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Abstract

Polymers, which are suitable for use for various purposes, are decorative, chemically
inert and corrosion-free, have long periods of destruction in nature and are generally
known as chemically produced substances, have gained importance in green chemistry
and green production. Composite materials are obtained by combining materials such as
natural biopolymers or synthetic biodegradable polymers, inorganic or organic
nanomaterials, nanoscale minerals with different materials. The aim of this review is to
briefly investigate the biopolymers used in the production of composite materials and the
film coating techniques related to these materials, to determine what can be done for the
future, and to reveal the environmental importance of the use of biopolymers as binders
of composite materials that can be produced in the future.
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Biyonanokompozit filmler ve kaplamalar: gelisen teknolojideki
mevcut uygulamalari

Oz

Cesitli amaglarla kullanima wuygun, dekoratif, kimyasal olarak inert ve korozyona
ugramayan, dogada uzun siire yok olan ve genel olarak kimyasal olarak iiretilen
maddeler olarak bilinen polimerler, yesil kimya ve yesil tiretimde énem kazanmistir.
Kompozit malzemeler, dogal biyopolimerler veya sentetik biyobozunur polimerler,
inorganik veya organik nanomalzemeler, nano él¢ekli mineraller gibi malzemelerin farkl
malzemelerle birlestirilmesiyle elde edilir. Bu derlemenin amaci, kompozit malzemelerin
tiretiminde kullanilan biyopolimerleri ve bu malzemelerle ilgili film kaplama tekniklerini
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kisaca arastirmak, gelecege yonelik neler yapilabilecegini belirlemek ve biyopolimer
kullaniminin ¢evresel 6nemini ortaya koymaktir.

Anahtar kelimeler: Biyokompozit, biyolojik olarak par¢alanabilen polimer, film
kaplama

1. Introduction

Biomaterials science is one of the branches of science where great progress has been made
in recent years and detailed research has been concentrated. Compared to previous years,
natural materials produced from materials such as wood, glue and rubber, gold, iron, glass
and zinc have been used for biomaterial purposes to bring new life forms to living tissues.
In the last decade, serious progress has been made in the development of new materials
to understand the interaction of materials with biological systems. Biomaterials are
materials of natural or synthetic origin used to increase or support the functionality of
living tissues that have lost their function in the human body [1,2]. Contrary to their high
potential and properties, industrial polymers create pollution as they cannot be destroyed
through a natural process and can only be disposed of as a result of costly degradation
processes. However, the fact that they are obtained from exhaustible resources such as
petroleum resources has led to new searches in terms of sustainability and environmental
harmony in the polymer industry.

Biopolymers have come to the fore as alternative materials in many areas, especially in
the packaging industry, as a result of the disadvantages of industrial polymers such as
being obtained from exhaustible resources and being difficult to dispose of. They
obtained from natural and sustainable sources have properties equivalent to those of
industrial polymers, thanks to their mechanical and thermal properties [3—5].

Characterization techniques bionanocomposite materials are divided into four. The first
of these characterization techniques is microscopy-based characterization techniques.
They are scanning electron microscope, transmission electron microscope, atomic force
microscope and scanning tunneling microscope. The second is X-ray related
characterization techniques. This category also includes X-ray diffraction and X-ray
photoelectron spectroscopy. The third and fourth characterization techniques of
bionanocomposite materials are spectroscopic techniques, namely UV-VIS
spectrophotometry, Raman/FT-IR spectroscopy [6].

In the production of bionanocomposite films, natural or synthetic biodegradable
polymers are generally preferred. The properties and applications of bionanocomposite-
coated films depend on the nanoscale material's characteristics. In previous studies, in the
production of films coated with bionanocomposite, the structures were determined by
molecular arrangement, reaction activity. Natural polymers are divided into classes based
on functional groups, bonding properties, thermal behavior, and solubility in different
solvents. Materials such as some natural minerals and clay minerals have also been
preferred recently. Studies have been conducted with these minerals in different
disciplines.
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In this review, we focused on the different properties of bionanocomposites and different
characterization techniques for analysis, and discussed the latest developments in both
technical and scientific matters for the applications of bionanocomposites. Additionally,
this article aims to review studies on the formation of polymer-based nanocomposite
coating films and their properties.

Most of the synthetic polymers used today are petrochemical products and are not
biodegradable. Therefore, when socioeconomic life is considered, the production of
degradable plastics instead of conventional plastics is an important process. It has become
increasingly accepted that long-lasting polymers are not sufficient for applications
intended for short-term use. This process will accelerate further when concerns about the
protection of ecological systems are also taken into account. When bioplastics are
obtained, a biologically derived material is used as raw material. This material can be of
plant origin such as starch or corn, or it can be a microorganism such as bacteria or yeast
that performs biotransformation using this plant. Mass energy cycles are closed. When
they decompose in nature, they are separated into their basic components and mixed back
into the carbon cycle. When their lifespan is over, if they are used to obtain heat, they
produce energy, which has a neutral effect on the climate. Especially considering the
increase in recent years, it is a very important feature that it protects fossil-based raw
material reserves and reduces dependence on oil. By composting bioplastics, carbon-rich
compost is obtained that can be used in farms, agricultural lands, etc. This process is also
important in terms of reducing chemical fertilizer consumption [7].

As for the disadvantages of bioplastics, they are still produced in relatively small
quantities, which is one of the reasons why they are expensive. This will change when
bioplastic production begins on a large scale and production costs will decrease.
Biopolymers, which are less durable than traditional plastics, may not provide sufficient
performance in some applications. Especially for the production of single-use products,
the choice of biopolymers may lead to durability problems. The manufacturing process
can sometimes be complex and energy intensive, which can limit the potential of
biopolymers to reduce their environmental impact [8,9].

2. Component materials involved in the production of biodegradable composite
matrix

High molecular weight compounds with a long chain or branched structure, formed by
many identical or different atomic groups connected by chemical bonds in a small or
regular manner [10,11]. These long chains are held together by cross-links, Van der
Waals bonds, hydrogen bonds or primary covalent bond forces. The properties of
polymers vary greatly depending on their monomers, which are their building blocks.
Therefore, the selection of appropriate biomaterials for the application area should be
made carefully. Starch, chitosan, cellulose, natural rubber, albumin, Iginate, protein,
shellac, lignin and polyhydroxyalkanotes, gelatin and DNA (genetic material) belong to
the group of natural polymers. There are also many synthetics available today. The types
of nanoscale materials, their importance and loading levels into the matrix, as well as the
impact of nanoscale materials on coating application are discussed. Additionally, this
review explores various applications and properties of film-forming materials [12,13].
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Figure 1. Schematic representation of the hierarchical structure of cellulose obtained as
a result of the extraction process from plants [14]

Lignin, hemicellulose, waxes, extracts and trace elements are among the materials that
form the composite in plant materials. Cellulose exists as a cellular hierarchical
biocomposite within some structures such as these materials. [14]

2.1. Natural Polymers and in situ Polymerization

Polymers are long-chain molecules composed of small repeatable units. The low
molecular weight units used to start the synthesis are called "monomers". Natural
polymers used in polymeric biomaterials used in the biomedical field can be classified as
hydrogels, inorganic polymers, biodegradable polymers, smart polymers, fabrics, grafts
and coatings. Natural polymers are grouped into three classes: proteins, polysaccharides
and polynucleotides. In this review, functional groups, chemical structures and
technological applications of natural polymers such as cellulose, chitosan, lignin,
pullulan, polyhydroxyalkanoate and protein were investigated.

The advantages of natural polymers are that they are very similar to macromolecules in
the biological environment. It does not have the toxicity and chronic inflammation
problems encountered with synthetic polymers. They are degraded by enzymes in the
biological environment (biodegradation). Disadvantages of natural polymers: They have
an effect that disrupts the body's immune system (immunogenic). Disadvantages of
natural polymers: These polymers, no matter how natural they are, have an immunogenic
effect that disrupts the body's immune system. The living body is protected by many
defense systems consisting of very different molecules, cells and tissues. All molecules
that stimulate the immune systems of living beings and are not their own are called
"antigens" or "immunogens". With their protective elements, the living being first
prevents "antigens" that are foreign to its structure from entering the body. This protection
is a system that is increased layer by layer, its members are; surface barriers, innate and
acquired immune system [15]. If any antigen can overcome the surface barriers such as
the skin, respiratory and digestive system, which are the first barrier, and enter the living
being, the second defense system is immediately activated. Because the immune system
is the sum of the processes that protect against diseases in a living being, recognize

414



BAUN Fen Bil. Enst. Dergisi, 27(2), 411-424, (2025)

pathogens and tumor cells and destroy them. The immune system can distinguish
substances with very similar properties from each other, for example; it has the ability to
distinguish even proteins with one amino acid different from each other. This distinction
is complex enough to cause pathogens to find new ways to infect despite the host's defense
system and to make some adaptations. In order to survive in this struggle, some
mechanisms have developed that recognize pathogens and neutralize them [15,16]. Since
they have a more complex structure than synthetic polymers, their technological
manipulation is difficult. They are degraded by enzymes in the biological environment.
In particular, protein structures decompose at high temperatures. Thermoforming and
sterilization are difficult are difficult. Their composition varies depending on the source
from which they are obtained [17].

As seen in Figure 2, monomers polymerize in the presence of nanoclay. These
biomaterials first swell in liquid monomer solution and the polymerization process takes
place between the intermediate layers formed [18]. However, it is a disadvantage that
some inorganic particles in the structure tend to separate rapidly from the polymer formed
and precipitate. To eliminate this disadvantage, certain groups must be attached to their
surfaces [19,20].
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Figure 2. Schematic representation of the polymerization process of monomers in the
presence of nanoclay via (a) in situ polymerization, (b) melt processing, and (c) solution
casting [18]

Some instability may occur during processing, such as PLA-, chitosan- and pullulan-
based bionanocomposites. To eliminate this situation, the process can be accelerated with
nanocomposites containing organically modified clay. While these processes have been
conducted, some parameters must be carefully optimized during the process of some
biopolymers that may degrade in heat [19].

2.1.1 Cellulose-based bionanocomposites

Natural polymers are divided into classes based on functional groups, bonding nature,
thermal behavior, and solubility in different solvents has a linear chain of several hundred
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to over ten thousand (1—4) linked d-glucose units. Different derivatives made with
cellulose are used as optical films, coatings, controlled release systems, biodegradable
plastics, and composite materials in different applications in the field of biomedical
materials. Such derivatives include cellulose ethers such as methyl cellulose (MC),
carboxymethyl cellulose (CMC), hydroxypropyl cellulose (HPC), hydroxypropyl
methylcellulose (HPMC) and cellulose acetate (CA), cellulose acetate propionate (CAP),
cellulose acetate butyrate (CAB). In this study by Swain, cellulose nanobiocomposites
were formed by intercalating boron nitride with cellulose matrix by solution method.
Boron nitride dispersion and nanobiocomposite formation showed significant reduction
in oxygen permeability [21]. By adding cellulose into polymer films, moisture barrier
properties are further improved. The presence of crystalline fibers within the composite
creates a lower diffusion process and therefore lower permeability. It has been stated that
nanosized cellulose fibrils also improve the thermal properties of polymers. It has been
stated that the thermal stability of polymers in nanocomposites with cellulose hair-
crystals is improved compared to similar polymer clusters.

Cellulose is used in many applications when creating composite films due to its superior
properties such as water absorption capacity, strong reinforcement and excellent
dimensional stability, as well as its strength and durability [22]. Since coatings made
using cellulose are less damaged by environmental effects, stable and high-performance
nanocomposite films have attracted widespread attention [23,24]. Wu et al., observed that
when they developed polyurethane with cellulose nanofibrils, its elongation decreased
due to conventional micro-sized cellulose filling [25]. These differences may be related
to different degrees of matrix-cellulose interactions. According to the study by Wang et
al., the addition of weakly interacting nano-reinforcements containing matrix causes
elongation. Due to this elongation, the strength of the material decreases [26].

As shown in Figure 3, cellulose nanocrystals or nanoparticles (CNCs) are crystal
structures that have an amorphous structure within the crystal regions and are well
organized and coordinated within the cellulose fibers themselves.
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Figure 3. Schematic representation of the bionanocomposite formed by cellulose
nanoparticles in an amorphous structure [27]

These structures, the molecular arrangement of cellulose and their bond structures with
each other, were clearly revealed by Habibi et al. CNCs have recently been investigated
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as microcrystals, nanofibers or nanofibrils obtained using different mechanical and
chemical processes [27]. The advantages of these fibers such as high thermal stability,
high aspect ratio, relatively high strength, low density, excellent tensile strength and
mechanical strength are determined by the formation of polymer-based nanocomposites.
In addition to these features, surface modification processes also improve the properties
of CNCs. In the study conducted by Habibi et al., surface coating processes and
mechanical properties with CNCs were examined [28,29]. Cellulose derivative-based
films for creating bionanocomposites show good tensile strength, acting as an effective
barrier protecting the material against Oz or CO> [30,31].

2.1.2 Starch-based bionanocomposites

Starch consists of granules in which polymer chains are tightly interlocked. The chains in
the granules, which water cannot normally penetrate, move away from each other at high
temperatures and become capable of interacting with water. Under the influence of water
and temperature, the polymers in starch bind to water instead of forming hydrogen bonds
with each other. As water penetrates into the starch, the order of the overall polymer
structure begins to deteriorate and the granular regions become smaller and amorphous.
Amylose interacting with water leaches out of the starch grain [32]. In recent years, there
has been a significant increase in studies on water absorbent polymers. Starch-graft
copolymers have a significant percentage in these studies. However, many of its
applications are limited due to its poor mechanical properties, such as lack of barrier
properties and film gloss caused by high intermolecular forces [33,34]. After extrusion,
starch typically turns into a thermoplastic material with low mechanical strength and poor
protection against oxygen and moisture.

Quintavalla et al., prepared hybrids of nanoclay and thermoplastic starch (TPS)[35] and
when they examined their final properties, they found that the strong interaction between
TPS and nanoclay improved the tensile strength and had lower water vapor permeability
compared to the pure TPS matrix [36]. When the amorphous regions that enable the
separation of crystalline lamellae, which are more resistant to hydrolysis, are hydrolyzed,
native starch granules are formed. It can be subjected to long-term hydrolysis at
temperatures below the gelatinization temperature [37].

Turmeric nanofilm (TNF) film was prepared to create bionanocomposite and change its
functional properties to compare with each other. A schematic representation of the
preparation steps of these films is presented in Figure 4.
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Figure 4. Schematic representation of the preparation of bionanocomposites obtained
with starch-based materials and their antibacterial activities [38]
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Antibacterial activities of biopolymer matrices and antibacterial performance of the
prepared bionanocomposite were investigated by adding TNF to B. cereus, E. coli, S.
aureus and S. typhimurium [38].

In a study by Sorrentino et al., it was observed that both the tensile strength and elongation
at break of TPS increased in the presence of small amounts of sodium montmorillonite
(less than 5%). Additionally, while the relative water vapor diffusion coefficient of TPS
decreased, the decomposition temperature increased. Starch/clay nanocomposite films
were obtained from the dispersion of montmorillonite nanoparticles using the polymer
melting process technique. Mechanical characterization results showed an increase in
modulus and tensile strength. The compliance of the final material sample with the actual
regulations on biodegradable materials was confirmed by migration tests [39].

Pea starch/a-ZrP(PS/ZrP) nanocomposite films prepared by casting and solvent
evaporation method are formed through hydrogen bonds. The structure, thermal and
mechanical properties of pea starch-based films were modified and improved by
incorporating aZrP [25].

3. Chitin/Chitosan based bionanocomposites

Chitosan is a partially N-deacetylated derivative of chitin. It is theoretically possible to
completely remove the acetyl groups, the branched group of chitin, but n-deacetylation
almost never occurs completely. Methods for obtaining chitosan are divided into chemical
and enzymatic. Osuna et. al., prepared a magnetically recoverable biopolymer-based
nanocatalyst via covalent immobilization of chitosan-linked 2-hydroxynaphthaldehyde
Pd complex on the surface of superparamagnetic nanoparticles [40]. Liu et al., and
Sriupayo et al., prepared chitin hair-crystals by acid hydrolysis of chitin [41,42].

The average sizes of bristle-crystals were calculated according to Liu et al., as 500 nm in
length and 50 nm in diameter, and by Sriupayo et al., [42] as 417 nm in length and 33 nm
in diameter. Liu et al., [41] incorporated chitin hair-crystals into soy protein isolate
thermoplastics and the hair-crystals significantly improved not only the tensile properties
(tensile strength and elastic modulus) of the matrix but also its resistance to water. Due
to the hydrophilic character of chitosan, its weak mechanical properties in the presence
of water and humid environments limit its use. Therefore, by adding chitosan chains to
the inner layers of the silicate, chitosan layered silicate nanocomposites were created, that
is, by adding MMTNa" to the chitosan matrix by increasing it to 5 wt%, its mechanical
properties were improved. Surface roughness increased with the addition of a small
amount of nanoclay, which improved the mechanical and thermal properties of the
resulting films compared to Cloisite 30B [43].

Chitosan/tripolyphosphate nanoparticles tend to fill the empty spaces within the pores of
the HPMC matrix and, when added to hydroxypropyl methylcellulose films, significantly
improved the thermal, mechanical and barrier properties [44].

4. Oil-based bionanocomposites

Hydrophobic oil-based materials such as neutral lipids, fatty acids or waxes are added to
biopolymer films to improve moisture barrier properties. High strength and hard
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composites and nanocomposites based on epoxidized soybean oil (ESO) were formed
through flax fiber and organic clay reinforcement, and ESO/clay nanocomposites were
observed to develop in an intercalated structure [45].

Triglyceride oil-based polymer-silver nanocomposites were obtained through electron
transfer reaction and free radical polymerization processes. Due to the antibacterial effect
of silver, these nanocomposite films showed good antibacterial effects against gram-
positive (S. aureus), gram-negative (P. aeroginosa) and spore-form (B. subtilis) bacteria,
and an inhibition zone was created. Nanocomposite samples showed better film properties
than polymers other than silver nanoparticles [46].

5. Protein-based bionanocomposites

Edible films made from proteins are the most interesting films. The first reason for this
is; secondly, increasing the nutritional value. It has impressive gas barrier properties
compared to lipid and polysaccharide films. Therefore, the properties of edible films,
especially protein films, are greatly improved by the addition of nanoclay [47].

Nanocomposite films between wheat gluten and montmorylnonite (WG/MMT) were
obtained by casting method. It was confirmed by transmission electron microscopy that
MMT particles were homogeneously distributed in the composite film. While the Oz and
CO> permeability of the films remained unchanged when the MMT content was higher
than 5%, significant changes were observed in their permeability to water vapor and
aroma components [48].

Nanofibers obtained from soybeans were added to polymers such as polyethylene,
polyvinyl alcohol and polypropylene, and these nanofibers have diameters between 50
nm and 100 nm and micro-sized lengths. The increased stiffness of soybean nanofibers
reinforced with 5% (wt) PVA is very promising. The addition of nanofibers significantly
changed the tensile behavior of the composites, and the tension of the nanofibers coated
with ethylene-acrylic oligomer emulsion as a dispersant increased, but the amount of
nanofiber elongation decreased [49].

Plasticized protein coating was prepared on polypropylene (PP) film, and its optical and
tensile properties were examined to determine the effect of protein and plasticizer type in
utilizing a new composite film for food packaging applications. The film coated with the
composite obtained with different plasticizers such as propylene glycol, glycerol,
polyethylene glycol, sorbitol, sucrose and different proteins such as soy protein isolate,
milk protein isolate and corn casein has more transparency and tensile strength and more
excellent visual quality than other coated films. and has been found to have mechanical
properties. Thanks to these properties, it has great potential for applications in active
packaging systems [50].

6. Nanocellulose-reinforced natural rubber composite

The results of using natural rubber as a reinforcement material in bionanocomposites are
shown in Figure 5. It has been shown that due to its very good flexibility, it can be used
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in the dispersed aqueous phase as a nanofiller reinforcement to examine the healing
effects and is an excellent candidate for this system [51].

As shown in Figure 5, hydrodynamic effects occur between the filler and natural rubber.
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Figure 5. Schematic representation of bionanocomposite formed by cellulose of natural
rubber reinforced with regenerated cellulose in alkaline urea-aqueous system [51]

Additionally, strong interactions and percolation effects contribute to stress distribution,
leading to remarkable improvements in tensile strength by up to 8.5 times and spherical
modulus by up to 29 times [51].

7. Conclusions

In recent years, the field of bio-based nanocomposite coating films has been developing
rapidly and these materials are synthesized by various methods. This review aims to
provide information about different synthesis approaches, bionanomaterials with various
shapes and sizes, and the production of composite films created with them. These films
are used in many different applications due to their recyclable properties such as both
external factors and biodegradability. Especially in recent studies, improvement
techniques to increase the quality of the materials forming this bionanocomposite coating
film are being investigated.

Different bionanocomposite coating film formation approaches have improved the
physicochemical, thermal and mechanical properties of the structures as well as their
application areas. However, in order for biopolymers to compete with stronger and more
formable commercial polymers such as polyethylene or polypropylene, different
techniques must be developed to improve their functional properties. Market research
supports the idea that biopolymers will play a significant role in many industrial sectors
in the coming years.

420



BAUN Fen Bil. Enst. Dergisi, 27(2), 411-424, (2025)

References

[1]

[4]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Bharadwaj, A. An Overview on Biomaterials and Its Applications in Medical
Science. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1116, 012178,
doi:10.1088/1757-899X/1116/1/012178.

Bahrpaima, K.; Fatehi, P. Preparation and Coagulation Performance of
Carboxypropylated and Carboxypentylated Lignosulfonates for Dye Removal.
Biomolecules 2019, 9, doi:10.3390/biom9080383.

Alashrah, S.; El-Ghoul, Y.; Omer, M.A.A. Synthesis and Characterization of a
New Nanocomposite Film Based on Polyvinyl Alcohol Polymer and Nitro Blue
Tetrazolium Dye as a Low Radiation Dosimeter in Medical Diagnostics
Application. Polymers (Basel). 2021, 13, doi:10.3390/polym13111815.
Miroshnichenko, S.; Timofeeva, V.; Permykova, E.; Ershov, S.; Kiryukhantsev-
Korneev, P.; Dvotakova, E.; Shtansky, D. V.; Zajickova, L.; Solovieva, A.;
Manakhov, A. Plasma-Coated Polycaprolactone Nanofibers with Covalently
Bonded Platelet-Rich Plasma Enhance Adhesion and Growth of Human
Fibroblasts. Nanomaterials 2019, 9, doi:10.3390/nan09040637.

Ammar, C.; Alminderej, F.M.; El-Ghoul, Y.; Jabli, M.; Shafiquzzaman, M.
Preparation and Characterization of a New Polymeric Multi-Layered Material
Based K-Carrageenan and Alginate for Efficient Bio-Sorption of Methylene Blue
Dye. Polymers (Basel). 2021, 13, doi:10.3390/polym13030411.

Mekuye, B.; Abera, B. Nanomaterials: An Overview of Synthesis, Classification,
Characterization, and Applications. Nano Sel. 2023, 4, 486-501,
doi:10.1002/nano.202300038.

Jaya, B.; Brajesh, B.; Antonella, F.; Giovanna, L.D.; Amit, K. Biopolymer: A
Sustainable Material for Food and Medical Applications. Polymers (Basel). 2022,
14, 983.

Musa, Y.; Bwatanglang, [.B. Current Role and Future Developments of
Biopolymers in Green and Sustainable Chemistry and Catalysis; INC, 2020; ISBN
9780128167892.

Abe, M.M.; Martins, J.R.; Sanvezzo, P.B.; Macedo, J.V.; Branciforti, M.C.;
Halley, P.; Botaro, V.R.; Brienzo, M. Advantages and Disadvantages of
Bioplastics Production from Starch and Lignocellulosic Components. Polymers
(Basel). 2021, 13, doi:10.3390/polym13152484.

Simoes, S. Modular Hydrogels for Drug Delivery. J. Biomater. Nanobiotechnol.
2012, 03, 185-199, doi:10.4236/jbnb.2012.32025.

Liu, Y.; Tas, S.; Zhang, K.; De Vos, W.M.; Ma, J.; Vancso, G.J. Thermoresponsive
Membranes from Electrospun Mats with Switchable Wettability for Efficient
Oil/Water Separations. Macromolecules 2018, 51, 8435-8442,
doi:10.1021/acs.macromol.8b01853.

Bronzino, J.D. Medical Devices and Systems; Bronzino, J.D., Ed.; CRC Press,
2006; ISBN 9780429123047.

Bajpai, A.K.; Shukla, S.K.; Bhanu, S.; Kankane, S. Responsive Polymers in
Controlled Drug Delivery. Prog. Polym. Sci. 2008, 33, 1088-1118,
doi:10.1016/j.progpolymsci.2008.07.005.

Applications, T. Review of Bionanocomposite Coating Films And. 1-33,
doi:10.3390/polym8070246.

Black AE, Coward WA, Cole TJ, P.A. Nutrient Reference Values for Australia and
New Zealand Including Recommended Dietary Intakes; 2005; ISBN 1864962372.

421



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

TORLAK Y.

Litman, G.W.; Cannon, J.P.; Dishaw, L.J. Reconstructing Immune Phylogeny:
New Perspectives. Nat. Rev. Immunol. 2005, 5, 866—879, doi:10.1038/nri1712.
Silva, A.C.Q.; Silvestre, A.J.D.; Vilela, C.; Freire, C.S.R. Natural Polymers-Based
Materials: A Contribution to a Greener Future. Molecules 2022, 27,
doi:10.3390/molecules27010094.

Sinha Ray, S.; Okamoto, M. Polymer/Layered Silicate Nanocomposites: A Review
from Preparation to Processing. Prog. Polym. Sci. 2003, 28, 1539-1641,
doi:10.1016/j.progpolymsci.2003.08.002.

Unalan, I.U.; Cerri, G.; Marcuzzo, E.; Cozzolino, C.A.; Farris, S. Nanocomposite
Films and Coatings Using Inorganic Nanobuilding Blocks (NBB): Current
Applications and Future Opportunities in the Food Packaging Sector. RSC Adv.
2014, 4, 29393-29428, doi:10.1039/c4ra01778a.

Peelman, N.; Ragaert, P.; Ragaert, K.; De Meulenaer, B.; Devlieghere, F.; Cardon,
L. Heat Resistance of New Biobased Polymeric Materials, Focusing on Starch,
Cellulose, PLA, and PHA. J. Appl. Polym. Sci. 2015, 132,
doi:10.1002/app.42305.

Swain, S.K.; Dash, S.; Behera, C.; Kisku, S.K.; Behera, L. Cellulose
Nanobiocomposites with Reinforcement of Boron Nitride: Study of Thermal,
Oxygen Barrier and Chemical Resistant Properties. Carbohydr. Polym. 2013, 95,
728-732, doi:10.1016/j.carbpol.2013.02.080.

Czaja, W.; Romanovicz, D.; Brown, R.M. Structural Investigations of Microbial
Cellulose Produced in Stationary and Agitated Culture. 2004, 403—411.

Shi, Z.; Zhang, Y.; Phillips, G.O.; Yang, G. Food Hydrocolloids Utilization of
Bacterial Cellulose in Food. Food Hydrocoll. 2014, 35, 539-545,
doi:10.1016/j.foodhyd.2013.07.012.

Fortunati, E.; Puglia, D.; Luzi, F.; Santulli, C.; Kenny, J.M.; Torre, L. Binary PVA
Bio-Nanocomposites Containing Cellulose Nanocrystals Extracted from Different
Natural Sources: Part [. Carbohydr. Polym. 2013, 97, 825-836,
doi:10.1016/j.carbpol.2013.03.075.

Wu, H.; Liu, C.; Chen, J.; Chang, P.R.; Chen, Y.; Anderson, D.P. Structure and
Properties of Starch/a-Zirconium Phosphate Nanocomposite Films. Carbohydr.
Polym. 2009, 77, 358-364, doi:10.1016/j.carbpol.2009.01.002.

Wang, S.F.; Shen, L.; Tong, Y.J.; Chen, L.; Phang, 1.Y.; Lim, P.Q.; Liu, T.X.
Biopolymer Chitosan/Montmorillonite Nanocomposites: Preparation and
Characterization. Polym. Degrad. Stab. 2005, 90, 123-131,
doi:10.1016/j.polymdegradstab.2005.03.001.

Habibi, Y.; Lucia, L.A.; Rojas, O.J. Cellulose Nanocrystals: Chemistry, Self-
Assembly, and Applications. Chem. Rev. 2010, 110, 3479-3500,
doi:10.1021/cr900339w.

Tan, B.K.; Ching, Y.C.; Gan, S.N.; Rozali, S. Biodegradable Mulches Based on
Poly(Vinyl Alcohol), Kenaf Fiber, and Urea. BioResources 2015, 10, 5515-5531,
doi:10.15376/biores.10.3.5515-5531.

Ali, M.E.; Yong, C.K.; Ching, Y.C.; Chuah, C.H.; Liou, N.S. Effect of Single and
Double Stage Chemically Treated Kenaf Fibers on Mechanical Properties of
Polyvinyl Alcohol Film. BioResources 2015, 10, 822838,
doi:10.15376/biores.10.1.822-838.

Chee, Y.; Ershad, C.; Lugman, A.; Abdullah, C.; Hock, C.; Liou, C.N. Rheological
Properties of Cellulose Nanocrystal-Embedded Polymer Composites : A Review.
Cellulose 2016, 23, 1011-1030, doi:10.1007/s10570-016-0868-3.

Yin, K.; Yern, G.; Ching, C.; Hock, C. Erratum to: Individualization of

422



[32]

[33]

[34]

[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

BAUN Fen Bil. Enst. Dergisi, 27(2), 411-424, (2025)

Microfibrillated Celluloses from Oil Palm Empty Fruit Bunch: Comparative
Studies between Acid Hydrolysis and Ammonium Persulfate Oxidation. Cellulose
2016, 23, 2245-2246, doi:10.1007/s10570-016-0921-2.

Thakur, V.K.; Thakur, M.K. Recent Trends in Hydrogels Based on Psyllium
Polysaccharide: A  Review. J. Clean. Prod. 2014, 82, 1-15,
doi:10.1016/j.jclepro.2014.06.066.

Erry, P.K.W.N.G. Preparation and Characterization of Chitosan-Based
Nanocomposite Films with Antimicrobial Activity. 2006, 21-23.

Badawy, M.E.L;; Rabea, E.I. A Biopolymer Chitosan and Its Derivatives as
Promising Antimicrobial Agents against Plant Pathogens and Their Applications
in Crop Protection. 2011, 2011, doi:10.1155/2011/460381.

Quintavalla, S.; Vicini, L. Antimicrobial Food Packaging in Meat Industry. 2002,
62, 373-380.

Sozer, N.; Kokini, J.L. Nanotechnology and Its Applications in the Food Sector.
2009, doi:10.1016/j.tibtech.2008.10.010.

Kristo, E.; Biliaderis, C.G. Physical Properties of Starch Nanocrystal-Reinforced
Pullulan Films. 2007, 68, 146—158, doi:10.1016/j.carbpol.2006.07.021.

Gopi, S.; Amalraj, A.; Jude, S.; Thomas, S.; Guo, Q. Journal of the Taiwan Institute
of Chemical Engineers Bionanocomposite Films Based on Potato , Tapioca Starch
and Chitosan Reinforced with Cellulose Nanofiber Isolated from Turmeric Spent.
J. Taiwan Inst. Chem. Eng. 2019, 96, 664-671, doi:10.1016/j.jtice.2019.01.003.
Sorrentino, A.; Vittoria, V. Potential Perspectives of for Food Packaging
Applications. 2007, 18, 84-95, doi:10.1016/j.tifs.2006.09.004.

Osuna, Y.; Gregorio-Jauregui, K.M.; Gaona-Lozano, J.G.; De La Garza-
Rodriguez, .M.; Ilyna, A.; Barriga-Castro, E.D.; Saade, H.; Lopez, R.G. Chitosan-
Coated Magnetic Nanoparticles with Low Chitosan Content Prepared in One-Step.
J. Nanomater. 2012, 2012, do1:10.1155/2012/327562.

Liu, Z.; Erhan, S.Z.; Xu, J. Preparation , Characterization and Mechanical
Properties of Epoxidized Soybean Oil / Clay Nanocomposites *. 2005, 46, 10119—
10127, doi:10.1016/j.polymer.2005.08.065.

Sriupayo, J.; Supaphol, P.; Blackwell, J.; Rujiravanit, R. Preparation and
Characterization of a -Chitin Whisker-Reinforced Chitosan Nanocomposite Films
with or without Heat Treatment. 2005, 62, 130-136,
doi:10.1016/j.carbpol.2005.07.013.

Xu, Y.; Ren, X.; Hanna, M.A. Chitosan / Clay Nanocomposite Film Preparation
and Characterization. 2022, doi:10.1002/app.22664.

Moura, M.R. De; Aouada, F.A.; Avena-bustillos, R.J.; Mchugh, T.H. Improved
Barrier and Mechanical Properties of Novel Hydroxypropyl Methylcellulose
Edible Films with Chitosan / Tripolyphosphate Nanoparticles Improved Barrier
and Mechanical Properties of Novel Hydroxypropyl Methylcellulose Edible Films
with  Chitosan / Tr. J. Food Eng. 2009, 92, 448-453,
doi:10.1016/j.jfoodeng.2008.12.015.

Liu, W.; Fei, M.; Ban, Y.; Jia, A.; Qiu, R. Preparation and Evaluation of Green
Composites from Microcrystalline Cellulose and a Soybean-Oil Derivative. 2017,
doi:10.3390/polym9100541.

Eksik, O.; Yagci, Y. In Situ Synthesis of Oil Based Polymer Composites
Containing. 2008, doi:10.1080/10601320802218887.

Akbari, Z.; Faculty, C.E. Improvement in Food Packaging Industry with Biobased
Nanocomposites Improvement in Food Packaging Industry with Biobased
Nanocomposites. 2007, 3, doi:10.2202/1556-3758.1120.

423



[48]

[49]

[50]

[51]

TORLAK Y.

Tunc, S.; Angellier, H.; Cahyana, Y.; Chalier, P.; Gontard, N.; Gastaldi, E.
Functional Properties of Wheat Gluten / Montmorillonite Nanocomposite Films
Processed by Casting. 2007, 289, 159-168, doi:10.1016/j.memsci.2006.11.050.
Wang, B.; Sain, M. SCIENCE AND Isolation of Nanofibers from Soybean Source
and Their Reinforcing Capability on Synthetic Polymers. 2007, 67, 2521-2527,
doi:10.1016/j.compscitech.2006.12.015.

Lee, J.; Son, S.; Hong, S. Characterization of Protein-Coated Polypropylene Films
as a Novel Composite Structure for Active Food Packaging Application. 2008, 86,
484493, doi:10.1016/j.jfoodeng.2007.10.025.

Yi, D.; Low, S.; Supramaniam, J.; Soottitantawat, A.; Charinpanitkul, T.;
Tanthapanichakoon, W.; Tan, K.W.; Tang, S.Y. Recent Developments in
Nanocellulose-Reinforced Rubber Matrix Composites : A Review. 2021, 1-35.

424



