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ARTICLE INFO ABSTRACT

Keywords: This study presents the development and characterization of a nanocomposite material, consisting of thermo-
Thermoplastic starch plastic starch (TPS) reinforced with bentonite clay (BC) and encapsulated with vitamin By (VB). The research is
Vitamin By

motivated by the potential of TPS as a renewable and biodegradable substitute for petroleum-based materials in
the biopolymer industry. The effects of VB on the physicochemical properties of TPS/BC films, including me-
chanical and thermal properties, water uptake, and weight loss in water, were investigated. In addition, the
surface morphology and chemical composition of the TPS samples were analyzed using high-resolution SEM
microscopy and EDS, providing insight into the structure-property relationship of the nanocomposites. The re-
sults showed that the addition of VB significantly increased the tensile strength and Young's modulus of TPS/BC
films, with the highest values observed for nanocomposites containing 5 php of VB and 3 php of BC. Furthermore,
the release of VB was controlled by the BC content, with higher BC content leading to lower VB release. These
findings demonstrate the potential of TPS/BC/VB nanocomposites as environmentally friendly materials with
improved mechanical properties and controlled release of VB, which can have significant applications in the
biopolymer industry.

Active packaging

1. Introduction

Starch, as one of the most promising candidates in the biopolymer
industry, has been widely considered, since it is completely biodegrad-
able, available from renewable resources, abundant in nature, and cost-
effective. However, high brittleness is one of the disadvantages, which is
seen in native starch as a plastic material. Therefore, by adding a suit-
able plasticizer, it can be converted to thermoplastic starch (TPS) under
special thermal and shear conditions [1-3]. This plastification process
leads to the destruction of crystallinity and increase in chain flexibility
[4]. However, the main shortcoming of TPS is the recrystallization

phenomena caused by its hydrophilic character, as it leads to unsatis-
factory mechanical properties during storage [1]. The incorporation of
filler in the polymer matrix can be considered as one of the most prac-
tical strategies to improve the mechanical properties of starch-based
films, as well as one of the important approaches to develop barrier
properties to prevent the penetration of moisture and oxygen [5-7].
Layered silicates have proven to be effective reinforcing agents to
improve barrier and mechanical properties of the polymer matrix. The
incorporation of inorganic silicate layers provides a barrier against ox-
ygen and water molecules, and also increases the strength and modulus
strength of the resulting nanocomposites [8]. A variety of layered
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Table 1

Sample codes and composition of the TPS composites filled with bentonite clay
(BC) and vitamin B, (VB). The numbers after BC and VB in the sample codes
represent the amount of BC and VB in php, respectively.

Sample code Starch (g) Glycerol (g) BC (g) VB (g)
TPS 100 50 0 0
TPS/BC3 100 50 3 0
TPS/BC10 100 50 10 0
TPS/VB1 100 50 0 1
TPS/VB5 100 50 0 5
TPS/VB10 100 50 0 10
TPS/BC3/VB1 100 50 3 1
TPS/BC3/VB5 100 50 3 5
TPS/BC3/VB10 100 50 3 10
TPS/BC10/VB1 100 50 10 1
TPS/BC10/VB5 100 50 10 5
TPS/BC10/VB10 100 50 10 10

silicates, including montmorillonite, bentonite, hectorite, saponite, and
other modified cationic compounds, have been explored for their po-
tential as reinforcing agents. Among these, bentonite clay is particularly
attractive due to its low cost, large availability, and environmentally
benign nature [9-12]. On the other hand, nanocomposite films incor-
porating bioactive molecules, such as antimicrobials, antioxidants, and
vitamins increasingly popular in the cosmetic, pharmaceutical, nutra-
ceutical, and food industries [13]. Vitamins, which are classified into
fat-soluble (vitamin A, D, E, K, and B,) and water-soluble (vitamin C, B,
B2, and folate) categories, are among the most commonly used bioac-
tive molecules in nanocomposites. [14].

Vitamin B, also known as riboflavin, is one of the essential water-
soluble vitamins for humans [15]. Vitamin B, plays an important role
in the metabolism of carbohydrates, lipids, and proteins and is crucial
for the generation of biological energy in the electron-transport system.
Vitamin B, is an abundant, naturally occurring chemical existing in
various food like milk, dairy products, fish, meats, fruit, and vegetables
[16]. This vitamin is also essential for living organisms and plays a vital
role in the production and regulation of certain hormones, and the
formation of red blood cells [17]. Vitamin By is known as a photosen-
sitizer, which can produce reactive oxygen species (ROS) at a certain
wavelength leading to the deactivation of malignant cells and patho-
genic microorganisms [18,19]. Sufficient dietary or supplemental intake
of vitamin By has been reported to provide anti-oxidant, anti-aging, anti-
inflammatory, and anti-cancer properties [20]. However, vitamin By
deficiency can lead to a range of symptoms, including hair loss, skin
crack, depression, blurred vision, swollen mouth, and tongue [21]. Since
the human body is unable to synthesize vitamin By, it must be obtained
through dietary sources [22]. Nevertheless, vitamins are vulnerable to
light, heat, and oxidation, which can degrade their bioactivity. The
encapsulation of vitamin B, in a polymer matrix has been identified as a
promising approach to protect the vitamin from environmental factors
that may degrade its quality and stability [14,23-25]. Various types of
polymeric materials have been investigated for this purpose, such as
hyaluronic acid hydrogels [26], alginate hydrogel coated with chitosan
[27], chitosan-based printed materials [28], epichlorohydrin-
crosslinked  p-cyclodextrin  nanofibers [24], epichlorohydrin/
guanidine-crosslinked p-cyclodextrin [25], ethyl cellulose-coated
barium alginate beads [29], starch/polyacrylic acid [30], silk fabric
[31], alginate multilayered gel microspheres [29,32], gum arabic,
maltodextrin, sodium alginate, and pectin microparticles [33]. These
delivery systems have shown the ability to provide controlled release of
encapsulated vitamin By. Overall, the use of polymer-based encapsula-
tion strategies holds great potential for enhancing the stability and ef-
ficacy of vitamin B in various applications.

The development of active packaging systems using biodegradable
materials is of great interest to preserve and enhance the functionality of
encapsulated compounds, such as vitamin By (VB). One potential ma-
terial for this purpose is a biodegradable TPS/bentonite clay

International Journal of Biological Macromolecules 242 (2023) 124742

nanocomposite film. However, to the best of our knowledge, no previous
research has explored the simultaneous incorporation of VB and
bentonite clay in starch-based films. Therefore, the primary objective of
this study is to evaluate the physicochemical properties of the nano-
composites based on TPS loaded with various contents of bentonite clay
and VB, using the solvent casting method. The high resolution SEM
microscope and EDS were used to analyze the surface morphology and
chemical composition of the TPS samples. Additionally, the effects of
bentonite clay and VB on the mechanical and thermal properties of TPS
films, as well as their stability in water and release behavior, will be
investigated.

2. Experimental
2.1. Materials

Native corn starch Meritena® 100 was supplied by Brenntag (Bra-
tislava, Slovakia). The water content determined by drying in an oven at
100 °C for 5 h was around 12 wt%. Bentonite clay (BC) was purchased
from Southern Clay Brick Co. (Texas, USA). Glycerol and vitamin By
(VB) were purchased from Merck (Darmstadt, Germany). Double
distilled water was used in all experiments.

2.2. Preparation of TPS-bentonite clay nanocomposites reinforced with
vitamin By

First, bentonite clay (BC) at 3 and 10 parts based on the dry weight of
starch (php) were dispersed in water by sonication at ambient temper-
ature for 10 min. Then, each suspension was added separately to a
mixture containing starch, glycerol and water according to the receipt
summarized in Table 1. In the next step, to prepare vitamin By-rein-
forced samples, 1, 5, and 10 php of vitamin (based on dry weight of
starch) were added to starch and starch-BC solutions. The following
procedure was performed to further process the mixtures. Gelatinized
starch was obtained by heating a mixture of starch, BC, glycerol, VB, and
water at 70 °C for 15 min while stirring continuously. Homogenization
of all mixtures was achieved through sonication for 30 min, and then
cast into circular molds before being dried at 45 °C in an oven for 24 h.
To investigate the effects of VB and BC on the properties of TPS films,
two sets of composite films were prepared - one with BC and VB and the
other without BC and with VB. The composition and sample codes for
each formulation are summarized in Table 1.

2.3. Physico-chemical characterization

2.3.1. Elemental analysis

Elemental analysis was performed to measure carbon, nitrogen and
hydrogen contents using a Thermo scientific Flash 2000 CHN Elemental
Analyzer.

2.3.2. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS)

Surface morphology of the TPS samples was characterized by high
resolution SEM microscope Thermo Fisher Scios 2 LoVac. Images were
recorded using secondary electrons (SE) at 10 kV accelerating voltage
and 7 mm working distance. The chemical composition of the samples
was analyzed by EDS using Thermo Scientific UltraDry EDS spectrom-
eter with active area of 60 mm? at 10 kV electron accelerating voltage.

2.3.3. Mechanical properties

The mechanical properties of the prepared films were determined
using an Instron 3365 universal testing machine (Instron, Massachu-
setts, USA). Prior to testing, dog-bone shaped specimens were manually
punched using toggle press equipment with a dimension of 3.5 x 30 mm
for the area of deformation during the test. The thickness of the speci-
mens, measured using a digital caliper, was approximately 1 mm. Tests
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Table 2
CHN elemental analysis results of the TPS samples containing bentonite clay
(BC) and vitamin B, (VB).

Sample C N H

TPS 39.41 + 0.20 0 7.0 £ 0.2
TPS/BC10 37.33+0.13 0 6.7 £ 0.1
TPS/VB10 40.69 + 0.17 1.10 £ 0.03 6.81 £ 0.04
TPS/BC10/VB10 38.15+0.21 0.99 + 0.1 6.69 £ 0.15
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were carried out at a speed of 1 mm-min~! with deformation up to 1 %
and at a speed of 50 mm-min~! at higher deformations, according to
ASTM D638. The mean values and standard deviations were calculated
of 7 specimens for all parameters.

2.3.4. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was conducted using
DMA Q800 (TA Instruments, Germany). Tests were performed in tensile
mode at a frequency of 10 Hz and an amplitude of 20 pm. These mea-
surements were performed to determine the storage modulus (G'), loss

H oty

£u det  meo O HFW v
10,00 k¥ 0.10nA ETD SE

500x 166 ym 6.9 mm

Fig. 1. SEM Images showing surface morphology of the samples with (a) 1 php (TPS/VB1) and (b) 10 php (TPS/VB10) of vitamin B,. Higher magnification images of
the (c) rod shaped vitamin B, particle and (d) agglomerated bentonite clay particle (image artefacts are due to charging). SEM Images showing the surface
morphology of the samples with (e) 1 php (TPS/BC10/VB1) and (f) 10 php (TPS/BC10/VB10) of vitamin By, both with 10 php of bentonite clay (bentonite clay

particles are marked with arrows).
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Fig. 2. Vitamin B, particle size distribution histograms analyzed from SEM images.

modulus (G”), and tangent of the loss angle (tan 8) of TPS composite
samples (ca. 10 x 7 x 1 mm3). The temperature range was fixed from
—20 to 120 °C with a heating rate of 2 °C-min"".

2.3.5. Thermogravimetric analysis (TGA)

Thermal stability and degradation profile of the prepared TPS sam-
ples were studied using, NETZSCH STA 449F3, TGA-50 from 20 to
800 °C at 10 K-min~"! rate under a nitrogen atmosphere.

2.3.6. Water uptake

The water uptake ratio of the prepared samples was determined
using the gravimetric method at ambient temperature. Circular discs
with a diameter of 2 cm were cut from the samples and dried at 105 °C in
an oven until a constant weight (Wy) was achieved. Subsequently, the
dried samples were immersed in distilled water for 24 h to attain equi-
librium. After removing excess water from the surface of the films, the
wet weight of the swollen samples was measured (W;). The Water up-
take ratio (WU) was calculated using the Eq. (1).

W, — Wy
RACEIRLLIN

d

WU (%) = 100 €8}
where Wy and Wy are the weight of the swollen and dried samples,
respectively.

2.3.7. Weight loss in water

For each sample, specimens with dimensions of 2 x 2 cm (W) were
measured, and then dried at 105 °C for 5 h before being reweighed (W5).
Subsequently, triplicate specimens of each TPS sample were immersed
in deionized water and kept at ambient conditions for 24 h. After
filtering, the insoluble portion was dried in an oven at 60 °C for 24 h and
weighed (W3). The moisture content (MC) and percentage of the weight
loss in water (W) were calculated according to Egs. (2) and (3),
respectively.

W, — W,

2

MC (%) = % 100 )

W (%) = <w> x 100 3)

2

2.3.8. Zeta potential of the TPS films

The Zeta potential of the TPS films containing vitamin By was
measured using SurPASS 3 (Anton Paar GmbH, Austria), which was
equipped with an Adjustable Gap measuring cell having a measuring
surface of 20 mm x 10 mm. Electrolyte solution of 1 mmol-L ™ KCl used
for analysis at a pH of approximately 5.8. The gap height was set to
approximately 100 pm by tightening the adjustment knob. The mean
zeta potential (mV) is reported with the standard deviation (SD)

calculated from three independent measurements (n = 3). These
experimental conditions were adopted in accordance with standard
protocols for zeta potential measurements.

2.3.9. Invitro release of vitamin B,

The in vitro release of vitamin B2 from the prepared films was
investigated in a phosphate buffer solution (PBS) with a pH of 7.4. In
brief, 200 mg of TPS loaded with vitamin B2, with and without varying
amounts of BC, were suspended in vials containing 20 mL of PBS. At
regular time intervals, 3 mL of the solution was collected, and its
absorbance was measured at 446 nm using a UV-Vis spectrophotometer
(Cary 50 UV-Vis spectrophotometer, Varian, Australia). The fresh sol-
vent with the same volume was immediately injected into the harvested
vials. The cumulative release of the vitamins from the prepared films
was calculated by Eq. (4).

M,
cumulative release (%) = A7’ x 100 4
0

where M is the amount of released VB from the TPS at time t and M is
the amount of VB in the TPS samples. The experiments were performed
in triplicate, and the results were recorded as an average with an error
bar that represents the relative standard deviation.

3. Results and discussion

In short, in this study, thermoplastic films were synthesized based on
starch biopolymer. Bentonite clay was added as reinforcement to
improve the physic-chemical characteristics of the TPS. This casted film
was fortified by VB. Surface morphology and chemical composition of
the TPS samples was analyzed by high resolution SEM microscope and
EDS. The individual and simultaneous effects of BC and VB were studied
on the tensile strength of nanocomposites. Thermal stability and
degradation profiles of the prepared nanocomposites were studied by
TGA. The water uptake and weight loss of the synthesized nano-
composites were investigated after individual/or simultaneous incor-
poration of BC and VB. Finally, the release profile of VB was evaluated
from the nanocomposite containing various amounts of BC.

3.1. CHN elemental analysis

CHN analysis was performed to confirm the presence of VB in TPS/
BC nanocomposites. Carbon, hydrogen, and nitrogen contents of the
TPS, TPS/BC, TPS/VB, and TPS/BC/VB were measured by CHN
elemental analysis, and the results are summarized in Table 2. The re-
sults show the presence of nitrogen atoms in the TPS/VB10 and TPS/
BC10/VB10 samples, while the nitrogen in TPS and TPS/BC10 are equal
to zero. These findings suggest the presence of VB in the VB-reinforced
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1000 kV SapA ETD 34 15000x 274 s 6.8 men

Fig. 3. (a, b, and c) EDS elemental mapping for Nitrogen of the sample TPS/VB10. EDS point spectrum from (e) VB particle and (f) starch (VB contains nitrogen in
contrast to starch). (g, h, and i) EDS elemental mapping of the sample TPS/BC10/VB10 shows presence of Silicon in the BC particles. (j) SEM image of measured
particle and (k) EDS point spectrum from BC particle.

samples, confirming the successful encapsulation of VB in the TPS/BC 3.2. Scanning electron microscopy (SEM) and energy dispersive X-ray
nanocomposites. spectroscopy (EDS)

In this study, we investigated the properties of TPS films that were
modified with vitamin B, (VB) and bentonite clay (BC). The presence of
crystalline rod particles embedded in the starch matrix was observed in
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Table 3

Mechanical properties, including tensile strength, elongation at break, and
Young's modulus of the TPS nanocomposites. The concentration is shown in php
as the number after each code.

Sample code Tensile strength Elongation at break Young's modulus

(MPa) (%) (MPa)
TPS 5.4 +0.7 73.8 £ 11.9 51.2 + 23.7
TPS/BC3 5.5+ 0.2 72.7 £ 4.6 47.7 + 2.8
TPS/BC10 6.3+ 0.7 49.7 + 7.0 138.7 + 60.4
TPS/VB1 4.9+ 0.4 89.5 + 13.8 50.0 + 13.9
TPS/VB5 38+1.0 57.5+11.8 37.3+8.4
TPS/VB10 3.4+0.7 41.4+7.4 28.4+ 1.8
TPS/BC3/VB1 5.7 +0.3 81.1+5.8 54.1 + 5.2
TPS/BC3/VB5 7.6 + 1.4 62.4 +12.1 205.6 + 46.1
TPS/BC3/VB10 5.4+0.5 71.1 + 2.5 88.5 + 26.1
TPS/BC10/VB1 6.6+ 1.4 43.7 £ 9.1 159.9 + 72.6
TPS/BC10/VB5 8.0 +23 39.3+8.6 246.2 + 73.4
TPS/BC10/VB10 7.0 £0.2 47.9 £ 3.5 169.6 + 22.7
1
(@
104
9 -
8 4
< 74
3 7
=
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4 4 / —a— 0 php VB
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Fig. 4. Dependence of bentonite clay (BC) and vitamin B, (VB) contents on (a)
ultimate tensile strength and (b) strain at break of the TPS nanocomposite films.

samples that contained VB (TPS/VB1 - TPS/VB10) (Fig. 1a, b, and c).
The density of these rod particles varied depending on the amount of VB.
Furthermore, TPS/BC nanocomposites reinforced with VB (TPS/BC10/
VB1- TPS/BC10/VB10) were found to contain rod-shaped VB particles
and BC agglomerates (Fig. 1d, e, and f). These observations suggest that
the addition of VB and BC can enhance the structural properties of TPS

International Journal of Biological Macromolecules 242 (2023) 124742

films. The varying densities of the rod particles in TPS films containing
VB attributed to the amount of VB present during sample preparation.
Overall, our results demonstrate the potential of incorporating VB and
BC into TPS films for improved performance in various applications.

The evaluation of SEM images for samples with VB content (TPS/VB1
- TPS/VB10) yielded a log-normal VB particle size distribution, as
depicted in Fig. 2. However, it is worth considering that the observed
distribution curves may have been influenced by the possible breaking
of longer particles during the sample preparation process. The peak
lengths and widths of the particles were found to be 9 and 1.2 pm,
respectively. The bentonite particles appeared (Fig. 1d) as porous ag-
glomerates with a platelet structure, with sizes ranging from hundreds of
nanometers up to micrometers. The size of the platelets within an
agglomerate was observed to be in the range of tens of nanometers.

EDS analysis was performed to discriminate between VB and starch
grains, and to determine the elemental composition of BC. The analysis
results, as presented in Fig. 3a—f, demonstrate the presence of nitrogen in
VB crystalline rod particles in the samples, which allows for their
discrimination from starch grains. On the other hand, the EDS analysis of
BC, as shown in Fig. 3g-k, revealed the presence of Si, Al, Mg, O, Fe, and
Na, which is consistent with the characteristic composition of BC. The
observed elemental composition confirms the presence of BC and its
constituents in the samples.

3.3. Mechanical properties

The effect of bentonite clay (BC) and vitamin B2 (VB) on the me-
chanical properties of thermoplastic starch (TPS) nanocomposite films
was investigated. The values of mechanical properties, including tensile
stress, elongation at the break, and Young's modulus are summarized in
Table 3. Moreover, Fig. 4 represents the dependence of BC and VB
contents on the ultimate tensile strength and strain at break of the TPS
nanocomposite films. The results showed that the addition of BC slightly
increased the ultimate tensile strength and Young's modulus of the TPS
nanocomposite film while reducing its strain at break. The strong
interaction between starch and BC limited the plasticization effect of
glycerol, resulting in the anti-plasticization effect of BC, which were
consistent with the previous published data [34-37]. This was attributed
to the optimized number of reinforcing elements available to carry the
applied load and deflecting cracks due to the dispersion of clay nano-
layers in the TPS matrix [9,38].

The corresponding results of mechanical properties for the TPS films
containing vitamin By can be seen in Fig. 4 and Table 3. These results
exhibit a decrease in tensile strength and Young's modulus for the ma-
terials with various amounts of vitamin By compared to the neat TPS
film. This behavior indicates the presence of more hydrophilic groups in
the samples as a function of higher content of VB. According to the
literature [39,40], more absorbed humidity can act as an additional
plasticizer. Herein, the lower tensile strength of the vitamin-reinforced
TPS (TPS-VB1, TPS-VB5, and TPS-VB10) films with the higher vitamin
B, content can be attributed to the existence of more pores in the TPS
matrix. However, it was observed that the incorporation of BC into the
TPS/VB film led to a substantial increase in tensile strength and Young's
modulus. The explanation of this phenomenon may consist of two per-
formances of silicate layers, including the reinforcing effect of clay
particles and blocking of the pores created by the addition of vitamin B,.
The most important role of vitamin concentration was demonstrated in
the mechanical properties by the values of tensile strength for 5 php VB.
This increase may have been facilitated by interactions among starch
chain, clay particles and VB, in which many factors, including the ratio
of amylose-amylopectin in starch, dispersion and exfoliation of BC, and
the amount of VB can play a critical role [9]. It is well-known that
plasticizers are also essential additives since they can improve the
flexibility and handling of films, maintain integrity, and avoid pores and
cracks in the polymeric matrix [41,42]. From this point of view, the
action of VB as a plasticizer for starch molecules should be considered as
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Fig. 5. Stress-strain curves for (a) thermoplastic starch (TPS)/bentonite clay (BC) nanocomposite and TPS/vitamin B,, (b) TPS/BC3 with various contents of vitamin
B,, and (c) TPS/BC10 with various contents of vitamin B,. The concentration is shown in php as the number after each code.

another factor to explain this result. Consequently, use of an optimum
amount of VB and BC can cause synergistic effects on mechanical
properties. This explanation is supported by the shape of the stress—
strain curves for the TPS nanocomposites displayed in Fig. 5.

3.4. Dynamic mechanical thermal analysis (DMTA)

The mechanical response of the sample under a small harmonic force
was recorded in DMTA measurements. Also, the viscoelastic response of
polymers, which is associated with the molecular motions related to
internal changes of the polymers, was evaluated by this technique.
Relaxation processes undergoing in the studied samples during gradual
heating can be detected through inflection points in storage modulus as
well as maxima in both the loss modulus and the damping factor tem-
perature dependences as some deal of received energy dissipates
through viscous movement [43]. The storage modulus obtained from the
DMTA analysis of the TPS nanocomposite films are shown in Fig. 6. The
storage modulus (G') of samples containing BC and VB was higher than
the neat TPS film. It has been known that the storage modulus was
associated with stiffness, which was affected by the glass transition
temperature (Tg), morphology, and structure of the polymer matrix. This
observation may be related to the interactions among starch chain, clay
particles, and VB, which was indicated by the mechanical properties
(Fig. 4).

Fig. 7 represents the tan § curves as a function of temperature. Tan &
is the viscoelasticity index of the material, which is usually defined as a
damping term. The temperatures of the appearance of maximum tan
determined from data in Fig. 7, are displayed in Table 4. Theoretically,
in tan 8 temperature dependences of TPS with higher plasticizer con-
tents, two relaxation peaks usually appear which reflected the partial

miscibility of starch and glycerol. The first one close to the glass tran-
sition temperature of the plasticizer is related to the glycerol-rich do-
mains, in which the mobility of starch chains is controlled by glycerol
molecules motion. The second relaxation temperature corresponds to
the starch-rich domains [40,44]. As seen in Table 4, the main relaxation
of the starch-rich phase shifted to the higher temperatures with rising
vitamin By content for TPS/BC/VB nanocomposites. This observation
can be explained by the interaction among the starch, glycerol, BC, and
VB, thus restricting the mobility of the starch chains. Therefore, the
macromolecules are restricted in motion so that their segmental relax-
ation is observed at higher temperatures [45,46]. Table 4 shows that the
relaxation temperature for TPS/VB samples increased, reaching a
maximum for TPS/VB5 sample, then slightly decreased for TPS/VB10.
This trend can be attributed to the existence of high amounts of hy-
drophilic groups in the TPS/VB10 sample. Interestingly, in the case of
TPS nanocomposite containing 5 php of VB, a broad relaxation peak was
observed with a higher intensity compared to the other samples, indi-
cating strong interaction among the components. These results were also
supported by a substantial increase in both tensile strength and Young's
modulus.

3.5. Thermogravimetric analysis (TGA)

Thermal stability and degradation profile of the prepared samples
were evaluated by TGA. Fig. 8 shows the thermal behavior of bentonite-
reinforced nanocomposites containing vitamin By. The initial weight
loss observed in the temperature range of 20-200 °C is attributed to the
elimination of unbonded and bonded water molecules [47]. Two distinct
stages of mass loss from 220 to 350 °C correspond to the degradation of
starch and vitamin Bj, verifying the compatibility of vitamin with



A. Heydari et al.

2000
a
1800 @ —7Tps
——TPS/VB1
1600 - ——TPSIVBS
——TPS/VB10

800

600

Storage modulus (Mpa)
=)
8

400

200

T
-20 0 20 40 60 80 100 120
Temperature (°C)

International Journal of Biological Macromolecules 242 (2023) 124742

1600
(b) —— TPS/BC3
1400 4 —— TPS/BC3/VB1
—— TPS/BC3/VB5
— —— TPS/BC3/VB10
g
=
[22]
=
=]
°
o
1S
[0)
o
o
el
n

100

Temperature (°C)

1600
(c) ——TPS/BC10
1400 —— TPS/BC10/VB1
—— TPS/BC10/VB5
< 12004 —— TPS/BC10/VB10
o
=3
o 1000
=
=}
T 800+
€
8, 600
o
(e}
& 400
200
0 T y : T T
20 0 20 40 60 80 100

Temperature (°C)

Fig. 6. Temperature dependences of the storage modulus for the (a) TPS/VB, (b) TPS/bentonite clay (BC) 3 with various contents of vitamin B, (VB), and (c) TPS/
BC10 with various contents of VB. The concentration is shown in php as the number after each code.

starch. Starch was found to degrade between 300 and 500 °C [48]. It was
reported that vitamin By, firstly decomposed at ribo block by losing three
molecules of water resulting in the formation of alcohol, ethylene, and
acetaldehyde. The second weight loss for vitamin By at a temperature
over 250 °C is attributed to the degradation of flavin block which leads
to the formation of COy, phenol, and char [49,50].

The temperatures corresponding to the weight losses of 10 %, 50 %,
70 %, and 90 % are presented in Table 5. The onset of decomposition for
TPS/BC3/VB5, TPS/BC3/VB10, TPS/BC10/VB1, TPS/BC10/VB5, and
TPS/BC10/VB10 is occurred at around 230, 232, 245, 234, and 238 °C,
respectively. As proved in thermal patterns, increase of the amount of
bentonite from 3 php to 10 php resulted in increase of the thermal sta-
bility of nanocomposites. These findings are in agreement with the
previous reports on improving the thermal resistance of nanocomposites
in the presence of bentonite [51,52] or MMT [53,54]. Clay-reinforced
nanocomposites were found to form char with a multilayered carbona-
ceous silicate structure during pyrolysis. This leads to preserving its
structure in the polymer matrix at temperatures over 500 °C. The
carbonaceous-silicate char formed on the film's surface acts as an insu-
lator and delays the release of components produced during decompo-
sition [55]. As revealed in Fig. 8, inorganic residue increased for the
nanocomposites containing 10 php BC compared to those containing 3
php BC. This increment at around 800 °C further approves the successful
incorporation of BC into the starch matrix.

3.6. Water uptake behaviors and weight loss

The effect of BC and VB was studied on the water uptake of TPS and
the results are presented in Fig. 9. As shown, the water uptake ratio of

TPS film decreased by incorporating 3 php of BC. This finding may be
ascribed to the interaction between BC and the polymer, which prevents
water diffusion into the nanocomposite. In contrast, the water uptake
ratio of TPS film increased with the addition of 10 php BC (TPS/BC10). It
was reported that the interaction between starch and BC increased the
surface hydrophilicity facilitating the diffusion of water molecules [56].
This behavior may be concluded from the increased porosity of the
composites. Moreover, the high specific surface area of the nanoplatelets
of bentonite, provides the perfect contact with starch which leads to a
reduction in the permeability of the composites [57].

The water uptake ratio for TPS films reinforced with 1 php and 5 php
of vitamin B, showed an increase compared to TPS film. This result can
be attributed to the higher affinity of vitamin B, to absorb water, which
enhances the hydrophilicity of vitamin-reinforced TPS composite. This
finding is consistent with the published data on the increase of the
swelling degree of riboflavin-loaded chitosan [58]. Whereas, further
increase of vitamin By (10 php) caused a decrease in the water uptake
ratio. The reason for the decrease may consist in the effective reactions
between functional groups of starch and vitamin, which formed a more
compact structure, limiting the penetration of water molecules into the
matrix [59].

Since solubility is determined as the main criterion for measuring the
water resistance of the prepared films, the degradation behavior of TPS-
based nanocomposites was studied by measuring their solubility after
regular incubation times (10, 24, and 48 h) in PBS (pH 7.4) at 37 °C. As
shown in Fig. 10, the weight loss for all of the prepared samples
increased with increasing incubation time. It was also revealed that the
addition of both BC and VB in TPS films influenced the degradation rate
of the nanocomposite. The incorporation of BC into TPS film
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Table 4
Temperatures of the appearance of maximum tan &
determined from data in Fig. 6b.

Sample code Peak T (°C)
TPS 19.3
TPS/VB1 19.2
TPS/VB5 24.6
TPS/VB10 23.2
TPS/BC3 13.6
TPS/BC3/VB1 13.6
TPS/BC3/VB5 14.2
TPS/BC3/VB10 16.9
TPS/BC10 19.3
TPS/BC10/VB1 14.0
TPS/BC10/VB5 15.3
TPS/BC10/VB10 17.0

significantly decreased the solubility of the nanocomposite, which could
hinder the water penetration into the matrix. This result may occur due
to the formation of strong hydrogen bonds between hydroxyl groups of
BC and the hydroxyl groups of starch, which may increase the cohe-
siveness of the nanocomposite matrix and decrease their water sensi-
tivity [60].

3.7. Zeta potential of TPS films

The zeta potential of TPS surfaces with different compositions was
investigated in this study, and the results are presented in Fig. 11. All
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Fig. 8. TGA thermograms of TPS composite samples filled with various con-
tents of bentonite clay (BC) and vitamin B, (VB).

TPS films exhibited negative charge values, and the charge of TPS alone
was found to be close to zero. The negative charge observed in TPS films
containing VB can be attributed to the presence of VB with negative
charge [25]. The net charge of the films decreased with the addition of
BC, which could be explained by the incorporation of VB and BC, both
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Table 5
Temperatures corresponded to weight losses of 10 %, 50 %, 70 %, and 90 %.
Sample T (°C)
10 % 50 % 70 % 90 %
TPS/BC3/VB5 230.3 307.1 324.3 917.5
TPS/BC3/VB10 233.0 307.1 324.4 912.2
TPS/BC10/VB1 245.0 313.0 332.0 956.0
TPS/BC10/VB5S 232.8 312.3 326.0 943.4
TPS/BC10/VB10 238.3 312.4 329.5 948.4
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Fig. 9. Water uptake of TPS nanocomposite films filled with various contents of
bentonite clay (BC) and vitamin B, (VB) in water measured during 24 h. The
concentration is shown in php as the number after each code.
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Fig. 10. Weight loss (in %) of the TPS nanocomposite filled with various
contents of bentonite clay (BC) and vitamin B, (VB) in water for 48 h. The
concentration of VB is shown in php as the number after each code.

having a negative charge, into TPS samples. These findings suggest that
the incorporation of BC and VB into TPS films affects the surface charge
of the resulting films.

3.8. Release behavior of vitamin By from nanocomposite

The release profiles of VB from the prepared nanocomposites during
96 h are presented in Fig. 12. At a glance, Fig. 12 shows that the release
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Fig. 11. Zeta potential (mV) of TPS samples with varying content of bentonite
clay and vitamin B..

of VB from nanocomposites depends on the content of BC, the higher BC
content, the slower VB release. The released VB from TPS/VB1 was 52
%, which decreased to 42 % and 27 % in the presence of 3 and 10 php
BC, respectively. On the other hand, around 80 % of VB was released
from TPS/VB5, while the release content reached 64 % and 52 % after
incorporating 3 and 10 php BC, respectively. The incorporation of 3 and
10 php of BC into TPS/VB10 resulted in decrease of the vitamin release
from 60 % to 50 % and 46 %, respectively. It is also clear that more
sustained VB release was attained in BC-reinforced TPS/VB. This
behavior might be ascribed to the barrier properties of the clay, which
hinders the fast penetration of hydrophilic VB into aqueous media by
creating a tortious path, as described by the effect of clay on the release
of VB and various drugs in the literature [61-64].

4. Conclusions

The present study provides important insights into the development
of TPS/BC nanocomposite reinforced with VB, which has potential ap-
plications in various fields, including packaging, food, and pharma-
ceuticals. The results revealed that the incorporation of VB and BC into
TPS matrix could substantially enhance the mechanical properties of the
composite. The synergistic effect of VB and BC was observed at a specific
concentration of 5 php VB and 3 php BC, which exhibited the highest
increase in tensile strength and Young's modulus. Moreover, the nano-
composites demonstrated an increase in the main relaxation of the
starch-rich phase with the rising VB content, which indicates the re-
striction of the mobility of the starch chains. These results indicate that
TPS/BC/VB composites have excellent mechanical properties that can
be tailored by adjusting the VB and BC concentrations.

Additionally, the TPS/BC/VB composites demonstrated good po-
tential for vitamin delivery purposes. The release studies indicate that
the TPS nanocomposites with a higher BC content resulted in a lower
amount and delayed vitamin release, indicating that the release of VB
can be controlled by adjusting the BC content. Furthermore, the TPS
nanocomposites reinforced with VB showed an increase in water uptake,
which could be beneficial for certain applications, such as in the food
industry. Overall, the results suggest that TPS/BC/VB composites have
potential as biodegradable and renewable materials for various appli-
cations and pave the way for further research in this area.
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