrolyzed collagen (HC) is a mixture of amino
acids joined to form elongated fibrils. They are obtained
from animal bones and skins or even from industrial leather
waste, considered as their main structural protein [14, 15].
HC is a biocompatible and biodegradable material with
potential for the preparation of films [14, 16, 17].

The incorporation of active compounds with antioxidant
and/or antimicrobial activity is a promising alternative for
the development of active films and coatings in food packag-
ing [18]. Propolis is a resinous mixture of substances made
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by bees, mainly composed of vegetable resins and balms,
waxes, essential and aromatic oils, pollen and other sub-
stances [18-20]. Green propolis is produced by Apis mel-
lifera bees, which collect nectar from the Baccharis dra-
cunculifolia plant, which is very popular in Brazil [21, 22].
The green propolis extract (PE) has a phenolic composition
that includes p-coumaric acid and artepilin C, contributing
to its effective antioxidant capacity [23]. Due to these char-
acteristics, PE can be considered an outstanding bioactive
ingredient in biopolymer matrices for the production of anti-
oxidant films [24].

Packaging films with antioxidant compounds can interact
with foods and/or their environment, either by capturing pro-
oxidant compounds or by releasing antioxidant molecules in
packaged foods [1, 24, 25]. These active films can contrib-
ute to increasing the shelf-life of foods, as degradation is
driven by oxidation reactions [26]. The antioxidant poten-
tial of films containing PE is still little explored [24]. Some
examples of bio-based matrices incorporating PE include
carrageenan [27], starch [27-29], chitosan [30], pectin [31],
rice starch/carboxymethyl chitosan [32] and poly(lactic) acid
[33]. In the majority of works found in literature on the sub-
ject, different alcoholic/hydroalcoholic PEs have been used,
which ultimately contain compounds of low water solubil-
ity and/or are incompatible with biopolymer matrices. The
result may be development of films with weakened mechani-
cal properties from the incorporation of higher PE loads.

Faced with the enormous scarcity of the use of aqueous
green PE as a bioactive ingredient for bio-based food pack-
aging, this study aimed at the development of films based
on SA and HC blends as well as incorporating different
concentrations of PE (1, 2, 3 and 4 wt%). Unlike what has
traditionally been explored in the literature, the fundamen-
tal hypothesis of this study was that the use of the green
PE aqueous fraction would enable the development of films
with greater compatibility between the components, allow-
ing the improvement of the materials’ properties. Therefore,
the effects of PE on the structural, physicochemical and anti-
oxidant properties of the SA/HC films were assessed for the
first time. We believe that this study could be a bottom line
for the development of sustainable antioxidant films with
better general performance from the incorporation of aque-
ous green PE.

Material and Methods

Material

Sodium alginate (SA) with a viscosity (2% solution at
25 °C) of 2 cps, and glycerol was purchased from Dindmica

Quimica Contemporanea Ltda, Indaiatuba/SP, Brazil; hydro-
lyzed collagen (HC) was procured from NaturalLife, Sdo
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José do Rio Preto/SP, Brazil; and dried hydrosoluble green
propolis extract (PE) (80% purity) was donated by Apis
Flora Industrial e Comercial Ltda, Ribeirdo Preto/SP, Brazil.

Preparation of Film-Forming Solution and Film
Samples

Active films from sodium alginate/hydrolyzed collagen with
propolis extract (SA/HC/PE) were prepared employing the
casting method. SA film-forming solutions (4% w/w) were
prepared via dissolving in distilled water previously contain-
ing glycerol (30 g/100 g of SA) and hydrolyzed collagen
(10 g/100 g of SA). This proportion of HC was defined from
a preliminary study [34]. Different solutions were prepared
for the evaluation of the propolis extract effect (0, 1, 2, 3 and
4% wiw, considering the total SA and HC mass as the cal-
culation basis). The film-forming solutions were previously
homogenized at 4000 rpm for 5 min in an ultra-turrax (IKA
T18 basic). Then, they were heated to 80 °C for 20 min, fol-
lowed by another homogenization at 4000 rpm for 5 min in
the ultra-turrax, and treated in an ultrasound bath for 15 min.
After this step, 50 g of the film-forming solution was poured
into polystyrene Petri dishes (14 cm diameter). The solutions
were dried in a forced-air oven (Ethik Technology, Vargem
Grande Paulista/SP, Brazil) at 40 °C for 24 h. The films
were identified as control samples: SA/HC, SA/HC/PE1%,
SA/HC/PE2%, SA/HC/PE3% and SA/HC/PE4%. All of the
films were placed in an air-conditioned laboratory at 25 °C
and 75% RH before the characterization test.

Film Characterization
Surface Morphology

Analysis of the surface and cross-section (fractured with
liquid nitrogen) of the obtained films was performed via
scanning electron microscopy (SEM) (Leo 440i, LEO Elec-
tron Microscopy/Oxford, Cambridge, England) at an accel-
eration voltage of 15 kV, 50 pA current and magnitude of
1000 X (surface) and 2500 X (cross-section). The samples
were fixed in metallic support with the aid of double-sided
carbon tape and covered with a thin layer of gold in a sputter
coater (SC7620, VG Microtech, Kent, United Kingdom).

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the films were recorded by the attenu-
ated total reflection method (ATR) using a Thermo Sci-
entific spectrophotometer (Nicolet Continuum, Madison,
USA). The spectra were recorded between a range of
4000-650 cm™! with a resolution of 4 cm™! and 128 scans.
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Thermogravimetric Analysis (TGA)

Thermal stability of the films was determined in a Thermo-
gravimetric Analyzer (Mettler Toledo, TGA/DSC1, Schwer-
zenbach, Switzerland). For this, 10 mg of each film sample
was heated from 25 to 600 °C in a nitrogen atmosphere at a
flow rate of 50 mL min~!. All experiments were conducted
at 20 °C min~! and the TG/DTG curves were also provided.

X-ray Diffraction (XRD)

X-ray diffraction analysis of the films was performed by
an X-ray analyzer (X'Pert-MPD, Philips, Almelo, Nether-
lands), using Cu Ka radiation (1.54056 A) at a scan rate of
0.033333°/s (step=0.04° and time per step=1.2 s), with
the accelerated voltage of 40 kV and the applied current
of 40 mA, ranging from 5 to 60°. The degree of crystallin-
ity was estimated from the deconvolution of the peaks and
calculation of the ratios between the areas of the crystalline
regions and the total area (crystalline and amorphous). This
was carried out using the Fityk software.

Thickness

Average film thickness was measured using a digital
micrometer (Mitutoyo Co., Kawasaki-Shi, Japan), with a
resolution of 0.1 um. Measurements were performed at 5
random locations from 5 specimens and from the same film
formulation [35].

Mechanical Properties

Tensile strength (MPa), elongation at break (%) and modulus
of elasticity (MPa) of the films were determined using a uni-
versal testing machine (Instron, 5966-E2, Norwood, USA).
For this, the samples were cut to a width of 15 mm in high
precision equipment (RDS-100-C, ChemInstruments, OH,
USA). Then, they were conditioned for 48 h at 23 +2 °C and
50+5% RH. The tests were performed with a 1 kN load cell,
at a speed of 12 mm min~! and with initial distances between
grips equal to 50 mm. For each sample, 5 repetitions were
performed [36].

Moisture Sorption Isotherms

A Dynamic Vapor Sorption system (DVS-002, Surface
Measurements System, London, UK), with controlled
atmosphere, was employed for determination of moisture
sorption isotherms. Each film sample (0.5 cmx 0.5 cm)
was previously placed in a vacuum oven (45 °C) for 18 h.
Then, the samples were cooled down to 25 °C in a desiccator
(~20 min), and 50 mg of each sample was analyzed. During
the analysis, the following RH profile was applied: 0.00,

10.56, 21.11, 31.67, 42.22, 52.78, 63.33, 73.89, 84.44, and
95% RH. The RH step lasted until reaching mass equilib-
rium, and the moisture sorption was calculated as the gained
water mass (grams) per grams of dry film at the adopted RH.

To understand the moisture sorption behaviour, experi-
mental data were adjusted to different models (Table 1). The
determination of constant parameters was carried out using
Excel®. The generalized reduced gradient (GRG) method
from the Excel Solver was carried out to estimate the GAB
and BET model parameters by minimizing the Residual
Standard Deviation (S,.) (Eq. 1). The other models were
simply linearized, allowing parameter determinations from
angular and linear coefficients. To attest for the fitting per-
formance, determination coefficients (R?) and Residual
Standard Deviation (S,.,) were provided. Models in which
R%>0.98 and S, <0.2 were considered as good fit. This was
calculated according to the following formula:

Y, —Y..)?
S = 1/ 2 Yexp = Yiim)” (1)
res n— 2
is the Residual Standard Deviation, Y., denotes

where: S, exp

the experimental value, Y;,, demonstrates the predicted
value (model considered) and “n” shows the amount of
experimental data.

Moisture Content Immediately After Film Preparation

After preparing the film samples, moisture contents (MC)
were evaluated using Eq. (2). The initial masses (w;) of the
samples were determined, and then they were subjected
to 105 °C for 24 h in an oven (Ethik Technology, Vargem
Grande Paulista, Brazil). After cooling the samples, the final

Table 1 Models for moisture sorption predictions

Model Equation Constants
Guggenheim-Ander- x — __ MoCKa, M,, C, K
son-Boer Model 4 (-Ka)1-Ka+CKa,)
(GAB)
Brunaver-Emmett—- yx - _ MoCa, M,, C
Teller (BET) o e
Smith Xy =A+B-In(1-a,) A, B
Henderson X - [_]n(,_aw)]é A, B
eq A
Flory—Huggins Xeqg =A-exp(B-a,) A, B
Oswin a \P A, B
Xy =A%)
Halsey X - [_ A ]é A, B
eq In(a,,)

Xeq equilibrium moisture content in dry basis (d. b.) in g H,0/g of
dried film; a,: water activity; A, B, C, M,,, and K—constant param-

eters
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masses (w;) were measured. The MC values (%) were deter-
mined using 4 repetitions. Below, is the formula used for
calculations:

Wi — Wy
—— % 100%
- 6 @

i

MC =

Water Vapor Permeability (WVP)

Water vapor transmission rate (WVTR), expressed in g
m~2 day~!, was determined using capsules with 50 cm? per-
meation area. Tests were carried out at 25 °C and 75% RH
in an air-conditioning chamber (Weiss Technik, Reiskirchen,
Germany), with anhydrous calcium chloride desiccant inside
the capsules. The change of mass was monitored with an
analytical balance (Mettler Toledo, Columbus, Ohio, USA)
of 10 g resolution. WVTR was estimated from the slope
of the “mass vs. time” curve [37], in 4 repetitions. Finally,
WVP (g m~! s7! Pa™!) of the film was calculated according
to Eq. (3):
WVTR X e

wyp =21 2X¢
py X RH, ©)

where: e is the specimen average thickness (um), p, shows
the water vapor saturation pressure (3168 Pa at 25 °C),
RH, demonstrates the relative humidity of the chamber
(75% =factor 0.75). RH inside the capsule was considered
to be 0 (zero).

Light Transmission

Light transmission through the films was assessed using
a double-beam UV-visible spectrophotometer (Analytik
Jena—Specord 210), with a wavelength ranging from 200
to 800 nm and a scanning speed of 120 nm min~" [38]. The
tests were performed in triplicate.

Antioxidant Activity

The antioxidant activity of the films was evaluated using
DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scav-
enging assay [30]. Briefly, 25 mg of film sample was dis-
solved in 3 mL of distilled water and then mixed with 1 mL
methanolic DPPH solution at a concentration of 1 mM. The
mixture was vortexed and incubated in the dark at 25 °C
for 30 min. The absorbance was measured at 517 nm. The
percentage of DPPH free radical scavenging activity was
determined using Eq. (4):

Abspppy — Abs

DPPH scavenging(%) =
Abspppy

extract X 100 (4)
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where: Abspppy is the absorbance value at 517 nm of the
DPPH methanolic solution and Abs,,,,.. demonstrates the
absorbance value at 517 nm for the sample extracts. The
tests were performed in triplicate.

Statistical Analysis

The results were statistically evaluated by means of analysis
of variance (ANOVA) and Tukey’s test to compare averages.
Differences were considered to be statistically significant if
p<0.05.

Results and Discussion
Surface Morphology

The microstructure confirmed by SEM photos of all the films
is shown in Fig. 1. The SA/HC films demonstrated good
homogeneity both on the surface and on the cross-section.
No streaks or micropores were observed, which proves very
good compatibility between the film components. The pres-
ence of inter- and intra-molecular hydrogen bonds between
biopolymers promotes the formation of a homogeneous
structure concerning the film-forming matrix [39]. As the
concentration of the green propolis additive increased, the
structure became spongier. The highest concentration of
propolis resulted in microcracks in the cross-section, while
the surface became granular. The addition of phenolic com-
pounds and natural pigments to the film may promote the
formation of cracks [40].

FTIR Spectroscopy

FTIR spectra of the pure PE and SA/HC/PE-based films
are presented in Fig. 2. For the PE spectra, it is possible to
note a typical band around 3360 cm™! related to the —OH
groups. The peaks at 1635 cm™" and 1556 cm™! may be due
to the stretching vibration of C=C from aromatic ring defor-
mations of phenolic compounds [41], or due to the C=0
stretching vibration of caffeic acid and its derivatives [42].
The peak at 1250 cm™! may be related to the C-H wagging
vibration of phenolic compounds or to C—O groups of poly-
ols [43], and around 980 cm™!, related to wagging —CH, of
monoterpenes [44].

Considering SA/HC and SA/HC/PE of the film spectra,
an intense band around 3344 cm™! is also present, related
to stretching vibration of —OH bonds. The peaks at approxi-
mately 1600 and 1408 cm™ are typical of asymmetric and
symmetric stretching vibrations of C—O in the COO™ group
[34, 45, 46]. Additionally, the weak peak at approximately
1080 cm™! is related to C—O and C—C stretching vibrations
of pyranose rings [47], while the sharp peak observed at
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Fig. 1 Scanning electron micrography of sodium alginate/hydrolyzed
collagen with propolis extract. Evaluation of the composite film mor-
phology, in which a, ¢, e, g and i refer to surface images with x 1000
magnification; and b, d, f, h and j refer to the cross-sectional images,
with X 2500 magnification. a and b: SA/HC, ¢ and d: SA/HC/PE1%,
e and f: SA/HC/PE2%, g and h: SA/HC/PE3%, and i and j: SA/HC/
PE4%

1028 cm™! can be attributed to the antisymmetric stretch
of C-O-C [48]. Another weak peak at 818 cm™! can be
ascribed to mannuronic acid residues [47, 49].

Overall, it has been found that the FTIR spectra of all
films containing PE had a profile very similar to the pure SA/
HC films, that is, bands typical of pure PE were not observed
due to the low concentration and superimposing signals on
similar wavenumbers. Furthermore, the presence of new
bands was unnoticed, suggesting that no new chemical bonds

3360 1635 0

1556 V150 %8

Transmittance (%)

3344

—SA/HC —SA/HC/PE1% 1408 15g0
—SA/HC/PE2% ——SA/HC/PE3% 1600
—SA/HC/PE4% —PE 1028

3800 3175 2550 1925 1300 675

Wavenumber (cm)

Fig.2 a FTIR spectra and (of sodium alginate/hydrolyzed collagen
with propolis extract

were formed and that the SA/HC/PE interactions were only
physical. This is desirable behaviour, as it would allow the
release of PE bioactive compounds from the films to the
food potentially packaged with this material.

Thermogravimetric Analysis (TGA)

In Fig. 3, the thermogravimetric characterization is shown
of SA/HC and SA/HC/PE films. The curves depict the
mass loss (Fig. 3a) of the blend samples during the thermal
screening. The derivative of the thermogravimetric curves
can also be observed (Fig. 3b). Degradation of all samples
studied occurred in 2 thermal events, which is typical for
blend films prepared from sodium alginate [50].

The first thermal event present in all films was detected
at a temperature inferior to 100 °C. Such an occurrence is
related to free water evaporation from the films, which was
around 20% at 75% RH, storage condition (Fig. 5a). The
second thermal event is associated with SA and HC thermal
disintegration, which occurs in a similar range, justifying
the presence of a single thermal event for the blend [51,
52]. The increment of PE incorporation on the sodium HC/
SA matrix, within the range of 0—4%, decreased the average
mass loss rate (Fig. 3a) of the films up to a temperature of
approximately 230 °C. A similar effect was reported in the
literature regarding the evaluation of SiO, incorporation into
SA/HC blends [52].

In Table 2, data are presented from the 2 thermal
events registered on the thermograms of Fig. 3. The ini-
tial degradation (T,,,) and maximum decomposition
(T4 temperatures of the control SA/HC film are similar
to those reported in the literature [52, 53]. As for other
formulations, there were no important changes in the
thermal behaviour of SA/HC/PE films, regardless of PE
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Fig.3 TGA a and DTGA b curves of sodium alginate/hydrolyzed collagen with propolis extract.
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Fig.4 XRD pattern of sodium alginate/hydrolyzed collagen with
propolis extract

concentration. However, a trend showing a slight decrease
in the T, ,, was observed as a result of PE inclusion in
the polymeric matrix (Table 2). This might be due to a
disruption in the polymer matrix structure caused by the
presence of propolis chains.

X-ray Diffraction (XRD)

In Fig. 4, the XRD patterns are illustrated of all samples
from the present study. The general aspect of the diffrac-
tograms reveals the semi-crystalline nature of the prepared
materials. All formulated blends, including the SA/HC con-
trol, present a similar XRD pattern with a sharp crystalline
peak at 20 = 14° and a broad one at around 20 ~ 22°, which
are characteristic of SA/HC blends [34, 52]. Through the
deconvolution of the peaks, it was possible to estimate the
degree of crystallinity for each sample from the calculation
of the crystalline and amorphous areas (Table 3).

All the film samples presented very low degrees of crys-
tallinity, highlighting its mostly amorphous nature. Differ-
ent degrees of crystallinity have been reported for SA, from
values as low as 0.06% [54], to relatively high values around
35% [55]. This variability is common, especially in the case
of natural polymers, the structural characteristics of which
are dependent on factors such as sources, extraction and
preparation methods [11].

Overall, the diffractogram patterns have similar aspects
and degrees of crystallinity, with a slightly higher value
for the SA/HC control sample. Hence, it is not possible to
claim that the incorporation of PE altered the crystallinity
of the films prepared in this study. Differently, Suriyatem
et al. found that the incorporation of PE in rice starch/

Table 2 Initial degradation

; Sample First thermal event Second thermal event

(Tynse) and maximum

decomposition (T,,.) Toneet CC) Tpa CCO) Massloss (%) Typee (°C) Tpa (°C)  Mass loss (%)

temperatures of sodium

alginate/hydrolyzed collagen SA/HC 52.61 78.78 10.75 219.78 232.18 69.37

with propolis extract SA/HC/PE1%  52.64 87.35 1041 217.13 230.43 68.97
SA/HC/PE2%  59.30 88.58 9.98 218.42 230.59 69.96
SA/HC/PE3%  53.23 86.91 10.75 217.41 228.72 69.33
SA/HC/PE4A%  62.68 94.33 10.51 218.12 229.42 69.03
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Table 3 Ratios between

L ) Sample Degree of
Crystalllpe and total areas crystallinity
(crystalline and amorphous) (%)
under the XRD patterns

SA/HC 5.6

SA/HC/PE1% 4.3
SA/HC/PE2% 5.1
SA/HC/PE3% 4.8
SA/HC/PE4% 4.1

carboxymethyl chitosan films reduced the crystallinity of
the blends in the case of a 2.5% concentration of the addi-
tive [32].

Thickness and Mechanical Properties

The thickness and mechanical properties of the SA/HC-
based films are shown in Table 4. The addition of PE to the
SA/HC film caused a tendency to increase the thickness, but
only the incorporation of 3 and 4% of PE provided a statisti-
cally significant increase in thickness. Moreover, the SA/HC
films incorporated with PE displayed different mechanical
properties than the control samples. It was observed that
the incorporation of PE presented a very significant influ-
ence on the tensile strength (TS) of the films. For example,
comparing the SA/HC and SA/HC/PE3% samples, there
was an increase by approximately 106% in TS. Additionally,
the modulus of elasticity (ME) of the films also showed an
increase due to the incorporation of PE, indicating that the
stiffness of the films also increased.

The reported phenomenon can be attributed to the inter-
molecular interactions, such as hydrogen bonding, between
the components presenting polar groups of PE (e.g., balsams
containing flavonoids, phenolic acids and their extracts), and
hydrophilic groups of SA and HC. As a result, the formation
of stronger interfacial adhesion between the biopolymers
and PE components [30, 56], was achieved. It is noteworthy
that water-soluble PE was used in this present study. That is,
its components present a mostly polar nature, providing an
excellent compatibilization in the polymer matrix, resulting

in higher TS as well as ME. Upon the incorporation of PE,
an apparent decrease in the elongation at break (EB) was
noted (Table 4). However, no statistically significant differ-
ences (p> 0.05) were observed. This is an important result,
as it suggests that the incorporation of PE can improve the
TS of the films without significant losses of EB. A similar
result was reported for the incorporation of propolis into
chitosan [30], and hydroxypropyl methylcellulose-based
films [56].

Moisture Content and Water Vapor Permeability

The incorporation of PE significantly (p <0.05) decreased
the moisture content of the films compared to the control
(SA/HC) (Table 5). Similar results were found for chitosan/
zein/essential oil films functionalized with propolis poly-
phenols [57]. The decrease in moisture content of the films
is mainly attributed to the interactions between biopolymers
and PE, which reduces the accessibility to free hydroxyl
groups, affecting its water absorption capacity [58, 59]. It is
noteworthy that the moisture contents given in Table 5 was
determined after film preparation and may be related to the
solvent evaporation time and the ambient relative humidity
at the moment of analysis. Moisture sorption studies were
also performed and discussed subsequently.

The WVP of the control film (SA/HC) was 2.65+0.05x 1
07! g m™' s7! Pa”! (Table 4). The addition of PE significantly

Table 5 Moisture content and water vapor permeability (WVP) of
sodium alginate/hydrolyzed collagen with propolis extract

Sample Moisture content (%) WVP (x
10%gm™"s7! Pa7h)
SA/HC 26.0+0.2° 2.65+0.05¢
SA/HC/PE1% 23.8+0.5% 3.81+£0.20°
SA/HC/PE2% 23.6+0.8% 3.13+0.14¢
SA/HC/PE3% 24.7+0.8% 4.48+0.21*
SA/HC/PE4% 24.3+0.4% 3.45+0.16™

Results reported as mean +standard deviation. * ® —Averages fol-

lowed by the same letter in the column do not differ at the 95% confi-
dence level (p<0.05)

Table 4 Thickness and

mechanical properties of Sample Thickness (um) Tensile strength (MPa) Elo‘ngation at Mo‘d.ul'us of
sodium al ginate/hydfolyzed break (%) El\?;;lty
collagen with propolis extract
SA/HC 136.9+13.8° 79+1.7° 44.6+8.9° 27.1+8.6°
SA/HC/PE1% 142.7 +20.2% 13.9+3.9%® 35.3+2.6 60.3+11.8"
SA/HC/PE2% 141.3+11.7 13.6£4.2% 383+4.8° 71.5+£30.8"
SA/HC/PE3% 165.0+18.4* 16.3+5.0 382+34° 63.0+11.9*
SA/HC/PE4% 150.5+15.3° 12.2+0.8% 393459 544127

Results reported as mean + standard deviation. ® ® Averages followed by the same letter in the column do
not differ at the 95% confidence level (p <0.05)
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Fig. 5 Moisture sorption isotherm profiles of sodium alginate and collagen hydrolyzed with propolis extract films

increased (p < 0.05) the WVP of the films, reaching a maxi-
mum value of 448 +0.21 x 1071 g m™ 57! Pa~! for the SA/
HC/PE3% sample. Even having acted as a kind of mechani-
cal reinforcement to the films, the incorporation of bioactive
compounds present in the PE may have contributed to the
increase in free volume regarding the polymer matrix, caus-
ing increased WVP. The incorporation of small molecules,
being located between macromolecules, can inevitably
generate voids around them [31]. Moreover, the addition of
higher PE loads resulted in small microstructural disconti-
nuities, possibly to a partial agglomeration of undissolved
material, as seen in the cross-section SEM images (films
with 3% PE), generating preferential diffusion paths and,
therefore, favoring the higher WVP value for this sample.
The aforementioned results are in accordance with those
reported in the literature, in which WVP was affected due
to the presence of cracks and irregularities in the polymer
matrix, resulting from the addition of propolis [60]. The
increase in WVP of biopolymer-based films due to the addi-
tion of PE was reported for poly(lactic acid) [61], and rice
starch/carboxymethyl chitosan [32] biopolymer-based films.
That is, following a trend very similar to that reported in this
study. However, SA-based films reinforced with nano-SiO,
incorporating aqueous PE showed no statistically signifi-
cant loss of water vapor barrier [62]. Despite the changes
that occurred in WVP from the incorporation of PE in this
study, it appears that its value can still be considered high for
applications such as packaging of moisture-sensitive foods.

@ Springer

Moisture Sorption Isotherms

For a more robust analysis of the interactions between ambi-
ent humidity and the films prepared in this study, moisture
sorption isotherms were obtained in high-precision equip-
ment and reported in Fig. 5. Water activities (a,) were
evaluated from 0 to 0.95, that is, the films were submit-
ted to extreme relative humidity conditions. As responses,
the absolute moisture content of the films was recorded. In
Fig. 5(a), the profiles obtained from each sample are com-
pared. It can be seen that for values of a,, <0.75, the control
film (SA/HC) showed a tendency towards retaining a higher
amount of moisture. For values of a,, > 0.8, the samples with
higher concentrations of PE demonstrated the retention of
higher absolute humidity. Therefore, the moisture content
values reported in Table 4 could have been different depend-
ing on the relative humidity and temperature conditions of
the measurement environment.

Overall, all isotherms presented a similar pattern.
Moisture content (MC) remained at very low values and
increased very little until values reached a,, < 0.4, with
virtually equivalent values for all samples. An increase in
MC only became noticeable for a,, values ranging from 0.4
to 0.95, as similarly reported for SA/HC/SiO, composites
[5]. This behavior refers to type III isotherms [63], sug-
gesting that the attractive forces between adsorbed water
and functional groups from film matrix are lower than the
attractive forces between the water molecules in the liquid
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Table 6 Adjusted parameters of i) SA/HC (control) ~ SA/HC/PE1%  SA/HC/PE2%  SA/HC/PE3%  SA/HC/PEA%
the moisture sprptlon .1sotherm parameters
models of sodium alginate,
hydrolyzed collagen and Guggenheim—Anderson—Boer (GAB)
propolis extract films M, 0.100 0.100 0.100 0.100 0.100
C 1.118 0.981 1.447 1.226 1.480
K 0.891 0.898 0.910 0.899 0917
R? 0.967 0.977 0.978 0.979 0.972
Sies 0.198 0.191 0.187 0.191 0.211
Brunauer—Emmett—Teller (BET)
M, 0.033 0.033 0.038 0.034 0.040
C 348 10.13 47.71 18.74 27.68
R? 0.103 0.856 0.845 0.849 0.843
Sies 0.098 0.085 0.102 0.091 0.109
Smith
A —0.035 -0.073 —0.056 —0.064 —0.067
B —0.208 -0.219 —0.244 —0.226 —0.262
R? 0.987 0.976 0.991 0.985 0.988
Sies 0.024 0.034 0.023 0.028 0.029
Henderson
A 3.188 2.734 3.026 2.900 2.637
B 0.577 0.344 0.567 0.458 0.474
R? 0.912 0.821 0.940 0.892 0.897
Sies 0.130 0.279 0.122 0.179 0.231
Flory-Huggins
A 0.0027 0.00007 0.0027 0.0007 0.001
B 6.140 10.409 6.230 7.759 7.404
R? 0.938 0.867 0.964 0.928 0.932
Sies 0.143 0.326 0.134 0.198 0.237
Oswin
A 0.055 0.012 0.058 0.032 0.044
B 1.106 1.864 1.130 1.399 1.341
R? 0.768 0.694 0.808 0.752 0.758
Sies 0.334 0.895 0.358 0.514 0.598
Halsey
A 0.075 0.093 0.081 0.085 0.094
B 0.720 0.425 0.703 0.568 0.597
R? 0.713 0.662 0.757 0.707 0.713
S 0.437 1.320 0.483 0.703 0.778

state. This result allows to highlight that SA, HC and PE
formed a film matrix with good compatibility, i.e., with
reduced availability of functional groups for adsorption
of water molecules [5].

Classic models of moisture sorption isotherms were
fitted to the experimental results of this study. In Fig. 5
(b—f), a comparison is provided between each experimen-
tal point and Smith’s model, which was considered the best
fit (R?>0.98 and S, <0.2) for the entire range of a,,. This
model was proposed to reproduce the final curved portion
of the water sorption isotherm of high molecular weight

polymers [64]. In Table 6, the determined parameters are
presented for all models, with R? and S,.,. Traditional
models, such as the GAB and BET, did not satisfactorily
fit the data to the detriment concerning some particulari-
ties of each case. For example, a type III isotherm does not
have a “knee point” as in the sigmoidal profiles, i.e., there
is no restricted multilayer formation [65]. Furthermore,
in this study, a very wide a,, range was considered and
the majority of models reproduced the data satisfactorily
in limited ranges. This may explain the not-so-adequate
fit of the GAB and BET models to the experimental data.
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Fig.6 Light transmission (%) of sodium alginate/hydrolyzed collagen
with propolis extract

Light Transmission

The UV-visible light transmission spectra of the SA/HC/
PE-based films are shown in Fig. 6. The control film (SA/
HC) presented a high barrier to UV light up to approxi-
mately 350 nm, with values close to 0. This behaviour
can be attributed to the aromatic amino acids present in
collagen, which are chromophores that can absorb low
wavelength UV light [66—69]. Moreover, the n — & s tran-
sitions in carbonyl groups of SA, with a maximum absorp-
tion around 283 nm, and the high absorption coefficient of
C=0 bond, below 230 nm, due to ® — 7 * transition [31,
70], may also have contributed to this effective UV light
barrier of the films at low wavelengths. Light transmission
gradually increased as the wavelength was increasing to
the visible range. Interestingly, the incorporation of PE
extended the SA/HC light barrier near O to approximately
400 nm. Furthermore, a gain in visible light barrier was
observed, in which the barrier increases with increasing
PE concentration. This behaviour is attributed to the light
absorption capacity of the phenolic compounds present in
PE [59], which present numerous chromophores groups,
such as C=C and C=0, displaying a strong light absorp-
tion capacity [24, 31].

Antioxidant Activity
The control film (SA/HC) presented a DPPH radical scav-

enging value of 3.43 +0.87% (Fig. 7). Although this film
does not contain an active extract, its antioxidant activity
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Fig.7 DPPH free radical scavenging activity of sodium alginate/
hydrolyzed collagen with propolis extract

may be due to a small proportion of polyphenolic com-
pounds present in alginates from brown algae [71] and bio-
logically active peptides from hydrolyzed collagen [72]. On
the other hand, the PE has a powerful antioxidant activity,
due to the presence of phenolic compounds. Thus, the addi-
tion of this extract can significantly increase the antioxidant
activity of biopolymer-based films [24].

Incorporation of the propolis extract to the SA/HC films
resulted in a significant increase (p <0.05) in the antiox-
idant capacity of the films. The SA/HC films exhibited
maximum DPPH radical scavenging values of 22.5% (SA/
HC/PE4%). This result is attributed to the higher concen-
tration of phenolic compounds from the propolis extract
present in the film. The main active compounds of green
propolis are quercetin, artepelin C, p-coumaric acid and
cinnamic acid [73, 74]. Corroborating these results, a pro-
portional increase in the antioxidant capacity as a function
of PE concentration was also observed for pectin [31],
starch [29], rice starch/carboxymethyl chitosan [32], carra-
geenan/starch [27], chitosan [30] and poly(lactic acid) [33]
films. Due to the great variability in the composition of the
different types of available PE, there is still much to be
explored in this field. For example, the antioxidant activity
of films containing green PE are still considered scarce,
as discussed in a recent review article [24]. Still, these
materials have great potential for applications as active
food packaging, resulting in higher quality and increased
shelf-life, especially for foods that can undergo oxidative
reactions.
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Conclusions

This study aimed to develop active films based on sodium algi-
nate (SA) and hydrolyzed collagen (HC) incorporating differ-
ent proportions (1-4% w/w) of an aqueous propolis extract
(PE). FTIR spectra of all films containing PE had a similar
profile to the pure SA/HC films. The presence of new bands
was unnoticed, suggesting that no new chemical bonds were
formed and that the SA/HC/PE interactions were only physi-
cal. There was an increase by approximately 106% in tensile
strength (comparing SA/HC and SA/HC/PE3% samples); and
the modulus of elasticity also showed an increase from the
incorporation of PE, while elongation at break decreased. Fur-
thermore, the incorporation of PE extended the UV/Vis light
barrier effect of the films, and resulted in a significant increase
of antioxidant activity. In conclusion, since the mechanical
properties can be improved; and also, light barrier and anti-
oxidant properties are imparted to SA/HC/PE3% film, this
formulation can be considered the most attractive option for
further studies in contact with foods. The film developed could
provide higher quality and increased shelf-life for packaged
foods that can undergo, for example, oxidative reactions. Sub-
sequent studies on the contact of these films with foods will be
fundamental to consolidating such applications.
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