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ABSTRACT

In this study, chitosan-silanized hexagonal boron nitride (hBN) nanocomposite films were developed using the solution casting
method. Unlike chitosan-hBN studies, silanization of hBN with Vinyl trimethoxy silane (VTS) formed hydrogen bonds. In the
swelling ratio, an improvement of 18.6% was observed with the addition of hBN compared to pure chitosan. A water vapor per-
meability of 2.54 x 10~1°g~!s~! Pa~! was observed for pure chitosan; however, this value decreased to 1.47 x 10~19g~1s~1 Pa~! with
the addition of 0.9% hBN. A rate of oxygen permeability of 542.2cm?3/m?day was observed for composites incorporating hBN,
significantly lower than the 1350.79 cm?3/m?day rate recorded for chitosan. Increasing the hBN addition enhanced the composite
films' thermal stability and improved the UV barrier properties. Adding hBN did not negatively affect the NaOH resistance of
composite films. The sample containing 0.6% hBN exhibited the highest contact angle values of 97.59 +2.68. The research re-
corded a tensile strength of 77.9 MPa and Young's modulus of 6299.86 MPa for the sample containing 0.9% hBN. The composites
showed cell viability in the cytotoxicity tests conducted at three different time periods and at all concentrations. It has been
determined to have good biocompatibility and does not show toxic effects.

1 | Introduction Biodegradable plastics offer significant advantages because com-

posting them with organic waste enriches the soil. The process

Synthetic plastics, such as polystyrene, polypropylene, polyeth-
ylene, poly methyl methacrylate, and polyvinyl chloride, are
widely used in various aspects of our everyday routines owing
to their favorable characteristics of lightweight, inertness, and
cost-effectiveness [1-5]. Plastics, which accumulate in the nat-
ural environment because they are resistant to microbial degra-
dation, are undesirable pollutants for soil, seas, and rivers. Many
synthetic polymers are produced and used that are resistant to
chemical and physical degradation. With the increasing use of
plastics, the inadequacy of traditional methods such as landfill-
ing, recycling, and incineration for the disposal of their wastes
has become apparent. However, biodegradable plastics are com-
ing out as one option for solving environmental problems [6, 7].

of decomposing biodegradable plastics will aid in the reduction
of landfills by minimizing the amount of waste. Moreover, the
utilization of microbial and enzymatic treatment allows for the
recycling of plastic waste into valuable monomers and oligo-
mers, leading to a decrease in labor costs for its removal from
the environment [8].

Chitin, poly (f-(1— 4)-N-acetyl-D-glucosamine), is a natural
polysaccharide of great importance, first described in 1884.
This biopolymer is synthesized by many living organisms and
is the second most abundant polymer after cellulose in terms
of the amount of chitin produced annually in the world [9].
Every year, crustaceans, mollusks, insects, fungi, and related
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organisms produce about 100 billion tonnes of chitin on Earth
[10]. Although chitin has functional properties such as biocom-
patibility, bioactivity, biodegradability, and high mechanical
strength, it has limited use due to its poor solubility [11, 12]. This
interest leads to chitosan, the main derivative of chitin. Chitin
is converted to chitosan by enzymatic or chemical processes
[10, 12]. Chitosan is a random copolymer derived from the al-
kaline deacetylation of chitin, which consists of D-glucosamine
and N-acetyl-D-glucosamine units connected by (-1,4 glyco-
sidic linkages. The ratio between the two units is considered
the degree of deacetylation [11, 13]. The solubility of chitosan
in aqueous acidic environments is observed when its degree of
deacetylation approaches 50% [7]. Dissolving chitosan in acidic
media leads to the protonation of its amino groups, causing the
polymer to become cationic, which allows it to interact with var-
ious types of molecules [12].

Active food packaging involves packaging food with materi-
als that provide enhanced functionality, such as antimicro-
bial and antioxidant properties, through incorporating active
compounds [14]. Presently, active packaging stands as one of
the most dynamic technologies employed to ensure the pres-
ervation of food quality, safety, and perceptual attributes. The
active packaging positively interacts with the product and
the environment to improve/maintain food quality longer
than conventional packaging [15]. Chitosan has emerged as
a highly promising biodegradable packaging material among
various biopolymers [16]. However, the mechanical properties
are insufficient to meet the diverse range of applications. The
food packaging industry faces limitations in its use of biopoly-
mers because of issues such as poor barrier and mechanical
properties, challenges in scaling up production, and lack of
stability in an aqueous environment [9]. The physical proper-
ties of chitosan can be enhanced by loading with nanofillers
[17-21].

Hexagonal boron nitride (hBN) has a layered structure very
similar to graphite and has many unique engineering proper-
ties and uses. In recent years, its properties and biocompatibil-
ity as an antibacterial material have been investigated, and its
use in different fields has been developed by utilizing this effect
[22-25]. Studies on the use of boron nitride in polymer compos-
ite production are increasing [26-28]. The utilization of hBN as
processing aids in production proves successful, owing to the lu-
bricating properties derived from its graphite-like layered struc-
ture. This not only eliminates melt fracture but also postpones
cleavage failures to significantly higher slip rates. hBN can pro-
vide smooth surface shaping as a stress reliever in the polymer
[29-33].

The properties of polymers, composites, and scaffolds can be
enhanced through incorporating hBN and boron nitride nano-
tubes (BNNT), owing to their low toxicity, antibacterial effects
[24, 25], high mechanical strength, and chemical stability
[34-36]. Recent studies have explored chitosan-hexagonal
boron nitride (hBN) nanocomposite films for various appli-
cations. These films exhibit enhanced UV shielding, with
up to 98.51% UV-A and 96.40% UV-B resistance, and im-
proved gas barrier properties, reducing oxygen and carbon
dioxide permeability by over 94% [37]. The addition of hBN
nanoparticles to chitosan films also improves water vapor

barrier ability, thermal stability, and mechanical proper-
ties [37, 38]. Chitosan-hBN nanocomposites show increased
dielectric constants, reaching ~1200 at 5wt% hBN loading
[39]. Furthermore, nanocomposites containing polyhydroxy-
alkanoate, chitosan, and hexagonal boron nitride (PHA/Ch-
hBN) have been reported to exhibit effective antimicrobial
and biocompatibility properties that may be suitable for an-
tibacterial and biomedical applications [24]. Incorporating
hBN into the chitosan polymer film not only improves its me-
chanical properties during the production process but also the
physical properties of the final product, including oxygen per-
meability and water absorption [38, 40]. In the films produced
using chitosan containing borax (B) and boron nitride (BN)
as food packaging, antioxidant and antimicrobial films with
high thermal stability and low water vapor loss were obtained
[41]. These enhanced properties make chitosan/hBN nano-
composite films promising candidates for food packaging and
biomedical applications.

In the studies described above, boron nitride was used by dis-
persing it without any pretreatment. However, the modification
of the hBN surface significantly impacts polymers, facilitating
exfoliation and promoting proper dispersion of the nano-sized
material within the composite [42]. In this respect, it was hy-
pothesized that the properties of chitosan-hBN films could be
improved by functionalizing hBN to change the surface chem-
istry and improve interface interactions. Silane coupling agents,
which are extensively employed as surfactants to modify or func-
tionalize the surfaces of inorganic particles, show promise [43].
Vinyl trimethoxy silane (VTS) is a silicone-containing cross-
linker, and the crosslinking prevents the chains from breaking
down under stress conditions [44]. There are successful studies
using VTS in the surface functionalization of hBN [26, 42, 43].

In this study, chitosan-silanized hBN composite films were pro-
duced by the solution casting method and various physicochem-
ical properties of the films were investigated to understand the
effect of silanized hBN addition on the film structure. Unlike
other studies in the literature, this study aimed to enhance
chitosan's characteristics by developing surface-modified hBN
nano-filled composites to address the limitations of chitosan in
its application within the food packaging industry. The synthe-
sis of chitosan-hBN nanocomposite, which is biodegradable in
the food packaging industry and has high mechanical, physical,
and chemical properties, extends the shelf life due to its low ox-
ygen permeability and nontoxic, has been successfully achieved.

2 | Experimental Procedure
2.1 | Materials

Chitosan (Glentham) (medium molecular weight, Mw:
1,250,000, degree of deacetylation >90%), hBN (Bortek Boron
Technologies and Mechatronic Inc., Turkey) with a D50 grain
size of 120nm, and Vinyl trimethoxy silane (VTS) (MERCK)
were used in the study. For sample preparation, 1% diluted ace-
tic acid (Acros Organics, 99.7% purity) was used as a solvent,
sodium sulfate (AFG Bioscience, 99% purity) for crosslinking,
and sodium hydroxide (NaOH) (Sigma Aldrich, 99%-100.5%
purity) for chemical resistance testing. L929 cells (L929 Cell
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originated from ATCC CCL-1) were used for cytotoxicity tests.
The cells were cultured in 10% Fetal bovine serum (FBS)
(Pan Biotech P30-1301), Eagle's minimum essential medium
(EMEM) (ATCC) and with the addition of Trypsin-EDTA
(Gibco 15400054).

2.2 | Silanization of Boron Nitride Particles

The functionalization of the surface of boron nitride particles
was carried out according to Seyhan et al. [43]. The flow chart
of the silanization process is given in Figure 1. Vinyl trime-
thoxy silane (VTS) was used for functionalization. Briefly, 3 g
of BN powder was stirred in nitric acid solution at 70°C and al-
lowed to rest for 1 night. The BN particles were dehydrated by
vacuum filtration, dried in an oven at 80°C, then ground in an
agate mortar and sieved. A mixture of ethanol and deionized
water (4:1) was prepared for silanation. pH was adjusted to 4
using 95% sulfuric acid. The silane coupling agent was added
to the mixture at 3wt% of BN and stirred. After adding the

Hydrolysis
HC —
VTS ) o W
H)C/\o/ \
o]
* i
Ethanol J)
+H20  H.C .
Son H

surface hydroxylated BN powder to the solution, it was stirred
with a magnetic stirrer for 1h and dispersed in an ultrasonic
bath. The solution was allowed to stand for a night during the
aging process and filtered by vacuum filtration. The cake was
washed with methanol and distilled water to remove silane
residues. It was dried in an oven at 110°C for 5h to form the
siloxane network.

2.3 | Preparation of Chitosan-hBN
Nanocomposite Films

The flow chart of the nanocomposites production process
is given in Figure 2. The chitosan solution was prepared by
dissolving 1g of chitosan in 99mL of diluted acetic acid (1%
vol/vol) while subjecting the mixture to magnetic stirring at
500rpm and a temperature of 50°C for 5h. To disperse three
different concentrations of hBN silanized with VTS at 0.3,
0.6, and 0.9wt%, a magnetic stirrer was employed to mix the
substances in 50 mL of distilled water for 48 h. The samples

Silanization

FIGURE1 | The flow chart of the salinization process. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE2 | The flow chart of the nanocomposites production process. [Color figure can be viewed at wileyonlinelibrary.com]
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containing silanized hBN were coded as S-0.3, S-0.6, and
S-0.9. The same procedure prepared pure chitosan film (S-0)
for comparison with other samples. Subsequently, the mix-
ture was sonicated into an ultrasonic sonicator for 90 min.
The hBN water suspension was introduced into the chitosan
solution and stirred for 18 h at room temperature. 1% vol/vol
glycerol was added to the mixture was followed by an addi-
tional 1 h of stirring. The chitosan-hBN solutions were poured
into petri dishes to form thin films. These films were then
placed in a vacuum oven (Nucleon) at a temperature of 25°C
for a duration of 2h to allow solvent evaporation and bubble
removal. Following this, the films were dried in a conven-
tional oven at 50°C for 24 h to remove the remaining solvent.
Chitosan exhibits solubility in diluted solutions of both or-
ganic and inorganic acids. Because the chitosan solution is
prepared in acetic acid, the acid will remain in the film after
evaporation of the water. When in contact with food prod-
ucts, these films can dissolve and degrade. In order to achieve
water-insoluble films, chitosan films were cross-linked with
Na,SO,, a nontoxic substance. The formation of crosslinking
was accomplished through an ionic interaction between the
positively charged functional groups of chitosan and sulfate
anions [45]. Na,SO, aqueous solution (15wt%) was prepared
for the crosslinking process. The removal of the dried films
from the petri dishes was followed by immersion in a Na,SO,
solution and crosslinking for 1h. The films were washed with
distilled water and dried in an oven at 50°C. Following that,
the film samples were conditioned in an incubator (Niive GC
400) chamber at 25°C and 50% humidity for 48 h.

2.4 | Characterization

Fourier transform infrared (FTIR) spectra of the samples
and silanized hBN were measured in the wavelength range
400-4000cm~! using a BRUKER, TENSOR 27 IR spectrom-
eter. The hBN and film structure were examined using scan-
ning electron microscopy (SEM, ZEISS SUPRA 50VP) at 10kV
and 6kV voltage, respectively. The crystal structures of the
films were determined using an x-ray diffractometer (XRD)
(Rigaku, Miniflex 600) with CuK radiation (A=1.54 A)ata
scan rate of 2°/min in the range 26 5°-50°. Thermogravimetric
analysis (TGA) was performed with a Netzsch STA 449F3 in-
strument by measuring up to 500°C at a heating rate of 10°C/
min in a nitrogen environment. Contact angle measurements
were conducted using a drop shape analyzer ATTENTION in
order to determine the hydrophobicity of the thin film. The
film samples adhered to a glass plate with adhesive tape.
Following this, a constant volume of drops of pure water was
applied to the surface of the samples using a 3uL injector to
measure the contact angle. Subsequently, the contact angle of
both sides of the water droplet was measured. All measure-
ments were performed at room temperature in three repeti-
tions. To determine the opacity of the films, transmittance
values were measured in the wavelength range from 200 to
850 using a UV spectrophotometer (SHIMADZU MPC-603).
The opacity was calculated according to Equation (1) follow-
ing [46, 47]:

Opacity = Absg,, /d (1)

where Abs, and d are the values of absorbance at 600nm and
film thickness (mm), respectively.

The blocking effect of hBN to UV transmission for the chitosan
film was calculated with Equation (2) as follows [48]:

T, =T

Blocking effect = chitosan composite
the percent of hBN with respect to chitosan
@
where T o, and T refer to the percent transmittance

composite
for the chitosan and the composite film, respectively. All mea-

surements were performed in three repetitions.

The color of the films was assessed using a colorimeter (Konica
Minolta) without plating. L*, a* and b* values were mea-
sured. All measurements were repeated 3 times and averaged
L (white=100, black=0), a (green=-60, red=+60) and b
(blue=-60, yellow = +60) are the measured values.

2.5 | Water Absorption Tests

Water absorption of film samples was evaluated using swelling
values [38, 49]. The film samples were divided into 2cm x 2cm
pieces and subsequently measured for weight. The placement
of every sample into a petri dish, each containing a precise
volume of 20mL of distilled water and kept at 25°C for 24h,
was reached. Swollen samples were removed from the dis-
tilled water, dried with filter paper to eliminate any remain-
ing droplets, and subsequently reevaluated in terms of weight.
The swelling ratio was calculated according to Equation (3)
following:

Swelling ratio% = [(W, — W4) /W] X 100 ©)]

where Ws and Wd are the weights of the swollen and dry sam-
ples, respectively. All measurements were performed in three
repetitions.

2.6 | Equilibrium Moisture Content (MC)

To calculate the equilibrium moisture content (MC) of the
films, the film samples were cut into 2cm X 2cm pieces and
subsequently measured for weight. The samples were dried at
100°C to reach equilibrium, and then the weight loss was mea-
sured. The MC was calculated using Equation (4) following
(38, 49]:

MC% = [(W,, —dq) /W,] x 100 @

where W, is the weight after drying, and W is the initial weight.

2.7 | Water Vapor Permeability (WVP) Tests

Water vapor permeability (WVP) test was performed according
to ASTM-E96. A petri dish (6cm in diameter) was filled with
roughly 20mL of distilled water, leaving a gap of ~1 cm between
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the water surface and the dish's top. The films were sealed to
the top of the dish with water sealing tape. Following the film-
sealed petri dishes were weighed. Subsequently, the films were
conditioned in an incubator at 25°C and 75% humidity, and
weights were measured after 24h. The WVP was calculated ac-
cording to Equation (5) following [50]:

WVP (g7's7'Pa™!) = (w/0) - y- (A" (Ap)~! 5)

where w is the weight loss of the petri dish (g), t is the time (s), Y
is the film thickness (m), A is the cross-sectional area of the film
(m?) and Ap is the vapor pressure difference (3167.2 Pa at 25°C).
All measurements were performed in three repetitions.

2.8 | Oxygen Transmission Rate (OTR)

Oxygen permeability (unit: cm3m~2day~') was measured using
an Okstran instrument (Versoperm Mk VI) at a flow rate of
200mL, 23°C, and 50% relative humidity, using 10cm film
samples.

2.9 | Chemical Resistance

In order to evaluate the chemical resistance, the samples were
kept in 25mL of dilute 1 M NaOH solution in a closed container
for a period of 10 weeks and weighed at weekly intervals. Weight
changes were observed. For each sample, three replicate con-
trols were performed according to the procedure described in
the paper [17].

2.10 | Mechanical Properties

Tensile tests were performed using Instron 5944 according
to ISO 527-2 using a 5cm long specimen at a head speed of

5mmmin~, 23°C, and 50% humidity environment [51]. The ex-
periments were performed in four repetitions.

2.11 | Cytotoxicity

To investigate the cytotoxicity of the film, the L929 cell line was
used. The L929 cell line was cultured.

EMEM supplemented with 10% FBS (Pan Biotech P30-1301)
until reaching a confluence of 70% or higher (Pan Biotech P30-
1301) (Doubling Time: 22-26 h). The films were sterilized under
the UV lamp. Subsequently, the films were kept in EMEM me-
dium at a concentration of 1mgmL~! for 1day in an incubator
at 5% CO,, 37°C, and 95% humidity. At the end of the period, the
particle-free supernatant portion of the solution was used in the
study. Trypsin-EDTA (Gibco, 15400054) was added to the cells
that reached 70% confluence and above in the flask and kept at
37°C in 5% CO,. When cells were observed to dissociate under
an inverted microscope (Zeiss Primovert, Germany), a medium
containing 10% FBS was added. Counting was performed on a
Logos Luna II device using trypan blue (Gibco, 1525061). The
film to be tested for cytotoxicity was added into 96-well plates,
and 10% FBS medium was added to it with 10* cells per well.

In the Cytotoxicity application Assay, a minimum of three repli-
cate wells was created for each group to enable repeated analy-
sis. Every sample was tested at five different concentrations and
three different time points. After the application of the material,
the cells were not removed from the incubator for the time to be
tested. At the end of the time, the WST-8 solution was added.
After 2h, readings were taken at 450 and 630 nm wavelengths in
the cell culture dish. The cell viability% was determined accord-
ing to Equation (6) following:

s Test well — Blank
Cell viability % = 100
el viability 7% Negative Control — Blank % ®)
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3 | Results and Discussion
3.1 | Characterizations

The result of the FTIR analysis of hBN and VTS-silanized hBN
powders is shown in Figure 3a. At 1367 and 767cm™, the FTIR
spectrum exhibits two notable peaks associated with hBN. The
peak at 1367cm™ can be attributed to the B—N stretching vibra-
tions of sp?>-bonded hBN and the peak at 767cm™ to the B—N—B
bending vibrations [52, 53]. After silanization of the hBN with
VTS, the new peak at 2922cm™! was observed to show up, which
was associated with symmetric —CH, stretching vibrations [43].
Moreover, Si—O—Si and Si—O—C stretchings were associated with
weak absorbances between 1225 and 995cm™, caused by the con-
densation of VTS on the surface of hBN [42]. The peak at 1421 cm™!
can be attributed to OH groups originating from the B—OH band
formed by hydroxylation. Additionally, shifts in the B—N and
B—N—B vibration peaks were observed compared to hBN. After
silanization, the vibration of B—N stretching shifted from 767
to 790cm™!, and the vibration of B—N—B shifted from 1367 to
1380cm™L. The shifts in the hBN peaks coincide with the —CH3
vibration peaks of VTS and may have occurred for this reason [42].
All these results provide evidence that the hBN silanization pro-
cess was successfully carried out. The SEM images and EDS anal-
ysis of silanized hBN (Figure 3b) as well as virgin hBN (Figure 3c)
are presented. Hemoglobin-like morphology was observed in all
samples with dimensions below 300nm. No significant morpho-
logical differences were observed between the two images. This
outcome is consistent with the known limitations of the scanning
electron microscope in terms of resolution and imaging capacity.
A more definitive conclusion was reached through FTIR analysis.
Additionally, the EDX analysis did not detect the presence of any
residual chemicals in the silanization process.

FTIR analysis of chitosan and composite films is given in Figure 4.
3550-3200cm™! is attributed to O—H and N—H stretching of pri-
mary amine functional groups. N—H bending of the primary
amine functional groups occurs at 1560-1420cm™" [45, 54]. It was

found that the intensity of N—H bending at 1560 and 1420cm™
decreased after crosslinking [55] (Figure 4a). This is supported
by broadening and decrease in the band intensity between 3200
and 3550cm~, which comprises N-H stretching and O—H stretch-
ing vibrations resulting from the overlapping of the hydroxyl and
amino groups [56, 57]. Additionally, the sodium sulfate crosslink-
ing of the chitosan film results in a significant increase in the peak
intensity at 1375cm™" attributed to amid III [58].

FTIR spectra of hBN-added films are given in Figure 4b. The
peaks at 2354 and 1062cm™! can be attributed to C—O stretch-
ing of carbonyl groups [38, 46, 59]. The 1652cm™! peak corre-
sponds to the stretching of the C=0 bond in amide I [38, 45, 55].
A band observed at 1375cm™! [60] showed CH3 symmetric de-
formations. The peak at 987 cm™ is thought to belong to=C—H
out-of-plane bending [61]. The peak positions of chitosan are
unchanged in the composite, but there is a decrease in peak
intensities with the addition of hBN. N—H and OH stretches at
3550-3200cm™! were found to decrease due to the increase in
the amount of BN. The literature reports that the formation of
covalent bonds between silanes and chitosan can only proceed
through hydroxyl groups in chitosan because strong Si—O bonds
are formed instead of weak Si—N bonds [44, 62]. The decrease in
the vibrational intensity of the hydroxyl groups is evidence that
the silane binds effectively with chitosan.

Figure 5 shows the XRD pattern of the samples and silanized
hBN. Chitosan is a partially crystalline polysaccharide with a
regular chain. It exhibits an XRD pattern with two peaks be-
longing to the crystalline structure at 10° and 20° (Figure 5a).
The amorphous pattern at 10° is because of crystalline form
I, which is more hydrated and softer, while the strong pattern
at 20° is because of less hydrated and harder crystalline form
IT, which contains hydrated crystals with incorporated water
molecules in the crystal lattice. These phases are character-
ized by the development of crystallinity in chitosan matrices
because of the formation of hydrogen bonds between chains
[63, 64].
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Leceta et al. [63] found that the peak at 10° disappeared with a
high temperature in chitosan films produced at room tempera-
ture and 105°C. The XRD pattern of silanized hBN is presented
in Figure 5b. The hBN crystalline phase exhibited a strong
peak at ~26°. Additional peaks corresponding to functionalized
groups were not detected. The high detection limit of the XRD
device, coupled with the low VTS ratio, likely accounts for the
non-detection of peaks associated with functional groups. In the
study, the films produced at 50°C resulted in the observation of
a small crystalline form I peak in the pure chitosan film at 10°,
and the detection of a peak belonging to hBN at 26.1°. Since the
amount of hBN added is max 0.9%, the peak intensity is very low.
With the addition of hBN, there was a noticeable decrease in the
peak intensity of chitosan. This can be attributed to the fact that
the addition of hBN reduces the inclusion of hydrogen bonds in
the crystal lattice in the chitosan matrix, reducing its crystallin-
ity. Previous studies have reported an electrostatic interaction
between chitosan and hBNNS without H bonding [37, 65]. In
contrast to these studies, the silanization of hBN may suggest a
potential bonding mechanism with chitosan involving hydrogen
bonds. Spirk et al. [62] showed that silane is not only covalently
bonded with the amine groups of chitosan but also via hydro-
gen bonding. In the FTIR spectra of all samples (Figure 4b),
the decrease in the intensity of a broad absorption band in the
range of 3200 to 3550cm™! consisting of N—H stretching and
O—H stretching due to the overlapping of the hydroxyl group
and amino group stretching vibration with the addition of hBN
was also supported by the XRD pattern and revealed evidence
of binding by hydrogen bonds. Figure 6 illustrates the potential
binding mechanism between hBN and chitosan through hydro-
gen bonding. The possible mechanism is that, under acidic con-
ditions, the amine group of chitosan protonates to form NH3+
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ion and provides a suitable environment for hydrogen bonding,
as suggested by Spirk et al.

3.2 | Thermal Characterization

Figure 7a show the TG curves of the samples from the thermal
analysis performed under N, atmosphere. For each film sam-
ple, the curves depicting three-stage decomposition were ob-
served. Because of absorbed moisture, the sample experienced
water loss, and we detected the first weight loss around 150°C.
This weight loss is around ~11%. The second weight loss, the
largest at 240°C-350°C, can be attributed to the deacetylation
and depolymerization of chitosan and the decomposition of
etheric groups, glucosamine moieties, and ring-opening re-
actions [24]. The third weight loss above 400°C was because
of residual decomposition reactions. With increasing hBN ad-
dition, the decomposition curves shifted to higher tempera-
tures [37, 38]. Above 200°C, the total chitosan film showed a
weight loss of 46.09wt%, while the S-0.9 sample containing
0.9% hBN showed a weight loss of 44.87%. The prevention of
loss through pyrolysis or volatilization results from increased
chitosan retention [37]. The area of the main peak in the DTG
curves of the film samples was calculated [66] and found to
be 250.95, 202.25, 149.18, and 179.16 mg in samples S-0, S-0.3,
S-0.6, and S-0.9, respectively. A large area under the peak in-
dicates a more significant mass loss, which indicates a lower
thermal stability, while a smaller area may indicate that the
material is more stable. The lowest area was seen in sample
S-0.6. In addition, the amount of residue increased with in-
creasing hBN content [40]. When the half-weight degradation
(T,,) temperatures were examined, the S-0 sample exhibited a
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FIGURE5 | XRD patterns of (a) the samples and (b) silanized hBN. [Color figure can be viewed at wileyonlinelibrary.com]|
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T50 of 360°C, while the S-0.6 sample exhibited a T, of 420°C,
the most delayed among the films. Results are consistent with
area calculations and the literature [67]. DTG curves of the
film samples are shown in Figure 7b. The DTG results show
that the interaction of hBN with chitosan can efficiently im-
prove the thermal stability and that the thermal decomposi-
tion temperature of the films increased from 237.5°C in the
S-0 sample to 248.7°C in the S-0.9 film [37]. The results ob-
tained clearly show that incorporating hBN has a significant
impact on the degradation rate of chitosan films and enhances
their thermal stability.

3.3 | Properties of Films

The physical and barrier properties of food packaging are in-
fluenced by the swelling ratio and moisture binding ability,
which are important factors to consider [47]. The swelling
behavior is caused by the diffusion of water molecules into
voids in the polymeric chain network and macromolecular
relaxation [38]. The swelling rate percentage exhibits a vari-
able trend across the samples. Sample S-0 shows the highest
absorption at 146.45%, while S-0.3 demonstrates a significant

——S-0

% TG

100 200 300 400 500
Temperature (C°)

a)

reduction (119.20%) and S-0.6 and S-0.9 samples show moder-
ate absorption values (142.84% and 125.26%, respectively), as
seen in Table 1. This fluctuation suggests that the hBN addi-
tion affects the water uptake, potentially due to changes in the
surface properties of the material. The swelling rate decreased
with the addition of hBN, which is thought to be because of
the hydrophobic nature of hBN, and similar studies have re-
ported that hBN-added composites reduce water adsorption
[38]. The equilibrium moisture content (MC) values of sam-
ples were measured at 11.76%, 13.26%, 12.71%, and 13.50%,
respectively. The moisture content increases slightly with the
addition of hBN. When standard deviations are considered,
the values did not change significantly and were lower than
in the study in which BNNP was included in chitosan [38].
Due to its structure, hBN does not exhibit swelling behavior
when in contact with water; however, it can retain moisture
on its surface. Therefore, the swelling amount is expected to
decrease while the moisture retention ability increases with
the addition of hBN to the films. It has been determined that
the change is not linear depending on the hBN amount. The
swelling and moisture retention behavior of the S-0.6 sam-
ple, similar to virgin S-0, suggests that a homogeneous dis-
tribution is not achieved within the structure (Figure 12c). It
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FIGURE7 | The thermal analysis of the samples in N, atmosphere: (a) TGA and (b) DTG. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE1 | The swelling ratio, equilibrium moisture content, water vapor permeability, color measurement, oxygen permeability, and opacity of

the samples.

Samples

Properties S-0 S-0.3 S-0.6 S-0.9
Water absorption% 146.45+5 119.20+14 142.84+16 125.26 £35
MC% 11.76 £0.52 13.26+0.17 12.71+1.60 13.50+1.52
WVP (x10710g-1s71Pa-l) 2.54+0.04 2.00x1.12 1.76 £0.06 1.47+£0.40
L 32.86 41.075 46.735 50.09

a —0.66 -1.62 -2.26 —2.865

b 1.725 7.125 9.17 8.345
AE — 9.88 15.83 18.59
Oxygen transmission rate (mL m~2day~!) 1350.79 542.2 1250.8 874.2
Opacity (Abs600/mm) 0.67 1.40 1.69 2.32
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is thought that the undesirable agglomeration of hBN in the
S-0.6 sample causes the surface area to decrease, thus prevent-
ing the expected increase in the moisture retention ability of
the polymer within the film.

In a study by Jara et al. [47], the ability of a film to keep water
was associated with the presence of hydrophilic groups such
as carboxylic and hydroxyl groups that can easily interact
with water. Glycerol has been reported to increase the swell-
ing rates of the samples because of its hydrophilic structure.
In this study, despite producing films similar to the study by
Behera et al. [38] and using glycerol, MC and swelling ratio
were lower. Different crosslinking processes with sodium
sulfate and the use of nano-sized silanized hBN are believed
to account for the lower MC and swelling ratio. The absence
of N—H stretches in the FTIR spectra in Figure 4a after the
crosslinking process and the decrease in the band intensity
between 3200 and 3550cm™' consisting of O—H stretches
showed that the crosslinking between sodium sulfate and
chitosan occurred effectively. The crosslinking may limit the
penetration of water molecules because of the formation of the
reticulated structure of the chitosan chains. Another reason
could be the interaction of hBN with the hydroxyl groups of
chitosan, which may reduce the interaction of hydroxyl groups
[67, 68]. This is thought to be effective in reducing the swelling
rate. Additionally, this result provides further evidence that
hBN bonds with covalent and H bonds because of the silaniza-
tion process, as supported by XRD and FTIR results.

WYVP barriers for food packaging materials are important
for slowing microbial growth and increasing the storage life
of packaged foods. The WVP values of S-0, S-0.3, S-0.6, and
S-0.9 samples were determined as 2.54x1071°g~!'s~!Pa~l,
2x10710g 1s71Pa~l, 1.76x1079g 1s1Pa~! and 1.47x1071°
g 's71Pa~l, respectively. The decrease in WVP of samples
with increasing hBN content is because of the physical bar-
rier created by the plate structure of hBN, which provides a
tortuous path for water vapor molecules [69]. Behera et al. [34]
and Kaya et al. [36] reported similar behavior for the decrease
in WVP of chitosan-BNNP nanocomposites. The literature re-
ports a WVP value of 4x1071°g~!s~! Pa~! for the sample dried
at 40°C containing 1% chitosan and 0.3% glycerol [47]. In a
different study, a WVP value of 1.84 10719g=1 s~! Pa~! was mea-
sured for chitosan containing 1% glycerol [70]. The obtained
films are believed to exhibit enhanced suitability for acting
as a barrier against environmental conditions and reducing
water loss in packaging materials, particularly with the addi-
tion of hBN.

Table 1 shows the oxygen permeability of the film samples.
Oxygen permeability value is an important parameter for long-
term storage of food products without spoilage. The oxygen
permeability rate of the samples varies between OTR 542.2-
1350.79cm*m~2day~'. The oxygen permeability value in pure
chitosan is higher than in composite films. The addition of hBN
to the composite films led to a low flow rate. Sample S-0.3 exhib-
ited the lowest oxygen permeability value. The reason behind
the decrease in oxygen permeability when hBN is added is at-
tributed to the layered structure of hBN [38]. The diffusion en-
ergy required for gas to pass through a high crystallinity film is
higher than that of a non-crystalline film. For this reason, hBN

crystals are thought to reduce the oxygen permeability of the
film. The S-0.6 sample showed increased permeability, while
the S-0.9 sample exhibited a decrease. The literature contains
studies that show a pattern of initial increase, followed by a
reduction in gas permeability values when incorporating hBN
into various composite films [71]. Leceta et al. [72] showed that
oxygen permeability increased with the addition of glycerol.
Researchers reported that the plasticizing effect of glycerol in-
creases the mobility of the chains and facilitates the diffusion of
oxygen molecules through the film. Although glycerol was used
in the study, the result was lower than the 5313cm3m™2day!
OTR value measured by Jancic et al. [73] for pure chitosan with-
out glycerol.

The measured L, a, b color parameters of the films are presented
in Table 1, while the digital photographs can be observed in
Figure 8c. Color measurements were performed without refer-
ence on the back of the films. The AE values exhibited a positive
correlation with the concentration of hBN in the samples. Given
the opaqueness of hBN, the addition in the chitosan film caused
arise in the color parameters observed in the samples. The film
samples' transparency was measured by a UV spectrophotom-
eter in the wavelength range of 200 to 850nm. Table 1 shows
the opacity values of the films calculated using Equation (1) at
600nm wavelength. The opacity increased because of the addi-
tion of hBN compared to pure chitosan. This result showed that
the addition of hBN inhibited the cross of light through the chi-
tosan film. Figure 8a shows the UV transmittance graph of the
films. The transmittance values of the pure chitosan film are
higher than the composites at all wavelengths. This makes it ap-
pear very transparent to the naked eye (Figure 8¢). It is expected
that hBN, which offers a strong light absorption in the UV band,
will result in an efficient blockage of UV light [37]. As expected,
the light transmittance values of the films decreased and UV
resistance increased with the addition of hBN. UV-absorbent
films have the potential to serve as a solution for packaging and
extending the shelf life of food products that are sensitive to ox-
idative rancidity catalyzed by UV light [24]. The result shows
that adding hBN can extend the shelf life of foods in packaging
products. Additionally, it was observed that the transmittance
values of all samples were lower in the UV light (190-400nm)
region compared to the visible light (400-760nm) range. The re-
sults found in the study are compatible with the studies of BNNS
and BNNP added chitosan films by Wang [37] and Behera et al.
[38], respectively.

Figure 8b shows the blocking effect of the film samples in the
UV-B region at 300nm and in the visible regions at 700 and
750nm. The increase in the amount of hBN led to a significant
decrease in UV and visible light transmittance. In the litera-
ture, the blocking effect in the sample containing 1% BNNP
is around 60 in the UV region at 300nm, while it is around
25-30in the visible range at 700 and 750 nm [38]. In this study,
the blocking effect of the film containing 0.9% hBN is below 25
both in the UV 300 nm and in the visible light range of 700 and
750nm. These findings suggest that the prepared films display
a stronger ability to block UV radiation. All the results show
that hBN-doped composites improve the UV barrier properties
compared to pure chitosan films. This makes them appropri-
ate packaging materials for protecting UV-sensitive products,
such as food and pharmaceuticals, from UV degradation. The
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digital photographs of the films in Figure 8c clearly depict the
changes in color and opacity resulting from the increasing ad-
dition of hBN. The visuals confirm the L, a, b color parameters
of the films.

Contact angle values of the specimens are given in Figure 9.
When the results are analyzed, 87.60+1.47, 86.23+5.37,
97.59 +2.68, and 88.62 +0.59 o values were found for S-0, S-0.3,
S-0.6, and S-0.9 samples, respectively. The S-0.6 sample exhib-
ited the highest value, whereas the S-0.3 sample showed a de-
crease in value compared to pure chitosan. The reduction can

be disregarded due to the alteration in the standard deviation.
In other samples, the contact angle increased with the addition
of hydrophobic hBN. This shows that the hydrophobic value
increases and is useful for the production of water-resistant
packaging in the packaging industry. The change toward the
increase in the contact angle with the addition of hBN is consis-
tent with the studies [37, 38, 67]. The increase in contact angles
is believed to have a positive impact on the water vapor barrier
capacity, and this notion is reinforced by the observed decrease
in WVP values [37].

3.4 | Chemical Resistance Properties

The weight losses of the film samples at weekly time inter-
vals after treatment with NaOH for up to 10weeks are shown
in Figure 10. A calculation was performed to determine the
chemical degradation rate of the S-0, S-0.3, S-0.6, and S-0.9 sam-
ples in a 1M NaOH solution over 10weeks, yielding values of
17.02%, 18.71%, 17.29%, and 18.93%, respectively. The difference
in chemical degradation between the composite film with the
highest hBN addition (S-0.9) and pure chitosan was observed at
1.91%. According to Takara et al. [74], the treatment of chitosan
films with NaOH at different concentrations induced deproton-
ation, extraction of phosphate, and elevated CH deacetylation,
which facilitated the formation of new hydrogen bonds. These
studies also reported that the reduction of new hydrogen bonds
and N-acetyl groups reduced the swelling properties by produc-
ing films with a more compact and irregular structure. hBN may
have reduced the formation of this compact structure. However,
these rates do not have a detrimental impact on the properties of
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the films. The values of the standard deviation indicate a high
level of similarity among them.

3.5 | Mechanical Properties

The effect of hBN addition on the mechanical properties of chi-
tosan was investigated by tensile tests. The results are reported in
Figure 11. Depending on the amount of hBN added, an increase in
tensile strength and Young's modulus was observed after a sudden
decrease when compared to virgin chitosan films. This trend is ob-
served because of the increase in the amount of BN, similar to the
studies of Behera et al. [38] 1% boron nitride nanosheet added chi-
tosan films had a TS value of 74MPa and a YM value of 956 MPa.
Wang et al. [37] found that the TS value of chitosan films with 1%
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FIGURE 10 | The percent weight loss of the samples in NaOH solu-
tion depending on the weekly waiting time. [Color figure can be viewed

at wileyonlinelibrary.com]|

BNNS addition was ~25MPa. In this study, the TS value of the
sample containing 0.9% hBN was 77.9MPa (Figure 11a) and the
YM value was 6299.86 MPa (Figure 11b). Unlike these studies, the
glycerol used in this study provides an advantage because of the
improvement in the flexibility of thin film materials, as it reduces
the intermolecular forces between polymer chains and increases
the free volume [70]. Additionally, the enhancement in mechan-
ical properties with increasing hBN addition can be attributed to
the electrostatic interaction between hBN and chitosan, which in-
creases the strength [37]. This proves that the mechanical proper-
ties are affected by the production method, and the method used in
the study was successful.

SEM images of composite films containing pure chitosan and
hBN are shown in Figure 12. The images on the left side of
the samples were taken from the flat surface, and the images
on the right side were taken from the rupture surfaces of the
fragments that broke off as a result of the tensile test. The hBN
agglomerates were observed in the S-0.6 sample (Figure 12c).
While Hammi et al. [67] stated in their study that agglomera-
tions may occur in certain regions as a result of hBN agglom-
eration in preparing composite films, a similar result was also
observed in graphene-chitosan films [75]. The chitosan film
exhibited brittle fracture behavior in the tensile direction,
with lines/bands radiating in a certain direction (Figure 12a)
[76]. It was determined that as the amount of hBN increased, it
had a smooth surface and hBN agglomerates in some regions.
This phenomenon indicates that the interfacial adhesion be-
tween chitosan and hBN is enhanced in these compositions.
In the regions where agglomerates are located, parabolic-
shaped depressions characteristic of ductile fracture formed
under the effect of shear stress were observed (Figure 12b,c)
[77, 78]. The observed aggregates in the S-0.3 and S-0.6 sam-
ples are believed to have been responsible for the decline
in mechanical properties. SEM observations explained the
change in mechanical properties as a result of the tensile test,
and that it exhibited brittle fracture behavior according to the
tensile direction with increasing hBN showed that it was im-
portant to add the appropriate amount of filler to the matrix.
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FIGURE 11 | Mechanical properties of the specimens (a) Tensile strength and (b) Young's modulus. [Color figure can be viewed at wileyonlineli-
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FIGURE 12 | SEM image of the samples.

3.6 | Cytotoxicity Results

Cytotoxicity tests were performed using the L1929 cell line at
three different time points, 24, 48, and 72h, at five different con-
centrations, each with three replicates. As a result of the experi-
ments, the viability data given in Figure 13 were obtained. Low

cytotoxicity results are necessary to minimize health risks for
food packaging material. When the viability rates of the sam-
ples at the 24th hour in Figure 13a are examined, cell viability
is higher at all concentrations in the hBN-added samples com-
pared to the pure chitosan sample. In the 48th and 72nd hour
controls, the cell viability of the hBN-added samples at low
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concentrations generally increased slightly compared to chi-
tosan, and some decrease in viability was observed at increas-
ing concentration values. For the S-0.9 sample, at the highest
cell concentration of 200ugmL~, the decrease was found to
be 9.48% for 48h and 7.31% for 72h compared to chitosan. This
agrees with the study conducted by Behera et al. [38]. However,
the percentage of viability is higher than the positive control.
This shows that the addition of hBN increases cell viability. The
changes according to hBN concentration are very close to each
other and do not adversely affect the composite cytotoxicity.
Although some decrease in viability rates was observed because
of the increase in cell line concentration and time, it did not fall
below the positive control values. The results are consistent with
the studies investigating the effects of hBN on cell anti-microbial
and cell viability [22, 23]. It has been shown that cell viability of
hBN-added chitosan composites was observed, biocompatibility
was good, and no toxic effect was observed.

4 | Conclusion

Chitosan films were successfully prepared with hBN acting as a
nano filler. The conclusion reached was that the addition of hBN
after silanization resulted in the formation of hydrogen bonds
with chitosan. Crosslinking was provided with sodium sulfate.
The addition of hBN shifted the degradation curves of the films to
higher temperatures and increased the thermal stability. The ad-
dition of silanized hBN suggests that it may contribute to a more
opaque material and potentially affect the light-blocking prop-
erties of the material. Furthermore, UV barrier properties were
found to be improved by hBN-added composites. The gradual de-
crease in water vapor permeability suggests that silanized hBN
can improve the barrier properties of the polymer, potentially
making it more resistant to moisture transfer. The reduction in
oxygen transmission rate with the addition of silanized hBN im-
proves its resistance to oxygen permeation, which can increase its
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durability and performance in various applications. Although the
resistance of the composite films to NaOH decreased slightly, it is
not at a level to create a negative effect. When the composite films
were compared with pure chitosan film, there was a decrease in
mechanical properties, but an improvement trend was observed
as the hBN ratio increased. In composite films, cell viability at
all concentrations and time periods is above the positive control
value. The results showed that hBN-added chitosan composites
exhibited good biocompatibility and no toxic effect. The obtained
results show that hBN-added chitosan films have various im-
proved physical properties, low UV and oxygen permeability, and
are non-toxic. This study shows that the films produced have the
potential to serve as packaging materials for safeguarding UV,
oxygen, and moisture-sensitive products. The enhanced compos-
ite properties resulting from hBN addition to chitosan are highly
significant for the packaging sector today, where environmentally
friendly materials are in demand due to their superior properties,
durability during use, and biodegradability. This material offers
great potential for use, especially for food packaging. Future stud-
ies are focused on investigating and analyzing the actual effect
of the prepared composite film in different application scenarios
(e.g., meat, fruit, vegetable preservation, etc.), and research on the
biodegradability and environmental impact of materials.
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