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Abstract
This research presents the advancement of biodegradable composite films from cellulose nanofibers
(CNFs) extracted from bamboo and silk fibroin (SF) derived from Bombyx mori cocoons. CNF/SF
composites were fabricated in three different compositions—CS10, CS30, and CS50—via aqueous
blending and solution casting, followed by ethanol-induced p-sheet stabilization. Mechanical testing
confirmed a considerable enhancement in tensile strength from 72 MPa (CS10) to 112 MPa (CS50),
while Young’s modulus improved from 2.4 GPa to 4.8 GPa, and elongation at break improved from
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3.1% to 6.8%, demonstrating a synergistic balance
between stiffness and ductility. Thermogravimetric
analysis indicated a rise in onset degradation
temperature from 262 °C (CS10) to 298 °C (CS50),
confirming improved thermal resilience due to f-
sheet crystallization and hydrogen bonding. Surface
wettability analysis showed an increase in water
contact angle from 64° to 74° with increasing SF
content, implying enhanced hydrophobicity. Water
absorption decreased from 45% to 28%, correlating
with reduced hydroxyl accessibility. FTIR analysis
confirmed  molecular  interactions  through
intensified Amide [ (~1650 cm™) and Amide Il
(~1515 cm™) peaks and diminished O—H stretching
(~3300 cm™), supporting hydrogen bonding
between CNFs and SF. The CS50 composite
displayed optimal performance, suggesting its
suitability  for  flexible,  moisture-resistant
biodegradable applications in biomedical and
packaging sectors, providing a green alternative to
petroleum-derived plastics.

Keywords: Cellulose nanofibers (CNFs), silk
fibroin (SF), biodegradable composites, hydrogen
bonding, thermal and mechanical properties

INTRODUCTION

In recent years, the global demand for sustainable
materials has intensified because of growing
ecologicalissues such as poor biodegradability,
dependence on fossil fuels, and ecological toxicity
[1,2]. The accumulation of non-degradable plastic
waste has become a critical issue, prompting
researchers and industries to explore eco-friendly
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alternatives that meet the functional requirements of structural and consumer products [3,4]. Among
the various natural biopolymers, cellulose and silk fibroin have emerged as promising candidates for
developing high-performance biodegradable materials [5—7].

Cellulose, the most common natural polymer on earth, is derived primarily from plant biomass [8].
Its nanoform, known as cellulose nanofibers (CNFs), offers a unique combination of high strength, and
crystallinity [9,10]. These nanofibers also possess a high specific surface area and excellent reinforcing
ability when dispersed in polymer matrices, making them ideal for green composite development [11].
Bamboo is one of the most renewable and rapidly growing sources of cellulose and has gained
popularity due to its low cost, fast harvest cycle, and high fiber yield [12,13]. Bamboo-derived CNFs
have shown improved reinforcement capabilities compared to conventional wood pulp due to their finer
microstructure and higher cellulose content [14].

Conversely, silk fibroin (SF), derived from the cocoons of Bombyx mori, is a biopolymer well
recognized for its excellent mechanical strength, biodegradability, and compatibility with biological
systems [15]. Fibroin consists of repetitive amino acids that facilitate the formation of P-sheet
crystallites, conferring tensile strength and stability to silk-based films and fibers [16,17]. In addition
to its structural characteristics, SF is also being investigated for its non-toxic degradation behaviour
[18,19].

Combining CNFs and SF into a single composite structure allows for synergistic interaction, where
the cellulose phase offers mechanical rigidity and load-bearing capacity, while the silk matrix
contributes ductility, biodegradability, and interfacial adhesion [20]. Such hybrid composites are
expected to overcome limitations associated with each component when used independently. For
instance, while CNFs may suffer from brittleness or moisture sensitivity, the presence of silk fibroin
can introduce flexibility and improved water resistance, making the resulting material suitable for
biodegradable packaging, medical textiles, and green electronics [21,22].

Furthermore, CNFs and SF are both processable via aqueous-phase casting and are compatible with
low-temperature fabrication routes, ensuring energy-efficient and scalable manufacturing [23]. Non-
covalent interactionssignificantly improve interfacial adhesion, eliminating the requirement for
chemical cross-linkers [24,25]. Additionally, these composites hold potential for functional
modifications including UV shielding, antioxidant incorporation, and antimicrobial behaviour through
surface treatment or additive blending [26,27].

As the demand for green composites accelerates in fields like biomedicine, food packaging, and
structural materials, the present study investigates the fabrication, characterization, and performance of
bamboo-derived cellulose nanofiber/silk fibroin composites. Unlike petroleum-derived plastics, these
biocomposites offer a closed-loop lifecycle with minimal ecological footprint, positioning them as
strategic alternatives for future material ecosystems [28—-30].

MATERIALS AND METHODS
Materials

Mature stems of Bambusa vulgaris were utilized to obtain bamboo powder, which was acquired from
a regional processing facility in Kerala, India. Silk cocoons from Bombyx mori were sourced through
the Central Silk Board of India. All chemicals employed in the experiments—including sodium
hydroxide (NaOH), lithium bromide (LiBr), sodium chlorite (NaClO-), glacial acetic acid, ethanol, and
distilled water—were of analytical grade.

Extraction of Cellulose Nanofibers (CNFs) from Bamboo

Step 1: Alkali treatment (delignification): Bamboo powder was oven-dried (Figure 1) and treated
with 5% (w/v) NaOH solution in a solid-to-liquid ratio of 1:20 (w/v) at 80°C for 3 hours under
continuous stirring to remove lignin and hemicellulose.
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@ N (b)
Figure 1. Extraction of cellulose nanofibers (CNFs) from bamboo.
(a)Alkali Treatment (Delignification)& Bleaching, (b) Mechanical Fibrillation.

Figure 2. Preparation of silk fibroin (SF) solution.
(a) Degumming, (b) Dissolution (c¢) Dialysis

Step 2: Bleaching: The alkali-treated fibers were bleached with an acidified sodium chlorite solution
(1.7% NaClO: and 0.6 mL acetic acid per 100 mL) at 70°C for 2 hours. This step was repeated twice to
obtain a white cellulose pulp. The product was again washed to neutrality and stored wet.

Step 3: Mechanical fibrillation: The bleached cellulose pulp was dispersed in water (1 wt%) and
subjected to high-shear homogenization using a high-pressure homogenizer (20,000 rpm) for 5 cycles
to produce cellulose nanofibers. The solution was stored at 5°C for subsequent blending.

Preparation of Silk Fibroin (SF) Solution

Step 1: Degumming: To eliminate sericin, Bombyx mori cocoons were treated by boiling in a 0.03
M sodium carbonate (Na:COs) solution for 30 minutes (Figure 2). The resulting degummed fibroin
fibers were then left to dry.

Step 2: Dissolution: Dried silk fibroin was dissolved in an aqueous lithium bromide (LiBr) solution
with a concentration of 9.4 M at 65 °C for 5 hours, maintaining a weight-to-volume ratio of 1:4 between
the silk and the solvent.
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Step 3: Dialysis: To eliminate lithium bromide, the silk/LiBr mixture was subjected to dialysis using
distilled water as the dialysate. The water was replaced every 6 hours over a period of 72 hours.The
final fibroin concentration was estimated gravimetrically and adjusted to ~6 wt%.

Preparation of CNF/SF Composite Films
Blending and casting
The CNF suspension and SF solution were mixed in various ratios by weight:

CS10: 90% CNF / 10% SF
CS30: 70% CNF / 30% SF
CS50: 50% CNF / 50% SF

The mixtures were magnetically stirred for 2 hours to ensure homogeneity. Air bubbles were removed
via sonication (ultrasonic bath, 40 kHz, 15 minutes).The mixture was poured into Teflon-coated petri
dishes and allowed to dry under room temperature conditions for 48 hours, resulting in uniform
biocomposite films with an approximate thickness of 0.2 mm.

Post-Treatment for Structural Stabilization
To promote B-sheet structure development and render the silk fibroin component water-insoluble, the
dried films were soaked in 90% ethanol for one hour, followed by air drying.

Techniques for Material Characterization
Mechanical testing

Mechanical properties were evaluated using a universal testing machine (Instron 3365). Samples
were prepared as rectangular strips measuring 50 mm X 10 mm and tested as per the ASTM D882
standard. Each result was averaged over five replicates.

Thermal stability (TGA)

Thermal and decomposition characteristics were studied using TGA, (PerkinElmer) from 35°C to
650°C at a heating rate of 15°C/min. Weight loss curves were used to evaluate onset decomposition
temperature and residual mass.

Water contact angle (WCA)

A contact angle goniometer (Kriiss GmbH) was used in this study. A 5 uL drop of distilled water was
gently dispensed onto the film surface, and the contact angle was noted within 10 seconds.
Measurements were taken at five distinct points on each sample to ensure accuracy.

Water absorption test

Dried film samples with known initial weights were submerged in distilled water at ambient
temperature for 24 hours. After soaking, excess surface water was gently removed, and the samples
were weighed again. Water absorption (%) was calculated as:

WA% = [(Wwet - Wdry) / Wdry] x 100

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of individual components (CNF, SF) and composite films were recorded in the range
4000-500 cm™ using an ATR-FTIR spectrometer (Bruker Alpha). Spectra were used to verify
intermolecular interactions and structural transitions (e.g., B-sheet formation).

RESULTS AND DISCUSSION
Mechanical Properties

The tensile behaviour of the CNF/SF composite films was assessed, with the corresponding results
illustrated in Figure 3 and detailed in Table 1.
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Table 1. Mechanical, Thermal, and Surface Properties of CNF/SF Composites.

Composite | Tensile strength Young's Elongation at Onset Water
(MPa) modulus (GPa) break (%) degradation contact angle
temp (°C) ©
CS10 72 2.4 3.1 262 64
CS30 98 3.7 4.5 282 68
CS50 112 4.8 6.8 298 74

The CS10 formulation, consisting of 90% cellulose nanofibers (CNFs) and 10% silk fibroin (SF),
showed enhanced mechanical behavior, with tensile strength reaching 72 MPa and stiffness (Young’s
modulus) recorded at 2.4 GPa.CS30, with a higher SF ratio (30%), demonstrated significantly improved
strength, reaching 98 MPa with a modulus of 3.7 GPa. CS50, which had an equal weight ratio of CNF
and SF, achieved the highest property values.

This trend is attributed to synergistic mechanical reinforcement between the two biopolymers.

Specifically, the hydroxyl groups on CNFs readily form hydrogen bonds, leading to efficient stress
transfer across the CNF-SF interface [21,22].

Moreover, silk fibroin undergoes a conformational transformation into P-sheet structures during
ethanol post-treatment, which act as physical cross-links, enhancing the matrix stiffness and
contributing to the observed increase in modulus [23]. The B-sheet domains function as load-bearing

crystalline regions that arrest polymer chain slippage, resulting in higher resistance to deformation
under tensile load.

The elongation at break also improved markedly from 3.1% for CS10 to 6.8% for CS50. This is
somewhat counterintuitive, as increased crystallinity typically reduces elongation. However, in this
case, the flexible protein backbone of SF imparts ductility, and the entangled structure between CNFs
and SF provides energy dissipation pathways, enabling composites to sustain higher deformation before

failure [24].
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Figure 3. Tensile strength of CNF/SF composites.
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Figure 4. Thermal Stability (TGA Onset Temp).

Such combined improvements in stiffness, strength, and ductility position the CNF/SF composites;
especially CS50—as a compelling choice for applications requiring biodegradable and flexible films,
such as biomedical dressings, packaging, and flexible electronics [25].

Thermal Stability (TGA Analysis)

The onset degradation temperature (Tonset), Which denotes the point of major polymer chain scission,
was observed to improve significantly with increasing SF content (Figure 4).

CS10 began decomposing at 262°C, characteristic of typical CNF-rich systems.
CS30 exhibited improved Tonset at 282°C, indicating enhanced thermal resilience.
CS50 showed the highest thermal stability with a Tonset 0f 298°C, confirming a strong SF contribution.

This improvement in thermal behaviour stems from the B-sheet domains of silk fibroin, which are
known for their high thermal stability due to dense intermolecular hydrogen bonds and ordered packing
of protein chains [26,27]. Moreover, these -sheets create thermal diffusion barriers, delaying the onset
of degradation by restricting the volatilization of degradation byproducts.

In CNF/SF systems, fibroin not only thermally stabilizes the amorphous cellulose matrix but also
promotes char formation, further contributing to the improved thermal profile. These findings align with
other protein—polysaccharide composites, where interpenetrating hydrogen-bonded networks reduce
chain mobility and enhance resistance to thermal scission [28,29].

From an application perspective, thermal stability up to 298°C makes CS50 suitable for environments
involving thermal sterilization, moderate processing temperatures, or thermal load-bearing operations
such as food packaging or biomedical implants [30].
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Figure 5. Water contact angle of composites.

Surface Hydrophobicity

Water contact angle (WCA) measurements were conducted to assess the surface wettability of the
CNF/SF films, with the outcomes presented in Figure 5 Increasing SF content led to a steady increase
in water contact angle:

CS10: 64°

CS30: 68°
CS50: 74°

These results indicate a gradual shift in surface behaviour, becoming less hydrophilic and more water-
repellent with increasing SF content. Pure CNFs are inherently hydrophilic due to their abundant
hydroxyl groups, which promote water adsorption [31]. However, the addition of SF brings in
hydrophobic amino acid residues and B-sheet structures that tend to align at the air—film interface during
the casting process, resulting in enhanced water-repelling characteristics of the surface [32].

In addition, the ethanol treatment used to induce B-sheet formation may also drive reorganization of
protein chains to the surface, reducing free hydroxyl group availability. This improved hydrophobicity
is advantageous in developing moisture-resistant films for applications in packaging and barrier
materials [33].

Water Absorption Behaviour

The ability of the films to absorb water was assessed following a 24-hour immersion period. CS10
absorbed 45% of its dry weight in water, while CS50 absorbed only 28%, indicating a substantial
reduction in water uptake as SF content increased.

This behaviour supports the findings from the WCA analysis. Silk fibroin domains create a denser
matrix and reduce the accessibility of hydrophilic CNF regions. In essence, internal hydrogen bonding
between CNFs and SF lowers the availability of polar functional groups capable of engaging with water
molecules [34].
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Figure 6. FTIR spectra between CNFs and SF with increasing fibroin content.

Moreover, the dense packing induced by B-sheet regions limits the free volume within the matrix,
preventing water diffusion. This is highly beneficial in humidity-sensitive applications, where
dimensional stability and barrier integrity are critical [35].

Structural Interactions (FTIR Analysis)

To further confirm the molecular-level interactions between CNFs and SF, FTIR analysis was
conducted. All composite films showed characteristic absorption peaks:

Characteristic absorption bands near 1650 cm™ (Amide 1) and 1515 cm™ (Amide II) correspond to
the C=0 stretching and N—H bending vibrations, respectively, indicative of the silk fibroin protein
backbone.A broad peak around 3300 cm™, corresponding to O—H stretching from cellulose.

With increasing SF content, the Amide I and II peaks intensified and shifted slightly, which is a
hallmark of increased B-sheet crystallinity in silk fibroin. Simultaneously, the O—H peak from CNFs

decreased in intensity, confirming hydrogen bonding between CNF hydroxyls and SF amide groups
shown in figure 6 [36,37].

This interaction not only enhances the physical properties of the composite but also suppresses phase
separation and leads to better homogeneity. Such structural interplay is vital for tailoring the properties
of biopolymer-based films for target-specific performance [38-40].

CONCLUSION

This study successfully demonstrates the fabrication and characterization of cellulose nanofiber
(CNF) and silk fibroin (SF) based biodegradable composite films. By systematically adjusting the SF
concentration, valuable insights were obtained into the molecular interactions and how these
interactions affect the material's structure, strength, thermal behaviour, and surface water resistance.

The following conclusions were drawn:

o Increasing the silk fibroin (SF) content led to notable improvements in mechanical properties.
The tensile strength rose from 72 MPa in CS10 to 112 MPa in CS50, while the Young’s modulus
doubled from 2.4 GPa to 4.8 GPa, attributed to enhanced stress distribution and the development
of B-sheet structures within the SF matrix.
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The composite films exhibited improved resistance to thermal degradation, as evidenced by the
rise in onset decomposition temperature from 262 °C (CS10) to 298 °C (CS50), attributed to
stronger intermolecular bonding.

Hydrophobicity and moisture resistance improved, demonstrated by the rise in water contact
angle from 64° to 74° and a reduction in water uptake from 45% to 28%, suggesting enhanced
dimensional stability under humid conditions.

FTIR analysis confirmed strong interfacial interactions, with intensified Amide I and II peaks
and reduced O-H stretch, validating hydrogen bonding between CNFs and SF molecules.

The CS50 formulation emerged as the optimal composition, offering the best balance of strength,
flexibility, and environmental resilience—suitable for biomedical films, flexible packaging, and
sustainable material applications.
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