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Abstract: The research aim was to use orange essential oil and trehalose in a carrageenan matrix
to form edible packaging. The edible packaging experimentally produced by casting from an
aqueous solution were evaluated by the following analysis: UV-Vis spectrum, transparency value,
transmittance, attenuated total reflectance Fourier-Transform spectroscopy (FTIR), scanning electron
microscopy (SEM) and antimicrobial activity. The obtained results showed that the combination
of orange essential oil with trehalose decreases the transmittance value in the UV and Vis regions
(up to 0.14% =+ 0.02% at 356 nm), meaning that produced films can act as a UV protector. Most
produced films in the research were resistant to Gram-positive bacteria (Staphylococcus aureus subsp.
aureus), though most films did not show antibacterial properties against Gram-negative bacteria and
yeasts. FTIR and SEM confirmed that both the amount of carrageenan used and the combination
with orange essential oil influenced the compatibility of trehalose with the film matrix. The research
showed how different combinations of trehalose, orange essential oils and carrageenan can affect
edible film properties. These changes represent important information for further research and the
possible practical application of these edible matrices.

Keywords: trehalose; orange essential oil; antimicrobial activity; transparency value; edible packaging

1. Introduction

The main functions of food packaging are protection against the outer environment,
dust, microorganisms, pests and radiation too [1]. For example, UV radiation can cause the
oxidation of lipid compounds, but there can also be an issue with the discoloration of food
that makes food products less attractive for consumers [2,3]. Many different compounds
can be used to improve these films’ properties: tannic acid with modified microfibrillated
cellulose films has UV blocking ability [4], and the addition of zein nanoparticles and olive
oil in the starch—glycerol matrix decreases transmittance and improves the UV barrier [5].
The important advantage of edible packaging is that it is produced from natural materials,
and accordingly, it can help to reduce synthetic waste. Additionally, edible packaging can
be also consumed together with the packaged /wrapped foodstuff [6].

Incorporation of trehalose into food packaging is suggested for diverse purposes. It
helps to preserve the aroma and color of dried fruits and improve weight loss and color
of packaged vegetables, but no differences in firmness were found between coated and
uncoated samples [7,8]. Trehalose addition to food packaging material can also prevent
a reduction in organic acid content during storage [9]. Another biological advantage of
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trehalose is its capability to improve plant cells’ viability after freezing and subsequent
thawing [10]. Furthermore, the results of the previous works indicated that trehalose also
possesses UV barrier properties [11].

Essential oils are also proposed as promising additives for food packaging because they
represent a well-functioning nature-based alternative to synthetic antioxidant compounds
such as BHA (butylhydroxyanisole) or BHT (butylhydroxytoluene). Nevertheless, the
direct use of essential oils in foodstuffs is limited because the concentration of active
compounds in them is very high. The intense aroma of essential oils, noticeable even at very
low concentrations, can affect sensory properties negatively [12]. Moreover, the inherent
antimicrobial activity of essential oils is partially reduced in vitro since the compounds
interact with food matrices and decrease antimicrobial activity. However, the use of
essential oils in food packaging can be highly recommended because it can work as the
active packaging; some compounds can gradually migrate to foodstuff and improve their
properties (shelf life, etc.). Certainly, the release rate is affected by the package material
structure and composition. The compounds from essential oils incorporated into edible
packaging can slowly be released into the food [13-15]. As with trehalose, orange essential
oil possesses UV protective properties too [16]. Orange essential oil is produced from fruits
of Citrus aurantium L., Rutaceae containing mainly D-limonene and myrcene [17].

Among the sensory properties of food packaging, transparency is an outstandingly
important parameter since the consumers may buy food based on the transparency of
packaging material. According to literature data, transparent materials are more attractive
for consumers since they are more visually informed about the food before purchase and
foodstuffs can look appetizing packed with this material type [18].

The microbial food contamination poses a serious problem for producers, shortens
on-shelf time, and may lead to life-threatening infections in humans. There are many
microorganisms that can contaminate certain food, and for that reason, we chose three
model microorganisms: Gram-positive Staphylococcus aureus, subsp. aureus; Gram-negative
Escherichia coli; and a yeast Candida albicans [19].

The addition of essential oils in edible matrices was studied in some previous research,
but in many of them, the main characteristics were physical, mechanical properties and
antimicrobial activity [20-22]. Only in a few of them the UV-Vis properties were studied.
The importance of UV-Vis properties can be seen through the fact that these properties
explain the capability of biodegradable packaging to protect food against radiation that can
lead to food spoilage [2,3]. It should be also stressed that there have not been publications
dealing with the preparation of edible films that included orange essential oils and trehalose
in one film matrix.

Our study focused on the experimental production of edible films that consisted of
carrageenan, trehalose and orange essential oil. The study aimed to monitor the influ-
ence of these compounds on the UV-Vis properties and their mutual interactions in the
experimentally produced edible films.

2. Materials and Methods
2.1. Material and Preparation of Edible Films

The k-carrageenan, Tween 20 (T20) and Tween 80 (T80) were obtained from Sigma
Aldrich (St. Louis, MO, USA). The orange essential oil (OEO) was purchased from the local
market (dm-drogerie markt GmbH&Co KG, Brno, Czech Republic). Trehalose (Tr) was
obtained from Toppotraviny.cz s.r.o. (Prague, Czech Republic).

Films were prepared by aqueous solution casting method as follows: The respective
weight of carrageenan (0.5 or 0.3 g) was dispersed in 43.65 mL of distilled water. A
corresponding amount of trehalose was added together with carrageenan to set the final
concentration of trehalose in solution at 0%, 0.5%, 1% and 3% (w/v), respectively. The
complete dissolution was assured via mixing the dispersion on a magnetic stirrer (50 °C,
350 rpm) for 10 min. For the samples containing essential oil, 0.45 mL of orange essential
oil was added in the next step and a homogeneous emulsion was achieved by another
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5 min of stirring (50 °C, 350 rpm). In the resultant dispersion, 0.25 mL of glycerol was
dissolved and, in the case of emulsions containing OEO, 1.3 mL of Tween 20 or Tween 80,
was added 5 min after the glycerol addition, and the final mixture was stirred for 7 more
minutes at 850 rpm. The films were prepared by casting the final dispersion on the Petri
dishes with a diameter of 9 cm, and the films were dried for 24 h. The tested compositions
of the edible films are described in Table 1.

Table 1. Composition of film samples.

Sample Composition
c 0.5 g k-carrageenan + glycerol
OT80 0.5 g k-carrageenan + tween 80 + orange essential oil + glycerol
OT20 0.5 g k-carrageenan + tween 20 + orange essential oil + glycerol
Tr0.5 0.5 g k-carrageenan + 0.5% trehalose + glycerol
Tr0.50T80 0.5 g k-carrageenan + 0.5% trehalose + tween 80 + orange essential oil + glycerol
Tr0.50T20 0.5 g k-carrageenan + 0.5% trehalose + tween 20 + orange essential oil + glycerol
Trl 0.5 g k-carrageenan + 1% trehalose + glycerol
Tr10T80 0.5 g k-carrageenan + 1% trehalose + tween 80 + orange essential oil + glycerol
Tr10T20 0.5 g k-carrageenan + 1% trehalose + tween 20 + orange essential oil + glycerol
Tr3 0.5 g k-carrageenan + 3% trehalose + glycerol
Tr30T80 0.5 g k-carrageenan + 3% trehalose + tween 80 + orange essential oil + glycerol
Tr30T20 0.5 g k-carrageenan + 3% trehalose + tween 20 + orange essential oil + glycerol
0.3gc 0.3 g k-carrageenan + glycerol
0.3gO0T80 0.3 g k-carrageenan + tween 80 + orange essential oil + glycerol
0.3g0T20 0.3 g k-carrageenan + tween 20 + orange essential oil + glycerol
0.3gTr0.5 0.3 g k-carrageenan + 0.5% trehalose + glycerol

0.3gTr0.50T80 0.3 g k-carrageenan + 0.5% trehalose + tween 80 + orange essential oil + glycerol

0.3gTr0.50T20 0.3 g k-carrageenan + 0.5% trehalose + tween 20 + orange essential oil + glycerol
0.3gTrl 0.3 g k-carrageenan + 1% trehalose + glycerol

0.3gTr1OT80 0.3 g k-carrageenan + 1% trehalose + tween 80 + orange essential oil + glycerol

0.3gTr10T20 0.3 g k-carrageenan + 1% trehalose + tween 20 + orange essential oil + glycerol
0.3gTr3 0.3 g k-carrageenan + 3% trehalose + glycerol

0.3gTr30T80 0.3 g k-carrageenan + 3% trehalose + tween 80 + orange essential oil + glycerol

0.3gTr30T20 0.3 g k-carrageenan + 3% trehalose + tween 20 + orange essential oil + glycerol

2.2. UV-Vis Spectra and Transparency Value

The UV-Vis spectra were recorded by a spectrophotometer CE7210 (DIET-QUEST,
Cambridge, UK) at wavelengths from 200 to 600 nm. The transmittance values (%) were
calculated at wavelengths 356 and 600 nm. The transparency values were then calculated
according to Han and Floros [23] as follows:

Transparency value = logTgo/x (1)
where T is the transmittance (%) at 600 nm and x is the thickness of film samples (mm).

2.3. Attenuated Total Reflectance Fourier-Transform Spectroscopy

Fourier transform infrared spectra of the prepared films were measured with an
iS50 Fourier-Transform spectrometer (FTIR) (Thermo Scientific, Waltham, MA, USA). All
measurements were taken from a surface of a film at ambient temperature (in an air-
conditioned room) with the built-in single-reflection diamond attenuated total reflectance
(ATR) crystal. An individual absorption spectrum was collected as an average of 16 scans
with a resolution of 4 cm~! (data spacing 0.5 cm~!). Each film was analyzed at 5 randomly
distributed spots on its surface; FTIR spectra provided in respective figures in this paper
represent an average of all the spectra collected for an individual sample.

2.4. Scanning Electron Microscopy

Micrographs of all prepared films were recorded using a Zeiss EVO LS-10 scanning
electron microscope (SEM) (Carl Zeiss Ltd., Cambridge, UK). Before the SEM analysis, a
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small cut-off of each sample (ca 10 x 10 mm?) was stuck on a carbon tape and sputter-coated
with gold.

2.5. Antimicrobial Activity

The edible packaging material was exposed to UV light (wavelength 260 nm) for
physical disinfection before the testing. Subsequently, discs with a diameter of 5 mm
were cut from the material in an aseptic environment. A modified disk diffusion method
according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
was used to determine the antimicrobial resistance of edible packaging.

The solid medium according to Mueller and Hinton (MUELLER-HINTON broth,
Agar for microbiology, Sigma-Aldrich) was used for culturing Staphylococcus aureus subsp.
aureus CCM 7110 and Escherichia coli CCM 3954 with edible coatings, and solid medium
Malt (Malt Extract Broth, Agar for microbiology, Sigma-Aldrich) was used for culturing of
Candida albicans CCM 8261 with edible coatings. The inoculum concentration was adjusted
to approximately 1-2 x 108 CFU/mL, corresponding to 0.5 degrees of McFarland turbidity
standard. An amount of 1 mL of inoculum was spread on the surface of the agar and,
after drying, 6 cut-off discs from edible packaging material were placed on the agar. The
inoculated plates were incubated for 18 h at 35-37 °C. The evaluation of antimicrobial
activity was made by observation with the naked eye. To describe the results, we developed
an evaluation scale from 1 to 5 (1 = disc completely clean, 5 = disc completely overgrown).
According to the value, the result designated in Table 4 is either “antimicrobial activity”
(+; values 1 and 2) or “no activity” (-; values 3, 4 and 5).

Depending on the medium, microorganisms and type of edible packaging, in some
cases, the packaging material melted during cultivation at 35-37 °C.

Reference strains of Staphylococcus aureus subsp. aureus CCM 7110, Escherichia coli CCM
3954 and Candida albicans CCM 8261 were obtained from the Czech Collection of Microorgan-
isms of the Department of Experimental Biology, Faculty of Science, Masaryk University.

2.6. Statistical Analysis

Statistical analysis was performed by one-way ANOVA analysis of variance, when
statistical significance at p < 0.05 was evaluated. A parametric Tukey post-hoc test and non-
parametric Games—-Howel post hoc test were used for finding differences within groups.
Principal component analysis (PCA) was used for the determination of overall differ-
ences among samples. SPSS 20 statistical software (IBM Corporation) was used for all
statistical evaluation.

3. Results and Discussion
3.1. UV-Vis Spectra

The results of UV-Vis spectroscopy analysis are shown in Figure 1 (for film samples
with 0.5 g of k-carrageenan) and in Figure 2 (for film samples with 0.3 g of k-carrageenan).
In general, requirements of the spectral properties of packaging materials in UV-VIS regions
are rather complex and often contradictory. On the one hand, low transmittance of UV
radiation is highly regarded as far as it increases the lifespan of the packaged foodstuff.
High transparency of the packaging is required in the visible region since it provides a
consumer with a visual control of the commodity’s condition.

The figures show absorbance spectra in the spectral range from 356 to 600 nm; bellow
356 nm, the absorbance value exceeded the sensitivity limit of the spectrophotometer as
it was rising above three. Based on this high absorbance in the UV region, the films have
good potential barrier properties against UV radiation [24,25].
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Figure 1. UV-Vis spectra of films with the addition of 0.5 g k-carrageenan.
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Figure 2. UV-Vis spectra of films with the addition of 0.3 g k-carrageenan.
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The UV-Vis spectra of samples with 0.5 g of k-carrageenan were shifted to the higher
values of absorbance when the essential oil, trehalose and Tween 80 or Tween 20 were
added. The lowest absorbance was found in the control sample; this finding is in accordance
with the previous experiment [26]. When only essential oil with emulsifier Tween 20 was
added, the absorbance increased in the UV region, but not in the visible region. On the
other hand, when Tween 80 was added, the absorbance increased in UV as well as in the
VIS region. The combination of essential oil with trehalose resulted in higher absorbance
(positive correlation with trehalose). The highest results of absorbance were found in the
samples Tr30T80 and Tr30OT20 (the samples with the highest concentration of trehalose:
3%). In the previous research conducted by Liu et al. [11], it was found that trehalose could
work as a protective agent against UV radiation.

In Figure 2, the lowest UV-VIS spectra were found for 0.3gc (the line hidden behind the
line for 0.3gTr0.5 and 0.3gTr1). The samples without the addition of orange essential oil had
the lowest absorbance. The addition of orange essential oil increased the absorbance, and
the combination with orange essential oil and trehalose resulted in the highest absorbance
(0.3gTr30T20 and 0.3gTr30T80). A higher absorbance of films with OEO can be caused by
the presence of lipid droplets in films that have a different refractive index, inducing light
scattering [27]. The study emphasized that the combination of OEO and trehalose multiplies
protection against UV radiation, meaning that there is a synergistic effect between these
two substances. The combination of oil and sugar added to the matrix of edible film causes
the formation of oil droplets; the increasing concentration of sugar causes less breaking of
forming droplets, and oil droplets occur in a larger size [28].

3.2. Transmittance

The results for transmittance are shown in Table 2. It has to be stressed that when the
Tween 80 or Tween 20 and orange essential oil were added, the transmittance in the UV
region at 356 nm rapidly decreased; the same happened at 600 nm. Haghighi et al. [29]
found similar results when the combination of polymer and essential oils was studied.
In our samples, the lowest transmittance as well as the best UV barrier properties were
found in samples with the addition of 3% trehalose and orange essential oil. The addition
of higher amounts of trehalose resulted in a transmittance decrease. Statistically significant
differences (p < 0.05) were not found between all samples with the addition of essential oil in
T356. However, statistically significant differences (p < 0.05) were found between samples
without orange essential oil and with essential oil, so the addition of orange essential oil
and Tween 80 or Tween 20 had a higher impact on the transmittance of prepared films. The
transmittance, the same as absorbance, was affected by the presence of oil droplets in edible
films [27,28]. The addition of trehalose also had an impact; statistically significant (p < 0.05)
differences were found between ¢, Tr0.5 and Trl. Sample Tr3 was statistically similar to
Tr0.5 and Trl. Hence, it seems that the effect of trehalose on the transmittance properties of
the films is plateau-like, i.e., increasing the concentration of trehalose above a certain limit
does not result in a further improvement of the optical properties. Transmittance at 600 nm
for samples with 0.5 g of k-carrageenan was affected by the addition of essential oil, where
¢ showed a statistically significant difference (p < 0.05) in comparison with OT80 and OT20,
but the more pronounced decline in transmittance at 600 nm was found in samples with a
combination of trehalose and essential oil. The transmittance of the control sample was the
highest, meaning that k-carrageenan does not possess the same large barrier properties
in the UV region as in the Vis region [30]. This is caused by the presence of terpenes in
essential oils, since they work as UV protectors [31].

The UV barrier properties are very important for the food packaging industry; com-
mon examples are oxidation of lipids and discoloration of food [2,3]. The most affected are
unsaturated fatty acids and their esters; the products of photooxidation are hydroperoxides.
Hydroperoxides can decompose and produce radicals that induce oxidation of other fatty
acids [32]. Other compounds, which are affected by UV, are vitamins and carotenes [33].
Vitamin A and (3-carotene are the most affected by wavelengths below 465 nm. (3-carotene
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is more reactive to oxidation than vitamin A acetate; this is explained by the presence of
six extra double bonds, in the B-carotene structure [34]. Rincdn, et al. [35] also confirmed
a decrease in transmittance with the addition of essential oil. Again, the combination of
trehalose and OEO provides the best transmittance results.

Table 2. Transmittance of films.

Sample T356 (%) Teoo (%) Sample T3s6 (%) Teoo (%)

c 82.20 & 0.022 88.43 4 0.032 0.3g ¢ 8379 +£0.052  87.69 +0.022
0T80 7.07 4 1.22 bdfgh 42,06 4+ 1.15° 0.3g0T80 2823 +0.13P  87.81 +£0.35%
0T20 10.81 +0.04 4 8431 +0.03¢ 0.3g0T20 11.77 £0.01¢ 8214 +£0.04°
Tr0.5 75.52 + 0.06 80.76 + 0.08 4 0.3gTr0.5 83.63+0.062  87.30+0.02°¢

Tr0.50T80 1.02 +0.13 b8 1456 £ 1.16 %M 0.3gTr0.50T80  5.55 +0.03 ¢ 21.85 4 0.03 4
Tr0.50T20 1.54 £ 0.03 P 8.50 +0.02°¢ 0.3gTr0.50T20  4.42+0.15¢ 21.23 +£0.27 4
Trl 75.06 + 0.07 © 81.03 4+ 0.04 4 0.3gTr1 80.69 +2.682f 8512 4 2.21 abc
Tr10T80 3.52 + (.73 bfah 21.37 4027 0.3gTr10T80 6.33 4+ 0.058 22.05 4+ 0.07 4
Tr10T20 1.88 +0.01f 10.94 £ 0.01 8 0.3gTr10T20 1.23+0.01" 9.09 £ 0.04¢
Tr3 64.14 +2.21 ¢ 76.06 = 1.37 4 0.3gTr3 67.61 +0.14f 69.51 +0.03 f
Tr30T80 0.17 £0.05 1 9.00 £ 0.02h 0.3gTr30T80 0.61 £0.011 3.0540.018
Tr30T20 0.69 4 0.008 9.79 +0.03 1 0.3gTr30T20 0.14 +0.02J 1.85 4+ 0.00 P

Letters in superscript indicate statistically significant (p < 0.05) differences between rows.

The protection against UV radiation is not important only due to the protection of
packed foodstuffs but also for the protection of the packaging material, because UV ra-
diation can cause the degradation of the polymer material [36,37]. During degradation,
the polymer starts to break the polymer chain, free radicals are aroused and the molec-
ular weight is reduced, leading to deterioration of mechanical properties and material
destruction [38].

3.3. Transparency Value

The transparency values are summarized in Table 3. It can be seen that the addition
of orange essential oil and trehalose had a statistically significant impact (p < 0.05) on this
property. Higher trehalose addition resulted in lower transparency value. The interpreta-
tion of transparency value is as follows: the lower the transparency value is, the higher the
observed opacity of the films is [39].

Table 3. Transparency value of films.

Sample Transparency Value Sample Transparency Value
c 23.36 +0.00 ° 0.3g ¢ 29.89 +0.00#
OT80 6.86 + 0.05P 0.3g0T80 10.41 +0.01°
OT20 8.08 +0.00 ¢ 0.3g0T20 9.49 +0.00 ¢
Tr0.5 18.16 + 0.00 ¢ 0.3gTr0.5 27.08 +0.00 4
Tr0.50T80 4.4140.13 ¢ 0.3gTr0.50T80 7.80 £+ 0.00 ©
Tr0.50T20 3.60 +0.00 f 0.3gTr0.50T20 6.86 & 0.03 f
Trl 15.07 £+ 0.00 & 0.3gTr1 2144 +£0.128
Tr10T80 493 +0.02 € 0.3gTr10T80 6.83 +0.01f
Tr10T20 3.92 +£0.001 0.3gTr10T20 4.83+£0.01h
Tr3 8.12 £0.03 0.3gTr3 9.96 + 0.00
Tr30T80 2.65 4+ 0.001 0.3gTr30T80 1.59 - 0.00
Tr30T20 2.61 4 0.00] 0.3gTr30T20 0.77 4 0.00

Letters in superscript indicate statistically significant (p < 0.05) differences between rows.

Transparency value can be compared to the real appearance of prepared films in
Figure 3. From the data and pictures in Table 3 and Figure 3, respectively, it is apparent
that the addition of orange essential oil highly affected the transparency of films, but
it has to be stressed, subjectively, in Figure 3 that the films were less transparent with
higher concentrations of trehalose. Nevertheless, the combination of trehalose and orange
essential oil affected the transparency too, the same as the addition of orange essential oil
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without trehalose. guput et al. [40] and Shojaee-Aliabadi et al. [41] studied the addition of
different essential oils in starch and carrageenan films, and found similar results to those
that can be caused by the presence of phenolic compounds in essential oils, which might
absorb light at low wavelengths. In our research, the combination of trehalose and OEO
had a statistically significant impact (p < 0.05) on the transparency value, compared to the
samples without trehalose and OEO.

TRANSPARENCY TRANSPARENCY

o180 07120 Tr0.5 Tr0.50T80 Tr0.50T20

TRANSPARENCY TRANSFARENCY

Trl

TrloT80  Tri0T20 ™3 Tr30T80 Tr30T20

TRANSPARENCY TRANSPARENCY

0.3gc

0.3g0OT80  0.3g0T20 0.3gTr0.5 0.3gTr0.50T80 0.3gTr0.50T20

TRANSPARENCY TRANSPARENCY

0.3gTrl 0.3gTr10T80 0.3gTr10T20 0.3gTr3 0.3gTr30T80 0.3gTr30T20

Figure 3. Transparency appearance of edible films.

The transparency of films is an important part of marketing, because transparent
packaging materials are usually more attractive for consumers, since they are more visually
informed about the food before purchase, and foodstuffs can look appetizing packed with
this material type [18]. The transparency values showed similar results to transmittance,
so the less transparent films can be used as food protectants against the light and prevent
lipid oxidation [42].

3.4. Scanning Electron Microscopy

SEM analysis is commonly used for the description of packaging surfaces, describing
their homogeneity and integrity [43]. Results of the SEM analysis of the prepared edible
films are shown in Figures 4 and 5 and in also more detail in the Supplementary Mate-
rials (Figures S1 and S2). It can be seen that the control samples with both contents of
carrageenan (samples c and 0.3g c) show smooth homogeneous surfaces indicating an
effective plasticization of the carrageenan by glycerol. Among the other compositions of
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the films, it can be seen that the films with the lower content of carrageenan (0.3 g) in
general maintain the integrity and homogeneity of the surface even after the addition of
other components, while films with the higher content of carrageenan (0.5 g) are more
prone to a surface heterogeneity. At this content of carrageenan, a moderate presence of
separated agglomerates and/or crystals on the surface of the films was found for the OT80,
and a significant surface heterogeneity was determined in all samples that contained a
combination of essential oil and trehalose. At the same time, from the comparison of the
topography of the essential oil-containing films, it is obvious that the use of Tween 20 as
the emulsifier results in less heterogeneous topography.

JATr0.50T20

Figure 4. The SEM micrographs of films that consisted of 0.5 g of k-carrageenan (voltage = 5 kV, current = 60 pA,

scale bar = 100 um).

Furthermore, it can be seen that the extent of surface heterogeneity is inversely pro-
portional to the film transparency, which confirms that the number and size of the hetero-
geneities (crystals, agglomerates) affect the amount of light scattered during the passage
through a film. Therefore, from the perspective of integrity and homogeneity of the films,
and the resulting optical properties, preparation of the films with the lower content of
carrageenan seems to be more appropriate.
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Figure 5. The SEM micrographs of films that consisted of 0.3 g of k-carrageenan (voltage = 5 kV, current = 60 pA,

scale bar = 100 um).

3.5. Fourier-Transform Infrared Spectroscopy

FTIR analysis was also involved in the study to provide a deeper view into the
chemical structure of the prepared films. The attenuated total reflectance (ATR) technique
was used to focus the analysis primarily on the surface of the prepared films. FTIR spectra
of the films prepared with the absence of trehalose are shown in Figure 6. It can be
seen that the presence of the main structural components is reflected in the measured
spectra. The spectrum of the control sample (sample c) combines characteristic vibrations
of the main film-forming component (carrageenan) and the plasticizer (glycerol). The
wide absorption band centered at 3300-3400 cm ™! is attributed to stretching vibration
of O-H bonds which are found in both the film components as well as in the residual
moisture contained in the film. The presence of the free water molecules (i.e., those not
bound in the form of a crystalline hydrate) is further confirmed by an absorption band
at 1640 cm~! (water molecule bending) and by a characteristic baseline deformation at
the lowest measured frequencies. Aside from the contribution to -OH stretching above
3000 cm !, other characteristic vibrations of carrageenan can easily be recognized over the
whole analyzed spectral range (the specific vibrations that were assigned according to the
literature [44] are marked with an asterisk in Figure 6). First, asymmetric and symmetric
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stretching vibrations of C—-H bonds in carrageenan methylene groups are located at 2940 and
2890 cm !, respectively. Second, the characteristic vibration pattern of oxygen-containing
groups in carrageenan can be found in the region from 900 to 1200 cm~!, namely, at
920 cm~! (C-O stretching in 3,6-anhydro-D-galactose), 1035 and 1063 cm~! (C-O and
C-OH modes and glycosidic linkage) and 1159 cm~! (C-O-C asymmetric stretching).
Sulfate-associated vibrations of carrageenan can also be recognized in the spectrum mainly
at 843 (D-galactose-4-sulphate), 1225 (sulfate ester asymmetric stretching) and 1375 cm ™!
(sulfate stretching). Finally, skeleton bending of pyranose is manifested by the specific
fingerprint pattern with the sharp peaks at 700, 733 and 772 cm~!. Unlike the well-
distinguished spectral features of carrageenan, characteristic C-C and C-O vibration bands
of glycerol, normally occurring in the range 850-1100 cm ™!, are not easily identified in the
spectra as they are overlapped by the carrageenan signal even at its lower content in the
film (see the indifferent spectra of samples c and 0.3g c in Figure 6).
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Figure 6. Attenuated total reflectance (ATR) Fourier-Transform spectroscopy (FTIR) spectra of the films prepared without

the addition of trehalose.

As expected, FTIR spectra of the films containing the essential oil are well-distinguished
from the spectra of the corresponding control samples (see Figure 6). Nevertheless, the
main differences between the spectra with and without the essential oil, respectively, can
be assigned to the presence of emulsifier (Tween 80 and Tween 20, respectively). First,
higher intensity of C-H stretching in the range from 2800 to 3000 cm ! can be attributed to
the hydrocarbon chains in the surfactants, whereby the peak frequencies of the asymmetric
and symmetric vibrations are slightly red-shifted as compared to the controlled sample (to
2920 and 2860 cm~!). Furthermore, the spectral region that corresponds to the vibrations
of oxygen-containing groups is also significantly altered. Carbonyl stretching in the ester
group is manifested by the sharp peak at 1736 cm~!, while the presence of ether linkages
increases the absorption at 1065 and 1089 cm !, and the -OH bending intensity increases
the absorption at 1455 cm~!. Furthermore, C-H bending in CH, and CHj is manifested by
absorptions at 1349 and 1248 cm~!. Both the ether and the methylene moieties appear also
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in the structure of essential oils; therefore, it is likely that the essential oil incorporated in
the films contributes to some of the spectral features assigned to the presence of emulsifier.
In general, no significant spectral differences were found between the films prepared with
the use of different emulsifiers (Tween 80 and Tween 20, respectively). Among the spectral
features related to the presence of the C=C bond in the Tween 80, only the very weak C-H
stretching vibration (at 3010 cm~!) can be observed in a spectrum of 0.3gOT80 (marked
with arrow ion Figure 7), while it is overlapped with the wide and intense -OH stretching
band for the sample with a higher content of carrageenan (OT80).
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Figure 7. ATR FTIR spectra of the trehalose-containing carrageenan films without the addition of
essential oil (0.5 g of carrageenan).

The most interesting IR spectral features were revealed for the films containing tre-
halose. It is well known that trehalose exhibits polymorphism, i.e., depending on the
thermodynamic conditions, it can adopt different crystalline forms aside from the form of
amorphous solid [45], whereby each of the adopted forms exhibits specific spectral features
in FTIR [46]. The actual adopted form of trehalose is crucial from the perspective of its
performance as an active ingredient of the edible films, because it will affect such essential
physicochemical parameters as the rate and heat of dissolution in water [47]. Furthermore,
it has also been suggested that different crystalline forms may differently contribute to the
bioprotective function of trehalose [46].

The main vibration bands ascribed to a trehalose presence are those corresponding to
C-O-C stretching of the glycosidic bond. These bands occur in the range 900-1200 cm !
depending on the symmetry of the molecule. Therefore, the FTIR pattern of trehalose in
this spectral region can be used as a marker of the trehalose conformation [46,48]. Figure 7
shows FTIR spectra of the trehalose-containing films with a higher content of carrageenan
(0.5 g) and with the absence of essential oil, while Figure 8 shows spectra of the films also
containing essential oil and emulsifier (Tween 80). The difference between the trehalose
manifestation in both spectra is obvious.
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Figure 8. ATR FTIR spectra of the trehalose-containing carrageenan films with the addition of
essential oil (0.5 g of carrageenan, Tween 80).

While the trehalose signature in spectra shown in Figure 7 is limited to several bands
(the most important ones are marked in the figure), significantly more peaks appear
in the spectra shown in Figure 8 as a result of the trehalose presence. Comparing the
following spectral features with the literature [46], we suggest that the spectral signature
of agarose shown in Figure 7 may be attributed to the prevailing content of amorphous
trehalose, while that presented in Figure 8 corresponds to the majority of crystalline
trehalose dihydrate: (a) In the samples without essential oil, the most intensive vibration
band occurs at 984 cm !, while the band is red-shifted to about 992 cm ™! for the films with
essential oil. (b) Symmetric stretching vibration of the glycosidic bond at 955 cm~! occurs
specifically in spectra of the dihydrated crystalline form. (c) Water molecules trapped
in the crystalline dihydrate exhibit specific stretching (around 3500 cm ') and bending
(around 1680 cm™!) frequencies. For the essential oil-containing films with the same
concentration of carrageenan but with Tween 20 as the surfactant, similar qualitative signs
of the presence of trehalose dihydrate were found (see Figure S3 in the Supplementary
Materials). Altogether, these results indicate that trehalose in the films with the higher
content of carrageenan is less compatible with the film matrix (i.e., less content of trehalose
is dispersed in the film in amorphous form) when the surfactant and the essential oil is
added. This also suggests that the surface heterogeneity for the essential oil-containing
films as revealed by SEM is caused by crystals of trehalose dihydrate excluded from the
film matrix.

For the films with the lower content of carrageenan (0.3 g), the presence of the essential
oil exhibited a less pronounced impact on the trehalose crystallinity (see Figures S5 and S6
in the Supplementary Materials). Except for sample 0.3gTr30T20, trehalose in the films
with the presence of the essential shows predominantly spectral signs of the amorphous
form. On the other hand, higher contents of trehalose in the films without OEO bring about
higher signs of the dihydrate presence as compared to corresponding films prepared from
the higher content of carrageenan. It is likely that while in the case of 0.5g carrageenan
films, the trehalose dihydrate crystals excluded on the surface of the films are the main
contributors to the collected spectra, in the case of smooth homogeneous films prepared
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from 0.3 g carrageenan, the FTIR spectra better represent the true distribution of trehalose
conformers inside the film matrix.

To provide a semi-quantitative evaluation of the relative content of individual tre-
halose forms from the collected FTIR spectra, we calculated two spectral parameters which
should positively correlate with the content of trehalose dihydrate—the absorbance ratio at
955 (trehalose dihydrate) and 843 cm™! (carrageenan) and the frequency of the antisym-
metric stretching of the glycosidic bond. The results are shown in Figures 9 and 10. It can
be seen that both parameters confirm two main conclusions of the qualitative evaluation of
the FTIR spectra, i.e., that in the case of 0.5 g carrageenan films, the presence of essential oil
and emulsifier induces exclusion of trehalose dihydrate crystals on the film surface, while
the 0.3 g carrageenan films, in general, show higher compatibility of trehalose with the film
matrix, hence reducing the relative content of crystalline trehalose dihydrate. The presence
of both forms of trehalose can be considered advantageous from different points of view.
Maintaining trehalose in the amorphous form dispersed inside the film matrix will prevent
the exclusion of crystals and the loss of film transparency (see above). Moreover, the higher
solubility of amorphous trehalose increases its release rates from the films as compared to
the release of a crystalline form. Last but not least, exothermic heat of the dissolution of
amorphous trehalose, conversely to the endothermic dissolution of trehalose dihydrate, has
been considered interesting for the production of foodstuffs and medicaments with a warm-
ing effect in the mouth [47]. On the other hand, it was proposed that a partial crystallization
of trehalose into the dihydrate form supports its biostabilizing effect, because it reduces
its devitrification by an increase in the glass-transition temperature [49]. In the “open”
conformation that occurs in the dihydrate form but not in the trehalose glass (amorphous
solid trehalose), all the hydroxygroups in trehalose participate in hydrogen-bonding, which
enables them to mimic an aqueous environment in dehydrated biological materials [46].
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Figure 9. Quantitative crystallinity markers determined from ATR FTIR spectra of the trehalose-containing carrageenan
films (0.5 g of carrageenan). A955/A843 represents absorbance ratio at 955 and 843 cm-1; fmax, C-O-C represents the
frequency of the maxima for the glycosidic linkage stretching in trehalose.

3.6. Antimicrobial Activity

The plates with edible films and bacteria after 18 h incubation were photographed and
evaluated with respect to the evaluation scale mentioned earlier. The results are shown in
Table 4. The Figure 11 describes one of the plates in more detail, explaining the evaluation.
Clearly, in samples 7, 7C and 8, the bacteria have overgrown the edible film and the blue
background is barely visible, and thus, these samples were evaluated as value 5, 3 and 4,
respectively. On the other hand, the blue background is visible in samples 8C, 13 and 14,
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indicating no bacterial growth at all (value is 1 for all). The complete results are shown in

Figure 57.
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Figure 10. Quantitative crystallinity markers determined from ATR FTIR spectra of the trehalose-containing carrageenan
films (0.3 g of carrageenan).

Figure 11. Evaluation of antimicrobial activity based on overgrowth of microbial culture over the disc
of edible envelope; evaluation scale 1-5 (1 = disc completely clean; 5 = disc completely overgrown).
The results are designated as follows: 7: 0.3gTr1OT80; 7C: 0.3gTr1; 8: 0.3gTr30T80; 8C: 0.3gTr3;
13: OT20; 14: Tr0.50T20.
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Table 4. Evaluation of antimicrobial activity based on overgrowth of microbial culture over the
disc of edible films; evaluation scale 1-5 (1 = disc completely clean, whereas 5 = disc completely
overgrown); therefore, + means antimicrobial activity (1,2) and — means no activity (3, 4, 5).

i::::lrtl;l Cal;)abiilaslt Antimicrobial Antimicrobial

activity against activity against

Sample No. aursetjsp :’zlizgoccfs:eus Eschert)',ch?u coli Candid:}; u?bicans

(MRSA) CCM 7110 CCM 3954 CCM 8261

c 1C +(2) +(1) +(2)
OT80 1 +(2) + (1) +(1)
OT20 13 +(1) +(1) +(2)
Tr0.5 2C +(2) + (1) +(2)
Tr0.50T80 2 +(1) +(1) +(2)
Tr0.50T20 14 + (1) +(1) +(2)

Trl 3C + (1) + (1) +(1)
Tr10T80 3 +(1) + (1) +(1)
Tr10T20 15 +(1) +(2) +(2)

Tr3 4C +(2) + (1) G
Tr30T80 4 +(2) +(1) +(2)
Tr30T20 16 +(2) +(1) +(2)

0.3gc 5C +(1) +(2) +(2)
0.3gOT80 5 +(1) +(1) +(2)
0.3g0T20 17 +(2) +(2) —(5)
0.3gTr0.5 6C +(1) +(1) —(5)
0.3gTr0.50T80 6 +(1) +(1) -3
0.3gTr0.50T20 18 +(2) -3 -3
0.3gTr1 7C +(2) -3 L))
0.3gTr10T80 7 +(2) —(5) -3
0.3gTr10T20 19 +(2) —(5) -3
0.3gTr3 8C +(2) +(1) )
0.3gTr30T80 8 —4) e C)) G
0.3gTr30T20 20 +(2) —(5) -3

Based on the previous results, we divided the prepared edible films into three groups.
The first group consisted of samples with the addition of 0.5 g of k-carrageenan, and these
samples were resistant to all three tested microorganisms. The second group consisted
of films with the addition of 0.3 g k-carrageenan and without trehalose, which were,
similarly to the previous group, resistant to all three tested microorganisms. The third
group consisted of films with the addition of 0.3 g k-carrageenan and trehalose, and these
samples were not resistant to Candida albicans and in some cases also to Escherichia coli.

Most prepared edible films were resistant to Staphylococcus aureus subsp. aureus
(MRSA), except for 0.3gTr30T80. Generally, for the edible film to be active against Gram-
negative bacteria (Escherichia coli CCM 3954) and the yeast Candida albicans CCM 8261, the
necessary amount of k-carrageenan was 0.5 g, with an exception for sample Tr3. The edible
film prepared from 0.3 g of k-carrageenan showed antimicrobial activity by itself or in
combination with OEO and Tween 80. For activity against E. coli, combinations 0.3gOT20,
0.3gTr0.5, 0.3gTr3 and 0.3g k 0.3gTr0.50T80 were also critical. The results showed that with
an increasing amount of trehalose in films, neither 0.3 g of k-carrageenan nor OEO were
able to inhibit growth of E. coli or C. albicans. Thus, we suggest that trehalose serves as a
nutrient in these cases [50].

To summarize all the results of antimicrobial activity, prepared edible films were
generally resistant to a Gram-positive bacterium, but in the case of Gram-negative bacteria
or a yeast, only when 0.5 g of k-carrageenan was used. We thus proved the usage of
k-carrageenan for the preparation of edible coatings to improve stability against microbial
contamination.
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3.7. Principal Component Analysis

The overall principal component analysis (PCA) is shown in Figure 12. According to
the results obtained by PCA, one group consisting of control, Tr0.5, Tr1, Tr3 and control
0.3g, Tr0.5k0.3g, Tr1k0.3g, Tr3k0.3g can be seen. PCA also emphasized that the addition
of orange essential oil, Tween 80 and Tween 20 had an impact on UV-Vis properties of
prepared films. Another finding was that the addition of Tween 20 and Tween 80 did not
affect the film matrix.
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Figure 12. Overall PCA analysis.

4. Conclusions

The research showed that the combination of trehalose with orange essential oil
had a great impact on barrier protection against UV-VIS radiation; the protection was
significantly higher than using orange essential oil (OEO) or trehalose alone. A synergistic
effect was found between these two substances and potentially the usage of films for food
packaging as protectants and improvers of shelf life and food quality. The most protective
UV properties were found for samples with the highest concentrations of trehalose and
essential oils (since the lowest transmittance values at 356 nm were observed). Furthermore,
it was found that experimentally produced packaging showed the greatest antimicrobial
activity against Staphyloccocus aureus. The highest antimicrobial activity against all studied
microorganisms was shown by the edible films with the higher addition of carrageenan
(0.5 g) in the film matrix. Using FTIR and SEM analysis, it was found that trehalose
formation is dependent on the amount of carrageenan, the presence of orange essential
oil and Tween addition. The compatibility of trehalose in the film matrix was better in
the films with 0.3 g of carrageenan than with 0.5 g of carrageenan. The obtained results
represent the knowledge improvement in properties of edible packaging prepared with
trehalose, orange essential oil and carrageenan. Certainly, the findings are valuable for
further research and possible application of edible packaging.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-436
0/13/3/332/s1, Figure S1: The appearance of films that consisted of 0.5 g of k-carrageenan; Figure S2:
The appearance of films that consisted of 0.3 g of k-carrageenan; Figure S3: ATR FTIR spectra of the
trehalose-containing carrageenan films with the addition of essential oil (0.5 g of carrageenan, Tween
20); Figure S4: ATR FTIR spectra of the trehalose-containing carrageenan films without addition
of essential oil (0.3 g of carrageenan); Figure S5: ATR FTIR spectra of the trehalose-containing
carrageenan films with the addition of essential oil (0.3 g of carrageenan, Tween 80); Figure S6: ATR
FTIR spectra of the trehalose-containing carrageenan films with the addition of essential oil (0.3 g of
carrageenan, Tween 20); Figure S7: The complete results of antimicrobial activity of prepared films.
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