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Abstract: The research subject was the analysis of the microstructure, barrier properties, and me-
chanical resistance of the psyllium husk (PH)-modified thermoplastic starch films. The tensile tests
under various static loading conditions were not performed by researchers for this type of material
before and are essential for a more precise assessment of the material’s behavior under the conditions
of its subsequent use. The film samples were manufactured by the casting method. PH addition
improved starch gelatinization and caused a decrease in failure strain by 86% and an increase in
failure stress by 48% compared to pure films. Fourier transform infrared spectroscopy results showed
the formation of additional hydrogen bonds between polysaccharides in starch and PH. An increase
in the number of hydrophilic groups in the modified films resulted in a faster contact angle decrease
(27.4% compared to 12.8% for pure ones within the first 5 s); however, it increased the energy of water
binding and surface complexity. The modified films showed the opacity at 600 nm, 43% higher than
in the pure starch film, and lower transmittance, suggesting effectively improving barrier properties
to UV light, a potent lipid-oxidizing agent in food systems.

Keywords: biocomposites; thermoplastic starch film; psyllium husk; microstructure; mechanical
properties; barrier properties

1. Introduction

Polymer-based materials made of biodegradable raw materials are gaining more and
more advantage over traditional synthetic materials due to their environmental friendliness
and easy availability [1]. The increase in global demand for these types of materials has
been caused by the introduction of a legislative requirement to withdraw disposable food
packaging made of synthetic materials [2]. Polymer plastics are so problematic that even
their selective collection does not help to reduce their quantity. Many of them are never
deposited in landfills, pollute the ecosystem, and are a true killer of the ocean fauna.
According to the European Commission, more than 80% of marine litter is plastic. Products
covered by the new rules account for 70% of all marine litter items (details are available
in [3]). Using edible films and coatings in food packaging is a beneficial way to reduce the
amount of synthetic polymeric materials and to extend the shelf life of products.

Starch is recognized as an important polysaccharide polymer due to its ease of form-
ing a continuous matrix, low manufacturing cost, easy renewability, and abundance [4-6].
Native starch is a semi-crystalline material composed mostly of amylose and amylopectin
polymers, whose structures include glucose monomer units [6,7]. Strong intra- and inter-
molecular hydrogen bonds between hydroxyl groups of starch polymers make them de-
compose instead of melting upon heating [8]. The thermoplastic properties of starch are
revealed in the presence of an appropriate plasticizer and water, which trigger the process
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of transformation of semi-crystalline starch granules into a homogeneous thermoplastic
starch structure (TPS). Starch-based edible films can be synthesized by two methods: the
casting and extrusion techniques, also known as wet and dry methods [9]. Previous studies
have documented that the type of plasticizer has a large impact on the mechanical, thermal,
and barrier properties of starch-based films [10]. Plasticized starch films showed more
flexibility and workability due to weakening the intermolecular forces between the polymer
chains, thereby increasing the molecular volume [11,12]. Among the plasticizing agents,
glycerol is characterized by high compatibility with amylose that can strongly affect the
functional properties of starch-based coatings and films by interfering with amylose chain
packing [13].

However, despite many studies on TPS-based films, there are still technological ap-
plication problems related to their low mechanical strength [14] and high water vapor
permeability (WVP). Pure native starch films are brittle and tend to absorb large quan-
tities of water at elevated relative humidity (RH) conditions (because of their inherent
hydrophilic nature) compared with synthetic polymers, such as polyethylene. To increase
the functional properties of thermoplastic starch films, various functional additives in the
form of fibers, seeds, protein additives, hydrophobic biodegradable polymers, ceramic
additives, or waxes are used [15-18].

One of the additives that have recently become of special interest to scientists is psyl-
lium plantain and its various physical forms, such as seeds, husks, flour, or psyllium
husk gum [19,20]. Psyllium is obtained from the seeds of the plant genus Plantago and
Plantago ovata, which has more than 200 species. Among its many physical forms, psyllium
husk has a wide nutritional value and is used for manufacturing psyllium products because
of its low cost, non-toxicity, biodegradability, and biocompatibility [21,22]. The bioactive
component of psyllium is composed of a highly branched polysaccharide-arabinoxylan,
which contains both (1-4) and (-(1-3) glycosidic linkages in the xylan backbone [23].
Biodegradable films with improved physical, mechanical, and barrier properties have
already been investigated using composites containing native starch, whey protein con-
centrate, and psyllium husk in the context of designing films with specific spectral char-
acteristics [24,25]. Some authors focus on films manufactured by extraction of psyllium
hydrocolloid and preparation of an edible film directly from PH [19], while others use PH
as a small additive to starch-based films [24]. It has been reported that the application
of psyllium husks as a filler in the polymer matrix resulted in reduced free volume and
moisture diffusion, which improved the water vapor barrier properties of the modified
starch films [26,27]. Most of the authors mainly present the results focusing on water vapor
permeability studies combined with FTIR analysis and very little microstructure analysis.
Nevertheless, psyllium seeds seem to be a promising raw material for producing edible
films or coatings [1]. However, the extended investigation of mechanical properties is still
rarely reported for these films.

To the best of our knowledge, the analysis of the mechanical properties of thermo-
plastic starch films with psyllium husk addition, in terms of tensile strength at different
speeds, has not been reported in the literature. This limits the considerations to only a small
range of static loads. Extending the analysis of mechanical resistance of the PH-based films
under various static loading conditions combined with a detailed analysis of the structure
will allow for a more precise assessment of the material’s behavior under the conditions
of its subsequent use. In the available works, little attention is also paid to the analysis of
sorption isotherms. These tests are aimed at presenting the relationship between water
content and water activity of any material at a given temperature. Water activity is then
defined as the ratio of water vapor pressure above the material to the vapor pressure of
pure water at the same temperature. Sorption isotherms provide important information on
the product stability in relation to microbial and enzyme activity [28], and for that reason
sorption isotherms of foods and agricultural products have been extensively studied.

The objective of the present work is to evaluate the physical, mechanical, and bar-
rier properties, together with a detailed analysis of the microstructure of films based on
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thermoplastic starch with psyllium husk addition. The surface parameters morphology
and wettability were analyzed by atomic force microscopy (AFM) and contact angle mea-
surements. The barrier properties were studied by determining water vapor permeability
(WVP) and the moisture sorption isotherms. Tensile tests analyzed the mechanical proper-
ties under various static loading conditions. Fourier transform infrared spectroscopy (FTIR)
and scanning electron microscopy (SEM) have been effectively used to gain insight into
physical properties that can enrich the knowledge of interactions between matrix compo-
nents and facilitate the future design of films with specific structural and barrier properties.
The obtained results are promising for improving the mechanical and UV-barrier properties
of starch films with PH, which is of particular interest for their application in the food
packaging and coatings industry.

2. Materials and Methods
2.1. Materials

Potato starch needed to prepare the film was purchased from PPZ Trzemeszno
(Trzemeszno, Poland) and psyllium husk from Witpak (Kielce, Poland). Glycerol 99.5%
(Stanlab, Lublin, Poland) was used as the plasticizer.

2.2. Preparation of the Films

The procedure of casting thermoplastic starch films without psyllium husk (pure
TPS/P) and with the addition of psyllium husk (TPS/PH) was the same and based on [29],
with some modifications. Distilled water was used to prepare film-forming solutions.
Potato starch and psyllium husk were added to distilled water at a concentration of 4.3%
(w/w) for potato starch and 1% (w/w) for psyllium husk, respectively. The solution was
heated to 80 °C under constant stirring (300 rpm) using a magnetic stirrer (Steinberg SBS-
MR-1600/1T (Steinberg Systems, Zielona Gora, Poland) for 30 min. Subsequently, the
solution was cooled to 40 °C and glycerol was added in the amount of 1.3% (w/w). The
entire solution was mixed using an ultrasonic homogenizer TF-650N (Tefic Biotech CO.,
Beijing, China) for 50 min. The mixtures were poured into 200 mm x 200 mm acrylic glass
molds and dried in a KBC-65 thermal research chamber (WAMED, Warszawa, Poland) at
35 °C for 20 h. After removal from the molds, the films were conditioned at the temperature
of 22 °C and 40% relative humidity (RH) for 24 h. A detailed description of the experimental
procedures can be tracked in Figure 1. The thickness of each film was measured with a
digital micrometer with an accuracy of 1 pm just after it was peeled from the acrylic glass
mold. Thickness measurements of five locations were taken for each film (one in the center
of the film and four around the perimeter) in at least ten replications. For calculations, the
mean value was used (Table 1).
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Figure 1. The scheme of the experimental design.
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Table 1. Roughness parameters of thermoplastic starch films.

Sample Thickness (mm) R, (nm) Rq (nm) Rp (nm) Ry (nm)
TPS/P 0.09 £+ 0.01 22.15+4.402 28.23 £5.90° 8291 +£32.422 6023 +15.54°
TPS/PH 0.16 £+ 0.02 119.99 + 30.48 P 145.09 + 34.23 P 29132 £92.33P  271.65 4+ 86.25°

R,—Arithmetical mean deviation of the roughness profile & SD, Rq—root-mean-square deviation of the roughness
profile £ SD, R,—maximum peak height of the roughness profile £ SD, Ry—maximum valley depth of the
roughness profile = SD. Different letters indicate significant differences between the values at the level of
significance, o = 0.05, one-way ANOVA, Tukey’s HSD test. Values are mean =+ SD.

2.3. Microstructural Analysis
2.3.1. Stereoscopic Microscopy

The microstructure of the samples was observed using a Nikon SMZ18 stereoscopic
microscope (Nikon, Tokyo, Japan) equipped with a DS-Fi3 digital camera (Nikon, Tokyo, Japan)
and NIS-Elements BR image analysis software.

2.3.2. Scanning Electron Microscopy (SEM)

The microstructure of the surface and fractures of the samples were observed with
an electron microscope, Phenom ProX (Thermo Fisher Scientific, Waltham, MA, USA).
Before SEM imaging, they were mounted without pre-treatment onto aluminum specimen
stubs, using high-purity conductive double-sided adhesive carbon tabs. SEM images were
collected in SE mode with accelerating voltages of 10 kV.

2.3.3. Atomic Force Microscopy (AFM)

Surface topography of the films was investigated with atomic force microscopy with
the use of an AFM NTEGRA Prima (NT-MDT BV, Apeldoorn, The Netherlands) in semi-
contact mode, using silicon cantilever NSG30 (NT-MDT BV, Apeldoorn, The Netherlands)
with an average resonant frequency of 300 kHz. For each sample, 5 different regions,
10 x 10 um? in size, were investigated with 1 Hz scanning frequency and a resolution of
512 x 512 pixels per image. Measurements were carried out at room temperature, under
atmospheric condition, and at the relative humidity of 30%. AFM height and deflection
images were recorded. Images were initially processed using plain transformation, and
subsequently, surface roughness parameters were determined using NT-MDT software
application (NT-MDT BV, Apeldoorn, The Netherlands). The arithmetical mean deviation
of the roughness profile (R,), root-mean-square deviation of the roughness profile (R), the
maximum peak height of the roughness profile (Rp), and the maximum valley depth of the
roughness profile (Ry) were subjected to analysis.

2.4. Surface Characterization
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

Mid-infrared absorption spectra were obtained with attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) using IRSpirit (Shimadzu, Kyoto, Japan) equipped
with a DLATGS detector. The measurements were performed in ATR mode using the
QATR™.-S Single-Reflection Accessory with a Diamond Crystal (Shimadzu, Kyoto, Japan).
Film samples were placed directly onto the crystal with a contact area diameter of 1.8 mm
and pressed against its surface with a clamp mechanism. Spectra were recorded in the range
of 4000-500 cm~! with 36 scans at a resolution of 4 cm~! from 5 locations for each film
(1 in the center of the film and 4 around the perimeter). The spectra were baseline-corrected
and vector-normalized; then, for each spectrum, ten individual samples were averaged.
Spectral and data analysis were performed using the Grams/Al 8.0 software (Thermo
Scientific, Waltham, MA, USA).

2.4.2. Water Contact Angle Measurements (WCA)

Water contact angle (wettability) measurements were carried out using a goniometer
(Drop Shape Analysis System DSA100, Kriiss, Germany). The measurement device in-
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cluded a camera for recording and image acquisition. Determination of contact angles was
based on the shape of a drop settled on the smooth sample surface. Dynamic drop shape
changes were recorded with a rate of 25 frames per second. Distilled water in a volume of
2 uL was used as the standard liquid. Due to the initial oscillation of deposited drops, a sta-
ble measurement of the contact angle was possible only after the kinetic energy dissipated.
Water drops were stable after 1-2 ms. Contact angle measurements were continued until
the maximum time of 20 s was reached. Additionally, for selected time intervals, changes
in parameters such as drop volume (V) and the surface of drop contact with starch films (S)
were determined. Each measurement was carried out in three replications under steady
temperature (20 °C) and relative humidity conditions (RH = 45%).

2.4.3. Water Sorption Isotherms

The study of the surface properties of samples was based on water vapor isotherm
measurements. Isotherms were measured by the gravimetric method under constant
temperature conditions of 20 °C. Particular values of water activity were obtained by using
sulfuric acid with gradually decreasing (adsorption isotherm) and increasing (desorption
isotherm) concentrations. The samples were equilibrated at each point for two days. The
amount of adsorbed water vapor at a given water activity was calculated from the difference
in weight between the sample with adsorbed water and the dried sample. From the
experimental data, specific surface area (S5A), average adsorption energy (E.v), and surface
fractal dimension (D) were calculated. The SSA was calculated from the linear form of the
standard BET equation [30]. Calculations of E,, were based on the theory of adsorption on
heterogeneous surfaces presented in the work by Jozefaciuk et al. [31]. Average adsorption
energies were expressed as dimensionless energies, showing an excess of adsorption
energy over condensation energy of adsorbate in the units of RT. The estimation of D and
adsorption regime type was based on the Frenkel-Hill-Halsey (FHH) scaling law described
in detail by Sokotowska et al. [32].

2.5. Barrier Properties
2.5.1. Water Vapor Permeability (WVP)

Water vapor permeability (WVP) is the rate of water vapor transmission (WVTR)
through a unit area of flat material of unit thickness induced by the unit vapor pressure
difference between two surfaces, under specified humidity conditions of 75% [33]. WVP of
biodegradable films was determined using the gravimetric modified cup method according
to [34], with some modifications [22,23]. Round film samples were sealed to the top of glass
weighing vessels (¢ 30 mm) containing anhydrous calcium chloride (CaCl, 0% RH as a
desiccant). Parafilm was used to tightly secure the edges of the vessel. The initial weight of
the cups was recorded, and the cups were placed inside an environmental chamber with
air temperature of 21 °C. The chamber was maintained at 75% RH using saturated sodium
chloride solution to maintain the same RH gradient across the film. The test lasted for 24 h.
The weight change of the vessels with films was checked at regular time intervals (of about
1 h) and the weight change was plotted as a function of time. The slope was calculated by
the linear regression method and the WVTR was calculated from the slope of the straight
line divided by the transfer area using Equation (1) [27]:

1 /Am

The water vapor permeability (WVP) (g m~! s7! Pa™!) of the films was calculated
using Equation (2) [27]:
WVTR-e
WVP= ————— 2
S-(Ry —Ry) @
In the above equations, Am is the weight change of the permeation vessel (g), t is the
test time (s), A is the effective area of films (m?), S is the saturation vapor pressure of water
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(Pa) at the test temperature, R and R; are the relative humidity values of the external and
internal environment of the permeation vessel, and e is the thickness of the film sample (m).

2.5.2. UV-Vis Barrier Properties (Opacity and Light Transmittance)

The light transmission and the transparency of the film were evaluated in film spec-
imens of 10 x 40 mm? in dimension. The specimens were placed in the aperture of a
double-beam UV-Vis spectrophotometer (Cary 300 Bio by Varian) and transmittance was
measured in the range of 200-800 nm.

The transparency of the Ogg film was calculated from Equation (3) [35]:

logeTeoo 3)

Og00 =

where Og is transparency (AU/mm), Tgqp is transmittance at a wavelength of 600 nm (%),
and e is the thickness of the sample (mm).

2.6. Tensile Properties

Tensile tests of the films, under quasi-static load conditions, were carried out using
a TA.-HD plus texture analyzer (Stable Micro System, Godalming, UK), equipped with
Exponent 6.1.16.0 software to analyze the results, at three measuring head speeds of 0.1,
1, and 10 mm/s. Load cell capacity was 30 kg. The samples were mounted on the testing
machine using A/HDT jaws (Stable Micro System, Godalming, UK) and had the shape of
cuboids of constant length and width, 200 and 40 mm, respectively. The measuring length
of the samples was 130 mm. The tensile test was carried out until the sample was destroyed,
which resulted in a zero value of the force response and the return of the measuring head
to its original position. The tests were performed at a sampling frequency of 100 Hz. For
each deformation velocity, ten repetitions were performed. Tests were conducted at 24 °C
and 45% RH.

During the tensile test, the force response and elongation of the sample were recorded.
The following mechanical properties of the films were determined: maximum force (Fmax),
failure stress (o¢), and failure strain (e¢). The elasticity modulus was determined from the
slope of the linear part of the stress—strain curve.

2.7. Statistical Analysis

Statistical analysis was performed with Statistica, version 13.1 (TIBCO Software Inc.,
Palo Alto, CA, USA). A one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison tests were carried out to detect significant differences in the properties
of the films. The significance level used was 0.05.

3. Results and Discussion
3.1. Microstructural Analysis

Figure 2 shows representative images of the microstructure of the tested films (TPS/P,
Figure 2a,b; TPS/PH, Figure 2¢,d) using a stereoscopic microscope as well as a scanning
electron microscope (SEM). The films made of thermoplastic starch (TPS) presented a
more compact structure compared to films prepared with the addition of psyllium husk
(TPS/PH). Stereoscopic microscope observations revealed that structures of both kinds of
films were free of visible pores and cracks. On the other hand, SEM observations (Figure 2b)
show that the surface of TPS/P films had heterogeneous morphologies with many “small
round granules” (partly marked by arrows), which can be attributed to incompletely
gelatinized starch. Similar results were also obtained by Cheng et al. for films made
using an extrusion process [36,37]. The authors put this phenomenon down to the low
temperature during extrusion. However, there were also studies by other researchers in
which starches were fully gelatinized in the blown process with higher temperature (the
highest processing temperature reaches 170 and 155 °C, respectively) [38,39]. Additionally,
several obvious microcracks can be observed on the surface of TPS/P films, which had been
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previously reported and explained as probably caused by the electron beam during SEM
observation [40]. The addition of psyllium husk to TPS film (TPS/PH film) resulted in a
more uniform structure with fewer “round granules” and without microcracks. This implies
that psyllium husk promoted starch gelatinization. A similar effect was achieved in [36] for
TPS films with e-PL addition. The authors indicated that it is caused by hydrogen bonds’
interaction with starch granules under high shear and temperature conditions, which leads
to a reduction in the intermolecular forces along starch chains and the disruption of starch
granules. The formation of additional intermolecular hydrogen bonds in the TPS/PH
samples was confirmed by FTIR analysis, as described in Section 3.2.1.

oSS T AS L

NSl T A A5 Rl
v B % 2 2 RL A Y X

M iz v Ra i H o
i S W a5
A 2 |

z i = |
] 3

Figure 2. SEM images of the surfaces of TPS/P (a,b) and TPS/PH (c,d) films.

Figure 3 shows the 2D and 3D topography of the samples and the corresponding
deflection images. TPS/P films were characterized by a flat surface with an average
roughness (R;) of 22.15 nm and with an average maximum peak height (R},) of 82.91 nm
(Table 1). A similar value of R, was obtained in [41] for films made from corn starch. The
addition of PH caused an increase in calculated roughness parameters. The TPS/PH film
surface was more irregular, with high peaks and deep valleys. R, and Rq increased more
than five times compared to the pure thermoplastic starch film (Table 1). The complex
structure of TPS/PH film observed in 3D topographic AFM images can be associated with
the highly branched structure of the polysaccharide extract from psyllium husk seeds [1].
According to the one-way ANOVA test, the observed differences in roughness parameters
were statistically significant (at the level of significance of & = 0.05). The results of imaging
with AFM indicate the usefulness of this method for imaging the impact of additives on
the important parameters of the surface of TPS [42].
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Figure 3. Atomic force micrographs of surface topography and deflection images of TPS/P and
TPS/PH films.

3.2. Surface Characterization
3.2.1. Fourier Transform Infrared (FTIR) Spectroscopy

The changes in the structure of the films resulting from the interactions between native
starch film and the psyllium husk component were determined using FTIR spectroscopy.
The FTIR spectra of psyllium husk (PH), native (TPS/P), and modified starch composite
films (TPS/PH) are shown in Figure 4. The following regions were distinguished for the
functional groups in the tested films: (i) stretching vibrations of the O-H groups, derived from
free, intra-, and inter-molecular hydrogen bonds in the native starch structure (3800-3000 cm '),
(ii) vibrations extending the C-H groups derived from CH, (2800-3000 cem ™), (iii) the
SOH bending vibrations at 1646 cm ™! associated with the water absorbed in the amorphous
part of the starch, (iv) the C-O and C-O-C asymmetric stretching vibrations (1300-1100 cm™ 1)
present in natural polysaccharides, and (v) stretching vibrations in the area of 930-730 cm !,
characteristic of polysaccharide ring vibrations, attributed to the skeletal vibrations of the
pyranose ring in the glucose unit [43]. The intense bands at 1151 and 996 cm ! are attributed
to the polysaccharide (1-4)-glycosidic linkage and their corresponding monosaccharides,
respectively [44]. A shoulder centered at 1013 cm ! is associated with the C-O stretching
vibrations in an anhydroglucose ring.

The broad band at about 3300 cm ! attributed to the ~OH vibration is slightly shifted
towards higher wave numbers in the case of modified films, which suggests interactions
via intermolecular hydrogen bonds between starch-PH and absorbed water molecules
in the samples. These findings are in accordance with the previous report obtained for
chia-mucilage composite films with starch nanocrystals [45]. In this study [45], the incor-
poration of starch into the matrix of mucilage film resulted in an increase in the intensity
of the OH band and its broadening due to the formation of new intermolecular hydrogen
bonds. Psyllium husk consists of soluble (primarily arabinoxylans, AX) and insoluble
polysaccharides with plenty of OH groups, which could result in interactions via H-bonds,
and which causes the enhanced water-binding capacity of the modified film. The increased
intensity of this band could confirm the hydrophilic nature of the TPS/PH film surface
discussed in Section 3.2.2. OH groups derived from starch are responsible for forming
new functional groups with hydrogen bonds in the PH structure; therefore, the OH-related
absorption region becomes more intense and broader [25].
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Figure 4. Average FTIR spectra of psyllium husk (PH), native TPS/P, and chemically modified starch
composite TPS/PH films. The band positions in black indicate the same values for TPS/P and
TPS/PH samples.

The appearance of an additional band at 1747 cm~! in the spectrum of TPS/PH
film likely arises from the C=0 group of different sugars (mono- and di-saccharides) that
could be related to the soluble fiber from PH (Figure 4, green line). A 4 cm~! shift in
the 1743 cm~! band present on the FTIR spectrum of PH to 1747 cm~ ! in the TPS/PH
spectrum may indicate mixing of film components. With the addition of PH, the band
intensities at wavenumbers 1200 and 900 cm ! (the C-O and C-O-C vibrations) decreased,
which could be related to the changes occurring during the interactions between PH
and starch polysaccharides through H-bonding. When the -OH group vibrates more
efficiently and/or forms hydrogen bonds, it is more susceptible to present a broader and
less intense band [45]. Consequently, PH caused the strengthening of intermolecular
hydrogen bonds in the modified films. Krystyjan et al. examined similar starch-based
films with psyllium mucilage, but they found no pronounced changes in the FTIR spectra,
while there was a marked improvement in the film’s mechanical properties [46]. On the
other hand, starch is a heterogeneous material that contains both linear and branched
microstructures. Linear chains of amylose exhibit a high tendency to interact through
hydrogen bonds [6,47,48]. Previous studies have shown that the film-forming properties of
starch depend on its amylose content, and stiff films are formed by linking linear chains
by hydrogen bonding [49,50]. FTIR analysis revealed additional intermolecular hydrogen
bonding between polysaccharides in starch and PH. Chemically, psyllium husk is a complex
polysaccharide predominantly composed of arabinoxylans, which are a highly branched
heteroxylan containing arabinose and xylose. In recent years, arabinoxylans, a kind of
non-starch polysaccharides, have gained notoriety for their high gel-forming property [50].
Therefore, when the number of hydrogen bonds increases, the mechanical properties are
also likely to increase, which was confirmed by the higher film tensile strength discussed
in Section 3.4.

3.2.2. Contact Angle Measurements

The initial value of water contact angles (WCA) measured upon water drop contact
with the surface of starch films reached approximately 96°. Simultaneously, a decrease in
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WCA values was observed over time (Figure 5). Higher change dynamics were observed
within the first 5 s, in which the WCA value was reduced to 84.00° for TPS/P and 70.10° for
TPS/PH samples. This corresponded to 12.8% and 27.4% of the initial WCA value. At the
same time, a significant increase in the contact surface of the water drop with the substrate
and a slight decrease in the volume of the applied drop were observed (Table 2). Drop
volume decreased on average by 2.5% and 2.0% for the TPS/P and TPS/PH, respectively.
In the time interval from 5 to 20 s, WCA dynamics started to decrease and contact angle
changes did not exceed 9% for both tested films. Mean values of the drop contact area with
the substrate increased from 3.58 to 3.97 mm? and from 4.24 to 4.86 mm? for TPS/P and
TPS/PH, respectively. In the case of drop volume, the statistical significance of differences
between TPS/P and TPS/PH groups were not found. For the drop contact area at the
initial contact angle (t = 0 s), the difference between mean values of tested groups did
not differ statistically (p = 0.2). However, for times of 5 and 20 s, statistical significance
of differences between TPS/P and TPS/PH samples was observed. Obtained p-values
amounted to 0.0002 and 0.00005, respectively.

Time 0 5 20
(sec)

I _ — —

100
95

Water contact angle
(degree)

O = =~ W 0 O

o O g O O O

93]
o

0 5 10 15 20
(b) Time (sec)
—TPSIP ——TPSIPH

Figure 5. Shape (a) and behavior (b) of water drops on pure thermoplastic starch film (TPS/P) and
thermoplastic starch film with psyllium husk addition (TPS/PH) as a function of time (0-20 s).

It is well-known that the water contact angle will decrease with the increasing surface
hydrophilicity, thus being a primary indicator for hydrophobic characterization of polymer
materials [51]. The contact angle of biopolymers ranges from 0° (complete spreading of the
liquid onto the solid surface) to 180° (an unrealistic limit of absolutely no wetting) [52]. A
biopolymer can be considered hydrophilic when its contact angle is lower than 90°, and
hydrophobic when the contact angle is higher than 90° [51,53].
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Table 2. Drop volume and surface of contact of the drop with TPS/P and TPS/PH films as a function
of time (0-20 s). Values are mean + SD.

TPS/P TPS/PH
Time (s): 0 5 20 0 5 20
Drop volume (mm?) 1.99 1.94 1.90 1.97 1.93 1.90
(£0.06)  (£0.08)  (£0.10)  (£0.06)  (£0.07)  (+0.08)
2.75 3.58 3.97 2.87 424 486

Contact surface (mm?) (£0.07)  (£027)  (£0.27)  (£0.19)  (£020)  (£0.25)

Initial contact angle values are primarily dependent on the chemical nature of the
surface, and high initial WCA values suggest a slightly hydrophobic nature of the films.
According to Biatopiotrowicz [54], during the film-forming process, the most hydrophobic
and branched parts of the amylopectin chain are directed outwards in the form of a gel
film, which determines the initial wettability of the material. This explains the similar
initial contact angle values obtained for both kinds of starch films. Nevertheless, as a
result of steric interactions, there may still be polar domains formed by functional groups
between carbon chains [54]. In the case of pure starch films (TPS/P), polar groups are
mainly derived from glucose, and in the case of psyllium husk films (TPS/PH), also from
mono- and di-saccharides rich in hydroxyl groups. It can result in greater wetting dynamics,
which was observed for the starch film with the addition of psyllium husk, and it was also
confirmed in [55]. The author notes that water contact angles of the films decreased, as a
function of time, due to the reorientation of polar groups on the film surface.

Moreover, in the case of absorbing substrates, including those based on starch, com-
plete stability between the drop applied and the test material is generally not achieved [56].
As some authors point out [57-59], this is the result of partial absorption of the liquid into
the substrate, which reduces the contact angle. Typically, liquid absorption increases and
the contact angle decreases with increasing porosity [60,61], pore size [62], and material
permeability [59]. Various arrangements and shapes of the pores may also be a factor
influencing the penetration of droplets into the material [57]. In the case of the analyzed
films, the change in the volume of the applied drop over time was small and comparable
for both materials. This means that the physical inhomogeneity of the surface of starch
films did not have a crucial influence on the observed dynamics of WCA changes.

The hydrophilic nature of biodegradable films with the addition of psyllium husk was
also demonstrated by Ahmadi et al. [19]. However, the results of research on psyllium
husk-based films (made without thermoplastic starch), with a different content of glycerol,
showed much lower water contact angle values. On the other hand, Zhang et al. [27]
investigated the effect of psyllium husk gum on the properties of whey protein composites
and observed much higher contact angles (about 98-128°).

3.2.3. Water Sorption Isotherms

Figure 6 presents water vapor sorption isotherms of TPS/P and TPS/PH films. The
S-shape of the isotherms indicates that they are type II of the Brunauer-Emmett-Teller
classification [60]. This curve shape is observed for many carbohydrate polymer-based
films [62-64]. Sorption isotherms were characterized by the presence of a slight inflection at
low water vapor pressures (aw = 0.1), a more or less inclined middle part, a\, from ~0.1 to
0.7, and a rapid increase in the amount of adsorbed water vapor with a,, ~ 0.7. Adsorption
and desorption processes were not fully reversible, revealing hysteresis at 0.68 a., values.
The observed hysteresis loops belong to the H2 type according to the IUPAC classification,
without a clear saturation effect at high a,, values [65]. The presence of hysteresis was
explained by Caurie [66], who stated that the desorption isotherm occurs at higher energy
levels compared to the adsorption isotherm and that the energy difference may result from
changes in the adsorbent structure and the formation of pores, microcracks, and fissures.
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Hysteresis may also reflect conformational rearrangements, which alter the accessibility of
energetically favorable polar sites and influence sorption processes and water movement.
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Figure 6. Water sorption/desorption isotherms of the analyzed thermoplastic starch films.

Quantitative differences in water vapor adsorption were expressed by changes in the
specific surface area (SSA) and average adsorption energy (Eay). A higher mean value
of SSA (212.00 + 0.94 m?/g) was obtained for TPS/PH. This suggests that the TPS/PH
surface consists of more reactive sites for water vapor molecules compared to TPS/P. These
sites can be hydroxyl, phenol, or carboxyl groups. In the case of TPS/P film, SSA equaled
205.12 + 2.67 m?/g. The observed differences between the variants were statistically
significant at the level of significance of «= 0.05. A higher mean value of adsorption
energy (Eay) was obtained for THPS/PH (1.84 £ 0.02 AE/RT). This may be attributed to
the formation of strong hydrogen bonds with polar functional groups, whose presence
was proven by FTIR measurements. In the case of TPS/P, the adsorption energy was
1.36 & 0.01 AE/RT. The performed statistical analysis showed that the observed differences
were significant (p < 0.05).

The adsorption branch of the isotherms in the region of capillary condensation was
also used for fractal dimension analysis. For flat surfaces, the fractal dimension (D) takes
the value of 2 and tends to the value of 3 with increasing surface roughness [67]. In our
work, D equaled 2.16 and 2.21 for TPS/P and TPS/PH samples, respectively. The obtained
results showed that starch films modified by psyllium husk were characterized by higher
surface heterogeneity, which was also proven by AFM measurements.

3.3. Barrier Properties
3.3.1. Water Vapor Permeability (WVP)

Water is responsible for texture changes in food that affect food quality and stability.
Therefore, food packaging is designed to block moisture transfer between food and the
environment, hence requiring lower water vapor permeability of packaging films for
practical use [15].

The TPS/PH films exhibited a significant increase in WVP compared to TPS/P films
(Table 3). However, this result was in contrast to the conclusions drawn by Sukhija et al. [25],
who showed a tendency to reduce the WVP value of starch-based films by incorporation of
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psyllium husks to the film-forming solution. Likewise, a decrease in the WVP value was
reported in the case of films made with the addition of psyllium husk flour in comparison
to those made with psyllium husk seeds [1].

Table 3. Water vapor permeability (WVP) (g m~1s~1pa—1y, light transmittance (%), and transparency
value of the prepared films.

Sample WVP (gm1s1Pal) Tr80 (%) Tre00 (%) Opacity (AU/mm)
TPS/P 3.38 x 10710 + 857 x 107122 69.39 +£2.742 94.62 4+ 0.98 2 0.28 £0.052
TPS/PH 455 x 10710 4+ 1.74 x 10-12P 23.87 £ 1.59b 78.97 £1.29b 0.65 4+ 0.04 P

Trog0, light transmittance at 280 nm; T,409, light transmittance at 600 nm. Data are shown as mean + standard
deviation. Means in a column with the same superscripts are not significantly different (p < 0.05).

The authors of the abovementioned works emphasized the significant role of plasticiz-
ers in increasing the WVP of psyllium husk films. It should also be noted that the different
observations can be caused by the diversities in chemical composition in film-forming
solution or cracks on their structures which have a large impact on the WVP of the films [19].
However, factors such as film thickness or type of extraction method, as well as the reactions
between polymer functional groups, also affect the WVP value [27]. Moreover, a reduction
of the WVP value of films containing psyllium husk gum (PHG—a polysaccharide fraction
extracted from psyllium seeds) was shown, which was also supported by studies with
similar results obtained by other authors [68], who explained that the low WVP value is due
to the branched and compact structure of psyllium hydrocolloid that prevents the penetration
and transition of water molecules. As a result of research in [68], a lower WVP coefficient was
obtained for films made of thermoplastic starch (3% w/v), WVP =2.18 x 1019, compared to
WVP =1.45 x 10~ for films made of 100% of psyllium husk gum. The reason for that may
be the higher thickness of the TPS films (equal to 0.13 mm) compared to 0.08 mm for films
made of psyllium husk gum. On the other hand, the psyllium husk gum films showed a
much lower tensile strength than films made of pure thermoplastic starch, and in [1], the
reduction of WVP goes along with better mechanical properties of the film made only with
psyllium husk flour.

3.3.2. UV-Vis Barrier Properties (Opacity and Light Transmittance)

The film-forming components affected the thickness of the films and their optical
properties [29]. It is likely that due to the retraction of the starch gel during drying of clear
films, there was an increase in amylopectin content at the expense of amylose. Amylopectin
promotes the formation of less heterogeneous and denser films and thus resulted in the
creation of thinner films [69].

The UV-Vis transmittance patterns recorded for TPS/P and TPS/PH film samples are
presented in Figure 7, and the values of transmittance and opacity at 280 and 600 nm are
collected in Table 3. Adding PH led to a significant decrease in the transmittance of UV
(Tt280) and visible light (Trgg0), while opacity was increased [70]. The opacity of composite
film at 600 nm increased with the addition of PH and was 43% higher than in the pure native
starch film. Previous studies reported on the increasing opacity of biocomposites with
increasing fiber content. The TPS/PH film sample exhibited low light transmission in UV
light, especially at 280 nm. Films with PH show lower percent transmittance compared with
the non-modified film, suggesting that TPS/PH films could have good barrier properties to
UV light, a potent lipid-oxidizing agent in food systems.
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Figure 7. The UV-Vis wavelength transmission curves of TPS/P (blue line) and TPS/PH films (red
line). The background shows the colors of light in the UV-visible spectrum.

3.4. Tensile Properties
3.4.1. Tensile Tests Analysis

According to [71], tensile strength and elongation are two very important properties in
packaging materials because they reflect the durability of films and their ability to enhance
the mechanical integrity of food. Figure 8 shows the relationship between failure stress
and failure strain at different deformation velocities (V =0.1, V=1, V = 10 mm/s). For
the TPS/P film, as the deformation velocity increases, the failure point moves towards a
higher stress, with strain values changing inconsiderably (statistically significant differences
between the mean values of failure strain for the tested deformation velocities were not
found). The addition of psyllium husk (TPS/PH films) resulted in an increase of the failure
stress with a simultaneous decrease in the failure strain at the same deformation velocities
(Figure 8). The mean values of failure strain for the tested deformation velocities were
86% lower for the psyllium husk-containing film than for the pure film, in contrast to the
failure stress where the addition of PH increased by an average of 48% compared to the
pure film in the range of the tested deformation velocities. The very small change of the
failure strain in the tested range of deformation velocities may indicate that the damage
of the film was caused by exceeding a specified strain value. This may prove the validity
of the maximum strain criterion for the thermoplastic biodegradable film for deformation
velocities in the range of 0.1-10 mm/s. Ahmadi et al. [19], who carried out tests on films
made on the basis of psyllium husk (without TPS) with a similar glycerol content, at
V =50 mm/min, obtained a tensile strength of about 10 MPa and an elongation of 30%. In
the same study, a decrease in tensile strength was observed with the higher content of this
plasticizer. Glycerol, a small-molecular-sized plasticizer, easily diffuses into starch polymer
chains to disrupt their hydrogen bond interaction [72]. It can be suspected that the higher
tensile strength of the TPS film with the addition of psyllium husk may be related to the
presence of more hydrogen bonds, which was confirmed by FTIR spectroscopy results, but
this is also in agreement with other studies [24,73]. Chinma et al. [73] found that the higher
tensile strength of composite film may be anticipated as a result of the addition of psyllium
husk, which might cause the formation of new bonds between starch and protein matrixes
due to its hydrocolloid nature. In our study, such interactions had a minor role due to the
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very low PH content (1%) in the films, and, presumably, the H-bond formation between the
components and various amounts of water content affected the mechanical properties of
TPS/PH films.

14.0
13.0 V =10 mm/s -o-TPS/PH
V =1mm/s
11.0
—. 100
G
o 9.0 V =10 mm/s
2 s
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Figure 8. The relationship between failure stress, o (MPa), and failure strain, ¢ (%), at different

deformation velocities.

3.4.2. Fracture Surface Analyses (SEM)

Observations of fracture morphology showed no differences between the samples
after tensile tests at different speeds. Representative fracture structures of TPS/P and
TPS/PH are shown in Figure 9. TPS/P fractures had a smooth surface (Figure 9a). Some
discontinuities in the internal structure of the TPS/P film (shown by the white arrow) are
present, which may be the reason for the lower tensile strength. TPS/PH samples have a
dense morphology of the fractures with no visible cavities, but with a visible rough surface
with brittle fracture characteristics (Figure 9b). Additionally, the appearance of microcracks
was noted in the fractures of the TPS/P film under the surface of the bumps caused by the
starch granules. Together with the microcracks on the surface (Figure 2b), they indicate the
brittle adhesion structure of the gelatin phase around starch granules [37].

Figure 9. SEM observations of the fractures: (a) TPS/P and (b) TPS/PH.
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4. Conclusions

In the present study, thermoplastic starch /psyllium husk composite films were man-
ufactured by incorporating 1% of psyllium husk into a starch matrix using the casting
method. The effect of PH addition on the TPS films was investigated by an examination
of the microstructure, barrier properties, and mechanical resistance of the modified films.
The surface parameters morphology and wettability were analyzed by atomic force mi-
croscopy (AFM) and contact angle measurements. The barrier properties were studied
by determining water vapor permeability. Micro-tensile tests analyzed the mechanical
properties under various static loading conditions. The visible effect of PH addition was
manifested in a more uniform structure of TPS/PH films with fewer “round granules” and
without microcracks. The presence of additional hydrogen bonds in the modified films
improved their tensile strength (for deformation velocities in the range of 0.1-10 mm/s).
This implies that psyllium husk promotes starch gelatinization and causes a decrease in
the failure strain by 86% and an increase in the failure stress by 48% compared to pure
films. A greater number and availability of hydroxyl groups derived from mono- and
di-saccharides increased the wetting dynamics: (i) a faster decrease in the WCA value
from 27.4% compared to 12.8% in pure TPS films within the first 5 s was observed, and
(ii) the VWP value increased by 35% for the films with the PH addition. The modified
films displayed the opacity at 600 nm, 43% higher than in the pure starch film, and lower
transmittance, suggesting effectively improving barrier properties to UV light, a potent
lipid-oxidizing agent in food systems.

Moreover, Fourier transform infrared spectroscopy results confirmed the incorporation
of PH into TPS films by forming hydrogen bonds between polysaccharides arising from
starch and PH. The psyllium husk can provide an appropriate matrix for manufacturing
the films blended with other polymers applied in the food packaging and coatings industry.
Only the problem of excessive water absorption of the modified films may require improve-
ment in future studies. The addition of a different amount of psyllium husk is planned, and
the ground form of psyllium husk, the so-called psyllium flour, should improve the film'’s
structure and reduce water penetration. Modifying the amount of plasticizer (glycerol) and
using additional ingredients limiting water absorption (e.g., beeswax, nano-silica) should
bring beneficial results.
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Abbreviations

Nomenclature and Greek Symbols

Eav average adsorption energy (AE/RT)

AE difference between energy of adsorption (E,) and condensation (E.) of water vapor
R universal gas constant (J-mol 1. K~1)

T temperature (K)

D surface fractal dimension

A effective area of films (m?2)
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Am the weight change of the permeation vessel (g)

t time (s)

Og00 transparency (AU/mm)

Te00 transmittance at 600 nm (%)

Finax maximum force (N)

R, arithmetical mean deviation of the roughness profile (nm)
Rq root-mean-square deviation of the roughness profile (nm)
Rp maximum peak height of the roughness profile (nm)

Ry maximum valley depth of the roughness profile (nm)

of failure stress (MPa)

€f failure strain (%)

A% deformation velocities (mm/s)

SOH OH bending vibrations

H-bonds hydrogen bonding

Abbreviations

TPS/P pure thermoplastic starch film

TPS/PH  thermoplastic starch film + psyllium husk

PH psyllium husk

uv ultraviolet

WVP water vapor permeability (g-m ! s~! Pa~1)
RH relative humidity (%)

WCA water contact angle (deg)

SSA specific surface area (m?/g)

WVTR water vapor transmission (g/s)

AX arabinoxylans
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