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ARTICLE INFO ABSTRACT

Keywords: Chitosan films enriched with aqueous nettle extract (Urtica dioica L.) were evaluated by measuring their solu-
Nettle extract bility, equilibrium moisture, water vapor permeability, spectral and antioxidant properties, and microstructure.
Chitosan

Nettle extract showed a significant effect on the analyzed film properties. The addition of nettle extract man-
ifested a sharp decrease in water vapor permeability, decreasing from 5.64 - 107! to 2.22 - 107! g/m-s-Pa. The
chitosan- nettle extract films exhibited a high free-radical scavenging activity against 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Incorporation of nettle
extract into the chitosan matrix was successfully carried out to obtain antioxidant films. The results obtained
showed that the incorporation of nettle extract allowed obtaining chitosan films with antioxidant properties,
including a total phenolic content up to 1.57 mg GAE/g film. Furthermore, the films with nettle extract boast an
UV shielding ability with transmittance values close to zero in the UV region and a water solubility up to 1 %.

Active packaging

The inherent biodegradability is also a strong advantage of the developed active films.

1. Introduction

A wide variety of biopolymers including polysaccharides have been
studied for developing films for food applications. These biopolymers
are compatible with plasticizers, plant extracts and other materials,
resulting in high presence of hydroxyl, amino, carbonyl and polar
groups when the film is formed. This hydrogen bond network structure
formed between the polar groups allows the film to adopt good me-
chanical and barrier properties [1]. The study of the application of
chitosan-based films to extend the shelf life of perishable foods has
become widespread due to their biodegradability, origin from renew-
able sources and their antimicrobial properties [2]. These films can
become active packaging when components capable of enhancing the
antioxidant and/or antimicrobial action are incorporated, promoting a
protective capacity [3,4].

The development of packaging systems with antioxidant function is
essential for food protection. Textural changes, discoloration, and the
appearance of off-flavors in foods are effects related to the presence of
oxygen in the environment [5]. The development and use of active
packaging systems with antioxidant capabilities is a promising alterna-
tive to increase the stability of oxidation-sensitive foods [6].

* Corresponding author.

A wide variety of plant extracts have been studied in relation to their
effects on the techno-functional characteristics of food packaging, such
as Pistacia terebinthus [7], Santalum album [8], and Nephelium lappaceum
[9]. The use of natural antioxidants, in particular polyphenols, obtained
from plants and agricultural by-products is one of the current topics in
food packaging research [6].

Urtica, commonly known as nettle, is a plant belonging to the Urti-
caceae family characterized by its serrated leaves [10]. These leaves
have a lipid profile composed of fatty acids such as a-linolenic acid,
palmitic acid, and cis-9,12-linoleic acid. It also contains, although to a
lesser extent, n-3 and n-6 fatty acids. Its mineral profile is constituted by
micro and macroelements such as Na, K, Ca, Mg, Fe and Mn [11,12].
Nettle extract (NE) are a useful natural source of polyphenols, pigments,
and bioactive chemicals [13]. There are several species of nettle: Urtica
dioica L., Urtica membranacea Poir, and Urtica urens L. Nevertheless,
Urtica dioica L. has the highest concentration of polyphenols [14].
Polyphenols such as chlorogenic, ferulic, and chicoric acid, and flavo-
noids such as luteolin or quercetin-3-glucoside are identified in the
nettle extract [13]. The antioxidant properties of this extract depended
on the time and solvent used, as well as the time of harvesting, the sun
exposure, or the soil in which it has grown [12,15].
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Table 1
Chitosan (Ch) films 1 % (w/w) with different glycerol (Gly) and nettle extract
(NE). The number in the film sample shows the % (w/w) of that compound.

Film samples Glycerol Nettle extract
% (wW/v) % (v/v)

Ch_Glyo 0 0
Ch_GlyO_NE12.5 0 12.5
Ch_GlyO_NE25 0 25
Ch_Gly0.25 0.25 0
Ch_Gly0.25 NE12.5 0.25 12.5
Ch_Gly0.25_NE25 0.25 25
Ch_Gly0.5 0.5 0
Ch_Gly0.5_NE12.5 0.5 12.5
Ch_Gly0.5_ NE25 0.5 25

In a prior study [16], the antioxidative attributes of chitosan films
infused with NE were examined, both in their unconstrained state and
when integrated into nanoliposomes. Moreover, films with heightened
activity were developed by combining chitosan and hydroxypropyl
methylcellulose, further supplemented with NE [17]. However, it is
worth noting that the comprehensive investigation of the physico-
chemical and operational traits of unalloyed chitosan films incorporated
with NE remains an unexplored area within the existing literature.
Nettle is a highly available and low-cost plant worldwide. Therefore, it is
interesting to give it new applications. The objective of this study was to
develop an active chitosan-based food packaging film with NE extract
(Ch_NE). The effect of NE at different ratios on the optical, solubility,
water retention, equilibrium moisture content, water vapor perme-
ability (WVP) and antioxidant properties of the films were analyzed.
Scanning electron microscope (SEM) and Fourier transform infrared
spectroscopy (FT-IR) were carried out to evaluate the surface
morphology and compatibility of the mixture.

2. Material and methods
2.1. Materials

Chitosan (M,, 100,000-300,000 and CAS number 9012-76-4) was
purchased from Acros organics (Geel, Belgium). Acetic acid (CAS
number 64-19-7) and glycerol (CAS number 56-81-5) were provided by
Scharlau Microbiology (Barcelona, Spain). Urtica dioica was collected
(43°32'51.659'N 6°31'17.548"W) from Luarca (Asturias, Spain) from
September to October 2022. 2,2-diphenyl-1-picrylhydrazyl radicals
(DPPH) and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) were provided by Alfa Aesar (Haverhill, MA, USA). Folin-
Ciocalteu phenol reagent was provided by Panreac (Barcelona, Spain).

2.2. Preparation of plant extract

The nettle plant was cleaned and defoliated to obtain healthy leaves
of similar size. The nettle leaves were dried in a Model 3500 dehydrator
(Excalibur® Food, Sacramento, CA, USA) at 45 °C for 24 h to remove the
water content. Afterwards, the leaves were crushed and ground into
powder with an electric grinder. The nettle powder was stored in high
density polyethylene (HDPE) wide mouth cylindrical flasks with cap and
shutter (Duchess type) at room temperature.

The aqueous nettle extract was obtained according to the optimized
conditions previously studied as described elsewhere [15]. The nettle
extract was filtered with Whatman no. 1 filter paper using a funnel to
remove any solid residues present in the aqueous extract. The extract
was refrigerated for 24 h to precipitate any residue. Thereupon it was
filtered with a funnel and finally centrifuged at 9000 rpm and 5 °C for
20 min. The extract was stored in darkness and refrigerated at 5 °C.
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2.3. Preparation of films

Chitosan films were made by dissolving 2 % (w/w) chitosan in an
aqueous solution of 1 % (w/v) acetic acid (Table 1). The stock solution
was kept stirred overnight at room temperature. Glycerol at a concen-
tration from 0, 0.25 and 0.5 % (w/v) was added as a plasticizer.
Consecutively, NE was added to chitosan solution until a final concen-
tration of NE in the range of 0, 12.5 and 25 % (v/v) and chitosan 1 % (w/
w) by homogenizing at 15000 rpm for 2 min (Ultra Turrax®, IKA,
Staufen, Germany). The bubbles of the filmogenic solution were
removed by ultrasonic bath for 15 min.

In a Petri plate of 210 diameter, 40 ml of the resulting film-forming
solution was poured. Depending on the test, the films were cut to a
specified size and conditioned for 5 days. The thickness (mm) was
measured at five random locations using a Thickness Meter ET115S
(Etari GmbH, Stuttgart, Germany).

2.4. Scanning electron microscope (SEM) and Fourier transform infrared
spectroscopy (FT-IR)

The morphology of the Ch_NE films was examined and characterized
through SEM pictures. A high-vacuum microscope (JEOL JSM-6360LV,
Jeol Ltd, Tokyo, Japan) working at an accelerating voltage of 20 kV was
used to photograph dry and gold-coated samples. Samples were adhered
to slides using conductive double-sided carbon tape.

FT-IR 6800 (Jasco Inc., Japan) was used to determine the presence of
certain chemical groups and their cross-linking in the films. The samples
were conditioned at 65 + 2 % relative humidity and 21 + 1 °C for 48 h.
FT-IR spectra were recorded in the range (400-4000) cm ! with a

spectral resolution of 4 cm ™",

2.5. Water solubility, equilibrium moisture, water vapor permeability and
water retention

The water solubility of the film samples was assessed using the
gravimetric method of immersion in a predetermined volume of distilled
water, as previously described [18]. For this purpose, a rectangular
sample of 3 cm side previously dried at 105 °C in an oven was weighed
using a precision balance. The sample was then immersed for 24 h in
100 ml of distilled water at 25 °C and under agitation. After 24 h, the
sample was dried again at 105 °C, and the final weight was taken. The
solubility of the films was calculated by the difference in weights of the
initial sample and the final sample. The equilibrium moisture content
(EMC) was calculated in a similar manner. Previously samples condi-
tioned at 33 % relative humidity (% RH) were weighed at 33%RH and
then dried at 105 °C. EMC was determined by comparing the weights of
dried samples conditioned at 33 % RH [18]. Tests were carried out by
triplicate.

On the other hand, the water vapor permeability (WVP) of the
samples was calculated following the ASTM Standard Test Method E96
(https://www.astm.org/e0096_e0096m-22a.html) as described else-
where [19]. WVP which it is used to quantify water vapor barrier
properties, measures the amount of water that permeates per unit of area
and time (g/s-m-Pa) taking into account the pressure differential and
thickness of the material. For this purpose, a wide-mouth cup (5 - 1073
m? area) with 100 ml of distilled water was sealed with a sample. The
cup was fitted in a double-bottom permeability chamber with temper-
ature control (30 °C) designed to be placed on an analytical balance. The
design of the permeability chamber has been described in detail else-
where [19]. The weight of the cup was recorded to the nearest 1 - 10™* g
and plotted as a function of time. Each test was performed by triplicate
[18].

2.6. Antioxidant and optical properties of films

The antioxidant capacity of the chitosan-NE (Ch_NE) films was


https://www.astm.org/e0096_e0096m-22a.html
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Nettle extract 0 %
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Nettle extract 25 %
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Fig. 1. Scanning electron microscopy images of the top, bottom and cross section of the pure chitosan films and chitosan-nettle films.
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Fig. 2. FT-IR spectra of chitosan (Ch) films at different concentration of glycerol (Gly) (0, 0.25, 0.5 %) and nettle extract (NE) (0, 12.5, 25 %).
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Table 2
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Water properties of chitosan (Ch) films with glycerol (Gly) and nettle extract (NE). The number in the film sample shows the % (w/w) of that compound.

Film samples Solubility (%)

Equilibrium moisture content (%)

Water vapor permeability (g/m-s-Pa)

Ch_Gly0 0.64 + 0.17° 0.98 + 0.23% 3.43-107'1 +4.81-1071%
Ch_Gly0_NE12.5 0.65 + 0.37%¢ 0.68 + 0.23%¢ 411-107' +£1.73. 1071120
Ch_Gly0_NE25 1.06 + 0.16%¢ 0.53 + 0.09° 2.22-1071 + 50210712
Ch_Gly0.25 0.70 + 0.10° 1.32 + 0.44%4 3.25-107'! + 4,691 - 1012
Ch_Gly0.25 NE12.5 1.24 +0.19" 1.45 + 0.32%¢ 3.86-10711 £ 2.10712®
Ch_Gly0.25_NE25 1.15 + 0.05%¢ 1.03 + 0.51%¢ 3.67-10711 £ 2,15 . 10712
Ch_Gly0.5 0.69 + 0.21%¢ 2.76 + 0.85" 5.53-107'' + 6,58 - 107'%
Ch_Gly0.5_ NE12.5 1.17 + 0.09%¢ 1.73 + 0.12° 3.93.107'1 +1.20 - 107112
Ch_Gly0.5_NE25 1.26 + 0.07" 2.07 + 0.314 5.64-107'1 £9.14.10711P

Values are expressed as mean + standard deviation (SD). Different letters in the same column indicate significant differences (p < 0.05).

assessed using two different methods: 2,2-diphenyl-1-picrylhydrazyl
radicals (DPPH) and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) free radical scavenging. Besides, the Folin-Ciocalteu assay
was followed to calculate the total phenolic content (TPC). Using 1 g of
film in 24 ml of methanol and stirring the mixture overnight in the dark,
the methanolic extracts of the films were used to create the aliquots. The
mixture was homogenized in vortex for 1.5 min and then it was filtered
through Whatman no. 1 filter paper [20]. The radical scavenging on
DPPH was examined using a UV-Vis spectrophotometer V-670 (Jasco
Inc., Japan) at 515 nm, the radical cation scavenging activity of ABTS
was examined at 734 nm and the total phenolics content was examined
at 765 nm [21]. The results were expressed as % DPPH, % ABTS scav-
enging activity and gallic acid equivalents (GAE; mg GAE/g of film).

The UV-Vis spectra of the film samples were measured using a
spectrophotometer V-670 (Jasco Inc., Japan), and the optical properties
of the films were established as described elsewhere [18].

2.7. Statistical analysis

One-way analysis of variance (ANOVA) was used to statistically
examine the results using Microsoft Excel® software. The Tukey Post
Hoc test was performed to examine differences between results based on
confidence intervals. The least significant difference was at p < 0.05.
Moreover, the results obtained were analyzed using the Design Expert
11® software (Stat-Ease, Minneapolis, MN, USA). The experimental
design denoted the independent variables glycerol and NE content as
code variables A and B, respectively. The effect of glycerol and NE
content on the dependent variables (water solubility, equilibrium
moisture content, and water vapor permeability, DPPH, ABTS, total
phenolic compounds, UV region transmittance, transparency, opacity
and color parameters) was calculated and evaluated following a com-
plete factorial design.

3. Results and discussion
3.1. Scanning electron microscopy (SEM) of the films

The SEM images of the top, cross-section and bottom of the films are
shown in Fig. 1. The bottom SEM images are those that correspond to the
face directly in contact with the Petri dish. As it is shown, the surface
morphology of the chitosan film was observed to be smooth, compact,
and free of any pores. This agrees with the observations in other studies
[7,8]. The addition of NE allowed a homogeneous distribution without
cracks or perforations. The top SEM images are those that correspond to
the surface side of the film that is in contact with the environment. Like
the bottom SEM images, the presence of glycerol and NE did not produce
significant alteration on the morphological surface of the samples. The
formation of ordered and homogeneous matrix suggested a good
compatibility between chitosan and NE to form the film.

On the other hand, the absence of irregularities on the top and bot-
tom face demonstrates that the ultrasonic bath had a positive effect by
removing any air bubbles [22]. Regarding the cross-section images, pure

chitosan films have a homogeneous and denser structure, whereas
glycerol promoted a less close structure due to its hydrating effect.
However, the presence of NE gave a denser and closer structure even in
the presence of glycerol.

3.2. Fourier transform infrared spectroscopy (FT-IR)

FT-IR analysis was carried out to identify the molecular interactions
between the functional groups of chitosan, glycerol and NE. Fig. 2 shows
the FT-IR spectra of the pure chitosan films (Fig. 2.I), with 12.5 % NE
concentration (Fig. 2.II) and with 25 % NE (Fig. 2.III) at different
glycerol concentration in the range between 4000 and 400 cm ™. FT-IR
spectra of the samples of chitosan films with glycerol and NE at different
concentrations showed characteristic bands. Firstly, the band appearing
at 3256-3800 cm ! is related to the stretching vibration of -NH, and
-OH groups of chitosan [23]. The absorption peak around 3276 cm ™! is
due to the presence of glycerol and its concentration of -OH groups.
Therefore, the curve is steeper for films with a concentration of 0.5 %
(blue line). The -NH stretching vibrations of chitosan are represented at
this absorbance [24,25]. Furthermore, it can be determined that the
addition of glycerol to the matrix affected the molecular interactions.
This is observed by increasing the intensity at 3256-3800 cm™! is
related to the stretching vibration -OH group (Fig. 2.I). On the other
hand, the peaks represented around 1600 cm™! were attributed to the
benzene rings of the polyphenolic compounds of the plant extract [26].
Besides that, in the 1409 cm™' region, there is a noticeable peak
attributed to the stretching of the -CH; group as well as by the contri-
bution of aromatic bonds from nettle [7,27]. The short peak found
around 1347 cm™! could be attributed to the phenolic compounds
present in nettle, as it is more intense in films with a higher concen-
tration of extract [23].

The film’s arrangement and interaction among its components can
be discerned. The presence of glycerol and NE promoted a change and
increase in absorbance at specific peaks. Similar behaviours were
observed in chitosan films to which plant extracts were added, such as
Pistacia terebinthus [7], Berberis crataegina [7], and Melaleuca alternifolia
oil [22].

3.3. Evaluation of the water solubility, equilibrium moisture content, and
water vapor permeability

The water solubility of the films was determined by analyzing the
soluble matter of the samples. Film solubility is associated with changes
in hydrogen bonds, ionization of amino or carboxyl groups, and relax-
ation of the film structure [28]. The calculated solubility content of the
samples ranged from 0.64 to 1.26 % (Table 2). The obtained mathe-
matical model was significant, indicating that the solubility of samples
depended on their formulation.

The F-value and p-value of the model were 8.74 and 0.0167,
respectively. The p-values of the model terms indicated that the linear
effect of NE (B) was the only significative term (p-value < 0.05) with a
strong effect on the solubility content. The effect of the glycerol
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Fig. 3. Prediction of the models for the water properties of the films: I) Solu-
bility (S), II) equilibrium moisture content (EMC) and III) water vapor perme-
ability (WVP). NE is nettle extract.

concentration (A) was not significant (p-value > 0.05) (Table S1). The fit
statistics results (Table S2) indicated a 1> of 0.74. The adjusted r? was
utilized to assess the goodness-of-fit of regression models with varying
numbers of independent variables. The predicted r? indicates the
model’s ability to forecast a response value. For a reasonable concur-
rence, the gap between the adjusted r? and predicted r? should be <0.20.
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In this case, the predicted r% (0.53) was in reasonable agreement with
the adjusted 12 (0.65). To assess the precision, the range of the expected
values at the design points is compared with the average prediction error
using a signal-to-noise ratio. If the ratio exceeds 4, it indicates sufficient
model discrimination. In the solubility property, the adequate precision
obtained was 8.00, which implies an adequate signal.

Eq. (1) predicts the solubility response (S) in terms of actual factors
of glycerol and NE concentration.

S (%) = 0.58+0.51-Glycerol (%) + 0.02-NE (%) )}

Fig. 3.I shows the calculated dependence of the solubility of chitosan
films given by Eq. (1). The solubility of Ch_NE film got slightly enhanced
up to 1.26 % as compared to 0.64 % for pure chitosan films due to the
simultaneous presence of glycerol (0.5 %) and NE (25 %). In the range of
glycerol concentrations employed in the current work, the glycerol
concentration added did not modify the solubility of the sample, like
samples with NE. The low concentration of glycerol used inside the
matrix was not enough to produce significant solubility alterations.
According with the FT-IR data, the increase of O—H bonds in the matrix
may promote the interaction with the water molecules [29]. Conse-
quently, the new interactions between chitosan groups with the hy-
drophilic groups of the plasticizer and the extract resulted in a polymer
with a very low solubility of only 1.26 %. The fact that the film has such
low solubility makes it interesting for application on foods with high
moisture content such as cheese, meat, vegetables, or fruits. Likewise, an
increase in the solubility of chitosan-based films with the addition of
extracts of Pistacia terebinthus was observed [7]. The same behaviour
was observed when tea polyphenols were added to chitosan films [30].

Due to the composite formulations (glycerol/chitosan ratio) and the
hydrophilic properties of these components, the moisture content may
vary depending on the composition [31]. The estimated EMC values
ranged from 0.53 to 2.76 %. Data were fitted using a natural logarithmic
equation to obtain better fitted, as recommended by the Box-Cox plot.
The F-value of 42.92 and the p-value of 0.0003 indicated that the model
was significant. The p-values showed that the linear effect of glycerol (A)
and the nettle extract content (B) had a significant effect on the EMC
property. The F-values showed that glycerol had a high effect on the
moisture content property (F-value = 76.70). The fit statistics values
indicated a r? value of 0.93. The predicted r? value of 0.85 and the
adjusted r? value of 0.91 were in reasonable agreement and the adequate
precision was 16.66.

Eq. (2) shows the EMC values of the chitosan films as a function of
glycerol and NE concentration.

Ln (EMC) (%) = —0.064 +0.961-Glycerol (%) — 0.003-NE (%) )

Fig. 3.I1 shows the prediction of the model for EMC given by Eq. (2).
According to the data, glycerol at 0.5 % (w/w) in the film allowed the
highest EMC value. This is because glycerol is a hydrophilic plasticizer.
Therefore, films with higher concentrations can absorb more water into
their matrix [32]. Unlike the presence of NE produced a decrease in this
parameter, even the presence of hydrophilic compounds. SEM images
showed that the presence of NE produced packing of the structure,
having a more closed and compact matrix. This dense structure hindered
the retention of water molecules, resulting in lower EMC values. This
effect is maintained even in samples with high glycerol content (0.5 %).
Besides, the phenols in the nettles formed interactions with the -OH and
-NH,, groups of the chitosan. In this way, the availability of the chitosan
functional group to interact with water is limited [33].

The main purpose of a packaging film is to prevent moisture from
being transferred from the environment to the food. Hence, its WVP
should be as low as feasible [30]. The WVP values for the chitosan films
ranged from 2.22 - 107! t0 5.64 - 10!! g/m-s-Pa. Data were well fitted
to a linear model. The F-value of the model was 3.30 and the p-value was
0.1078, meaning the model was not significant. Note that the p-values of
the model terms indicated that only glycerol concentration (p-value <
0.05) was significant. The fit statistics values were % 0f 0.52. In this case,
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Table 3

Antioxidant properties of chitosan (Ch) films with glycerol (Gly) and nettle
extract (NE). The number in the film sample shows the % (w/w) of that
compound.

Samples DPPH (%) ABTS (%) Total phenolic content (mg
GAE/g film sample)
Ch_Gly0 0.00 + 10.38 + 0.00 + 0.01%
0.25° 4.37°
Ch_Gly0O_NE12.5 76.11 + 92.32 + 0.12 + 0.09"
0.74° 1.49°
Ch_Gly0_NE25 95.48 + 98.71 + 0.67 + 0.07°
0.14 0.00°
Ch_Gly0.25 0.33 + 11.61 + 0.00 + 0.01%
1.48° 10.89%
Ch_Gly0.25 NE12.5  92.20 + 98.46 + 0.63 + 0.05°
0.38¢ 0.11°
Ch_Gly0.25_ NE25 95.48 + 97.24 + 1.57 + 0.06¢
0.14° 1.15°
Ch_Gly0.5 0.66 + 15.17 + 0.00 + 0.04*
2.75° 6.14°
Ch_Gly0.5_NE12.5  84.65 + 98.71 + 0.64 + 0.17°
1.14° 0.00°
Ch_Gly0.5_ NE25 95.40 + 98.34 + 1.52 + 0.06¢
0.14 0.00°

Values are expressed as mean + standard deviation (SD).
Different letters in the same column indicate significant differences (p < 0.05).

the values of predicted and adjusted r*> were not in reasonable agree-
ment, and adequate precision (4.06) indicated an adequate signal.

The WVP property of the chitosan films samples could be predicted
using Eq. (3). The prediction of the model is shown in Fig. 3.1IL.

WVP (g/m-s-Pa) = 3.18:107"! 4-3.56-10""-Glycerol (%) — 9.06-10""*.NE (%)

3

The addition of NE showed no significant differences (p-value >
0.05) in WVP values compared to pure chitosan films. A significant
decrease (p-value < 0.05) in WVP values was only observed when the
NE concentration was 25 % and no glycerol was used. This could be
attributed to the fact that the interactions between chitosan and NE
could reduce the availability of hydrophilic groups in chitosan and
decrease their interactions with water [34]. On the other hand, the
addition of glycerol in the rest of the samples has no significant effect on
this property. Except when it was added to the pure chitosan matrix with
a concentration of 0.5 % where a significant increase (p-value < 0.05) in
the permeability of pure chitosan films occurs. This is explained by the
fact that the glycerol is a hydrophilic molecule that can be inserted
between adjacent polymer chains. In this way, it decreases intermolec-
ular attractions and facilitates the migration of water vapor molecules,
increasing permeability [35]. In addition, it should be noted that the
permeability of a film depends on its chemical structure, morphology,
nature of permeant and temperature of the environment [36].

3.4. Evaluation of antioxidant properties

The antioxidant capacity of the films was evaluated by three
methods: DPPH, ABTS, and total phenolic content (Table 3). Films
enriched with NE showed a strong free-radical scavenging activity with
values ranging between 76.11 % and 95.48 % for DPPH. Data were fitted
to a square root model as recommended by the Box-Cox plot. The F-
value of 659.66 and p-value < 0.0001 indicated that the model was
significant. The p-values showed that the NE concentration (B) and the
quadratic effect of NE (B2) had a significant response on the DPPH values
of the films. On the other hand, the F-values showed that the NE content
(F-value = 1495.85) and the quadratic effect of NE content (F-value =
664.73) were the two factors that had the greatest impact on this
property. The glycerol-NE interaction (F-value = 3.52), the glycerol
concentration (F-value = 0.70) and the quadratic effect of glycerol
content (F-value = 2.88) demonstrated that had negligible influence on
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Fig. 4. Prediction of the models for antioxidant properties: I) DPPH (%), II)
ABTS and III) total phenolics content (mg GAE/g film sample). NE is net-
tle extract.

the scavenging property (Table S3). The fit statistics values indicated r2
0f 0.99. The predicted r? value of 0.99 and the adjusted r? value of 0.99
were in reasonable agreement. The model showed adequate precision
with a value of 55.01 (Table S4).

Eq. (4) forecasts the DPPH values of the chitosan films as a function
of glycerol (A) and NE content (B). Fig. 4.I shows the calculated
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Table 4

Optical properties of the chitosan (Ch) films with glycerol (Gly) and nettle extract (NE). The number in the film sample shows the % (w/w) of that compound.
Film samples Uv-C UV-B UV-A Transparency Opacity

200-280 nm (%T) 280-315 nm (%T) 315-400 nm (%T)

Ch_Gly0 17.20 + 11.34 34.76 + 22.57 47.32 + 24.89 45.37 4.11
Ch_GlyO_NE12.5 0.52 £+ 0.22 1.82 + 0.65 11.43 £ 1.73 37.19 6.78
Ch_GlyO_NE25 0.01 +£0.01 0.05 £+ 0.03 2.46 £ 0.43 38.10 9.54
Ch_Gly0.25 20.19 + 0.40 42.87 £ 0.74 58.31 £ 0.13 41.38 2.35
Ch_Gly0.25_ NE12.5 0.21 £+ 0.09 0.79 £ 0.29 9.97 £1.62 40.24 6.53
Ch_Gly0.25_NE25 0.01 +£0.01 0.04 £ 0.02 3.60 £ 0.60 42.07 9.18
Ch_Gly0.5 15.58 + 0.27 32.58 + 0.59 51.01 + 0.07 37.32 2.11
Ch_Gly0.5_NE12.5 0.18 £ 0.11 0.74 £ 0.38 8.53 £1.77 36.45 7.48
Ch_Gly0.5_ NE25 0.00 £+ 0.00 0.01 £+ 0.00 2.55 £ 0.20 34.50 8.42

%T is percentage of transmittance. Values are expressed as mean =+ standard deviation.

dependence of the DPPH given by Eq. (4).

\/DPPH = —0.04 +3.83-Glycerol (%) +1.03-NE (%)
—0.06-Glycerol (%)-NE (%) —4.27-Glycerol* (%) —0.02-NE* (%)
4

The DPPH values of the films are drastically increased when nettle
extract is added to the composition, which has already been mentioned
in the statistical commentary. From these results, it can be determined
that the antioxidant capacity of the films enhanced once NE was added
[371.

The ABTS values of the samples ranged from 10.38 to 98.71 %
(Table 3). The F-value of the model was 639.48, while the p-value was
<0.05, which means that the model was significant. The p-values of the
NE concentration (B) and the quadratic effect of NE (Bz) were the terms
that had a significant response on this antioxidant property. Regarding
the F-values, the NE content (F-value = 917.51) and the quadratic effect
of NE content (F-value = 753.23) were by far the values that most
affected the ABTS values. In terms of fit statistics values, the r? was 0.99,
whereas the predicted 2 (0.9911) and the adjusted 2 (0.9975) were in
total agreement. The adequate precision of the model was >4, namely
with a value of 51.45

Eq. (5) estimates the ABTS response as a function of glycerol and NE
concentration on the chitosan films. Fig. 4.II shows the prediction of the
model.

ABTS = 9.24 4 13.68-Glycerol (%) + 10.13-NE (%)
—0.41-Glycerol (%)-NE (%) — 2.64-Glycerol* (%) — 0.26-NE* (%)
)

In Fig. 4.II, the significant effect of NE on ABTS values can be
observed. In the pure chitosan film, the ABTS value was 10.38 %, while

70
Uv-C
65
60 — Ch_Gly0o
— Ch_Gly0_NEI2.5
55 — Ch_Gly0_NE25
+++ Ch_Gly0.25

«v+ Ch_Gly0.25 NEI2.5

-+ Ch_Gly0.25 NE25

~ Ch_Gly0.5
Ch_Gly0.5 NEI2.5
Ch_Gly0.5 NE25

N
S » S

3

Transmittance [%]
PR

)
G

UVv-B

the addition of NE at 12.5 % already produced an increase to 92.32 %.

The TPC values of the film samples ranged from 0 to 1.57 mg GAE/g
film. Data were fitted to a square root model as recommended the Box-
Cox plot. The F-value of the model was 40.81 and the p-value was <0.05,
which confirms that the model was significant. Only the NE concen-
tration (p-value 0.0001) was a significant term. Regarding the F-value,
the NE (F-value = 76.81) was the factor that most affected this property.
The r? was 0.93, the predicted r? 0.83 and the adjusted r? was 0.90. As
there is no difference >0.20 between the predicted and adjusted r?, it is
considered that the values are in reasonable agreement. The adequate
precision of the model was 15.49.

Eq. (6) predicts the TPC response on chitosan films as a function of
glycerol and NE concentration.

\/TPC = —0.10+0.55-Glycerol (%) +0.04-NE (%) (6)

Fig. 4.IIl shows the prediction of the model for TPC. Significant
differences (p < 0.05) between the pure films and the films with NE in
their composition were observed. The observed increase in TPC in NE-
enriched films provides further evidence of the phenolic richness of
the aqueous extract, consistent with previous reports [15]. Nettle extract
is a good source of phenolic components such as ursolic acid, quercetin,
and phenolic acids [38]. As well, this behaviour was in agreement with
other reported results such as chitosan films with the addition of Piper
betle L. leaf extract [39], tea tree essential oil [22] or jujube leaf extract
[40].

3.5. Evaluation of the spectral properties

The UV-barrier characteristics of nettle extract-chitosan films were
assessed using transmittance values in the UV region, while the color
and opacity of the films were determined based on transmittance values

UV-A

200 210 220 230 240 250 260 270 280 290

300 310 320 330 340 350 360 370 380 390 400

Wavelength [nm]

Fig. 5. UV Spectra profile of chitosan (Ch) films at different concentration of glycerol (Gly) (0, 0.25, 0.5 %) and nettle extract (NE) (0, 12.5, 25 %).
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Fig. 6. Prediction of the models for the UV transmittance: I) UV-C (%T), II) UV-
B (%T), III) UV-A (%T). NE is nettle extract.
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in the visible region. Table 4 shows the average percentage of trans-
mittance (%T) of the Ch_NE films in the UV-C (200-280 nm), UV-B
(280-315 m) and UV-A (315-400 nm) regions. The UV spectrum of
the films is shown in Fig. 5. Ch_NE films showed %T values in the UV-C
region ranging from 0.01 to 20.19 %. As recommended by Box-Cox plot,
data of UV-C barrier properties were fitted using a logarithmic equation
to obtain better fitted. The F-value of the model was 269.95 and the p-
value<0.0001, which means that the model was significant. The p-
values indicated that the linear and quadratic effects of NE concentra-
tion (B and B2) were the only significant terms (p < 0.05) with effect as
UV-C barrier. The presence of glycerol did not influence the transmission
of UV-C (Table S5).

The fit statistics results indicated r? of 0.98. The adjusted r2 was 0.98
and the predicted r? was 0.97. Therefore, it is considered that there is a
reasonable agreement. The model showed adequate signal (32.49) being
>4 (Table S6). Eq. (7) predicts the UV-C response in terms of actual
factors of glycerol and NE concentration and Fig. 6.1 shows the calcu-
lated dependence of UV-C property on the NE concentration in chitosan
films.

Ln (UV —C) (%) = 1.249 — 0.173-NE (%) + 0.003-NE> (%) @

The UV-B transmittance showed values from 0.01 to 42.87 %. In this
case, the F-value of the model was 362.39, and the p-value was <0.0001.
Therefore, the model was significant. All terms were significant since all
p-values were <0.05. Regarding the F-values, the linear effect of NE was
the term with the highest value, making it the most influential. In terms
of the fit statistics results, these indicated an r? of 0.99, a predicted r? of
0.98, and an adjusted r2 of 0.99. The model was in reasonable agreement
and with an adequate precision of 44.70. Eq. (8) forecasts the UV-B
response based on the concentrations of glycerol and NE and the
calculated dependence of UV-B property in chitosan films is shown in
Fig. 6.I1.

Ln (UV —B) (%) = 1.58-0.07-Glycerol (%) — 0.11-NE (%)

8
—0.05-Glycerol (%)-NE (%) ®)

Values for UV-A property ranged from 2.46 to 58.31 %. The math-
ematical model was significant since its p-value was <0.0001 and the F-
value was 250.01. The term that was found to be significant was the
linear effect of NE (p-value < 0.0001). The terms with higher F-value
were linear NE (F-value = 374.02) and the quadratic effect of NE (F-
value = 3.19). The fit statistics results indicated a r? of 0.98. The
adjusted % (0.98) and the predicted % (0.97) were found with a dif-
ference of <0.20. Therefore, they were in reasonable agreement. A ratio
>4 indicates adequate model discrimination and in this case was of
31.52.

Fig. 6.III depicts the calculated dependence of the UV-A trans-
mittance on the glycerol and NE concentrations in the chitosan films and
Eq. (9) predicts the UV-A response.

Ln (UV — A) (%) = 1.7161 — 0.0646-NE (%) + 0.0005-NE> (%) ©)]

These results show that the addition of NE exerted a strong decrease
in UV light transmittance compared with pure chitosan film. The lowest
transmission through films was observed for the highest concentration
of extract. These results confirmed that chitosan film containing NE
could retard lipid oxidation induced by UV light in food systems due to
barrier effect.

The transparency and opacity of the films are other important factors
to be studied. The transparency of films must fulfil consumer eagerness
to see food through packaging. Table 4 shows the values of transparency
in pure chitosan film ranged from 37.32 to 45.37. The addition of NE to
chitosan films resulted in a slightly decrease in transparency
(34.50-42.07). However, the obtained mathematical model was not
significant, indicating that the transparency of samples does not depend
on their formulation. The F-value and p-value of the model were 2.40
and 0.1708, respectively. Being a non-significant model, none of the
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Fig. 7. Prediction of the model for the opacity of the films. NE is nettle extract.

Table 5
Color parameters of the chitosan (Ch) films with glycerol (Gly) and nettle extract
(NE). The number in the film sample shows the % (w/w) of that compound.

Samples L* a* b*

Ch_Gly0 90.19 + 0.01° —0.22 + 0.04° 212 + 0.19*
Ch_Gly0O_NE12.5 77.32 + 1.53% —2.10 + 0.19° 14.15 +1.19°
Ch_Gly0_NE25 72.08 + 0.47° —3.82 + 0.06° 26.20 + 1.39°
Ch_Gly0.25 91.28 + 0.36° —0.28 + 0.03* 2.51 + 0.04°
Ch_Gly0.25 NE12.5 79.45 + 1.36° —-2.95 + 0.12¢ 15.58 + 1.60°
Ch_Gly0.25 NE25 74.69 + 1.24> —4.41 +0.12° 24.19 + 1.38°
Ch_Gly0.5 91.39 + 0.52° —0.53 + 0.06° 3.23 + 0.08%
Ch_Gly0.5_ NE12.5 75.22 + 3.56° —2.53 + 0.15 16.13 + 0.98°
Ch_Gly0.5_ NE25 72.59 + 0.69° —4.33 +0.02° 26.18 + 0.46°

L*, lightness: black = 0 and white = 100; a*, green = —a* and red = +a*; b*,
blue = —b* and yellow = +b*.

Values are expressed as mean =+ standard deviation.

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

terms involved had a p < 0.05 (Table S5). The fit statistics results
indicated a r? of 0.44. The adjusted r? and predicted r? were 0.26 and —
0.23, respectively. The adequate precision was 4.34 (Table S6). Based on
this result, it can be inferred that the model lacks statistical reliability
and should not be utilized.

The values of opacity increased when NE was added to the matrix. In
this case, the mathematical model was significant, showing an F-value of
39.29 and a p-value of 0.0003. The p-values of the terms indicated that
the linear effect of NE concentration was the only significant term (p-
value = 0.0001). The same result was observed regarding the F-value of
linear NE, where this term had the highest F-value (77.28), indicating
that NE had great impact on the opacity. Regarding the fit statistics
values, 2 was 0.92 and the predicted 2 (0.84) was in reasonable
agreement with the adjusted r? (0.90). The adequate precision of the
model was 14.05. In terms of the real factor of glycerol and NE con-
centration in films, Eq. (10) forecasts the opacity response. Fig. 7 shows
the prediction of the model for the opacity of the films.

10

Opacity = 3.58 — 1.61-Glycerol (%) + 0.24-NE (%) (10)

Likewise, the increase in opacity can be attributed to the higher
saturated color of NE. In addition, when the NE was added to the matrix,
the structure tended to be more off white compared to the pure chitosan
film. This could be due to the hydrophilicity of the polyphenolic com-
pounds present in NE [41].

The CIE coordinate of the Ch_NE films is shown in Table 5. Lightness
(L*) varied from 72.08 to 91.39. The addition of NE to the chitosan films
had a significant effect (p < 0.05), producing a decrease in L* values.
This result is interpreted as film darkening upon the application of the
plant extract. The F-value of the model was 58.37 and the p-value was
0.0034, implying the model was significant. According to the p-values,
only the linear and quadratic effects of NE concentration were signifi-
cant (p-value < 0.05). Regarding the F-values, the terms that affected
the Lightness the most were the linear effect of NE (F-value = 109.28)
and the quadratic effect of NE (F-value = 24.42) (Table S5). The % was
0.98, whereas the adjusted r? was 0.97 and the predicted r> was 0.88,
respectively. This indicates that the model is in reasonable agreement as
well as having an adequate precision of 18.25 (Table S6). Eq. (11)
predicts the L* values of the chitosan films and the prediction of the
model is shown in Fig. 8.1.

L" =90.17+16.49-Glycerol (%) — 1.45-NE (%) — 0.05-Glycerol (%)-NE (%)
—32.13-Glycerol* (%) +0.03-NE* (%)
an

As for the values of a*, these were in the range from —0.22 to —4.41.
The addition of NE produced a significant decrease (p < 0.05) of a*
values, which means that the films tend to greenness, clearly produced
by the color of NE. The mathematical model obtained was also signifi-
cant, F-value of 134.29 and p-value of 1.04 - 10~°. The only term with a
significant p-value was the NE concentration (p-value = 3.40 - 10%) and
it was the term with the highest effect (F-value = 265.51) in the a*
property. The r? was 0.97, the adjusted r? was 0.97 and the predicted r?
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Fig. 8. Prediction of the models for the CIE coordinates: I) L*, II) a* and III) b*.
NE is nettle extract.

was 0.96, indicating reasonable agreement. The model was in adequate
precision, 25.52. Fig. 8.1I depicts the prediction of the model for the a*
parameter of the chitosan films based on Eq. (12).

a" = —0.22—0.82-Glycerol (%) — 0.15-NE (%) 12)

The films produced with incorporation of NE resulted in a tendency
toward yellowness, with values for b* ranged from 2.12 to 26.20. The
mathematical model had an F-value of 347.01 and a p-value of 6.29 -

11
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1077, indicating that it was significant. As before, the term with a p-
value < 0.05 and the greatest F-value (692.64) was the linear effect of
NE. In terms of the fit statistics values, r> was 0.99 and the predicted r2
(0.98) and the adjusted r? (0.98) were in totally reasonable agreement.
The adequate precision of the equation was 38.87.

The prediction of the model for the b* parameter of the chitosan
films based on Eq. (13) is shown in Fig. 8.II1I.

b" = 2.51 +2.04-Glycerol (%) +0.91-NE (%) (13)

Regarding the CIE coordinate properties, the same behaviour of the
chitosan films was observed when other extracts were added, such as
green tea extract [36] or spirulina [42].

4. Conclusions

Incorporation of NE into the chitosan matrix was successfully carried
out to obtain antioxidant films. The results obtained showed that the
incorporation of NE allowed obtaining chitosan films with antioxidant
properties containing TPC up to 1.57 mg GAE/g film and showing a high
ABTS and DPPH scavenging activity up to 98 %. Furthermore, the
antioxidant capacity produced by the extract was reinforced by the high
UV barrier observed in the NE films. The NE-enriched films showed UV-
C and UV-B transmittance values close to zero, and up to 11 % in the UV-
A region. However, when NE was added to the matrix, the structure
tended to become more yellowish and opaquer. Although, a sufficiently
transparent film was still obtained that would allow to see the packaged
food. Furthermore, these films with NE boast a total UV barrier and low
water solubility. The inherent biodegradability is also a strong advan-
tage of the developed active film.
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