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Abstract: Environmentally friendly and biodegradable composites are increasingly being stud-
ied for use in compatible films, safe food packaging, and wound dressings. Strengthening compos-
ite films with modified natural fibers has received limited attention. In this study, biodegradable
composite films reinforced with abaca fibers coated with copper nanoparticles were successfully
prepared. Copper nanoparticles (CuNPs) were incorporated to provide both antimicrobial and
conductive properties. Copper nanoparticle-coated abaca (banana) fibers (CuNPs) were syn-
thesized by the stepwise reduction method, in which the nanoparticles were first prepared and
subsequently immobilized onto abaca fibers (AF). This method produced stronger treated fibers
than those prepared using a simultaneous reduction method. CuNPs on the surface of PVA-
coated AF are nanosized and well-dispersed particles, resulting in higher electrical conductivity
compared with the control (PVA-AF only). The incorporation of CuNP-coated PVA-AF into
the composite film matrix (containing PVA, tapioca starch, glycerol, and chitosan) significantly
improved the tensile strength and elongation compared with the control film. The thickness
of films containing higher PVA content (60%–80%) increased compared with those with lower
PVA proportions. A similar trend was observed for the water absorption, tensile strength, and
elongation properties. The antibacterial activity of CuNP-coated AF showed an inhibition zone
of 14 mm, which was comparable to that of gentamicin (17 mm). However, the antibacterial
effect was localized and did not diffuse throughout the film.
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1. Introduction

Polyvinyl alcohol (PVA) is known as a nontoxic and biodegradable polymer, especially in
ecosystems containing suitably acclimated microorganisms (Chiellini et al., 2003), and it has
been claimed that the PVA-based detergent additive is safe for the environment; however, the
claim is still controversial (Sustainablejungle.com, 2023). Studies on PVA blended with starch
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and natural polymers have been conducted to enhance the biodegradability of the composite.
PVA dissolves in warm water and has been used as a stabilizer for colloidal copper nanoparticles
(Kanchana et al., 2023; El-Shamy, 2019). However, studies on impregnating colloidal copper
nanoparticles with or without PVA on Abaca fiber (banana fibers) are not well-known.

The water miscibility and transparent properties of PVA provide advantages in film prepa-
ration, but the mechanical properties of PVA films are considered low (Peng and Chen, 2018).
Tapioca starch was added to proportionally substitute some PVA content in the composite to
increase biodegradability and reduce production cost. The abaca fibers and chitosan within the
PVA composite film are expected to be more flexible and durable.

The literature elaborating nearly similar composite compositions has been reviewed (Asrofi
et al., 2025; Rathinavel and Saravanakumar, 2021; Teli and Sheikh, 2013). Coating polyester
yarn with copper oxide has been patented as upon, but colloidal copper particles on Abaca fibers,
which are subsequently embedded in polyvinyl alcohol (PVA) composite film, remain unexplored.
Conducting film has been popular in liquid crystal display (LCD) and photovoltaic technology.
It is usually made of indium tin oxide (ITO) and coated with polyethylene terephthalate (PET)
or polyethylene naphthalate (PEN). Since ITO is expensive, substituted materials have been
intensively studied using graphene, carbon nanotubes, and other materials. However, substitute
materials are still less cost-effective and require complicated procedures (Sharme et al., 2024;
Malvankar et al., 2012). Therefore, colloidal copper nanoparticle-coated abaca fiber would be
a cost-effective alternative material. Conducting yarn is known in smart textile technology
(McCann and Bryson, 2022). The yarn was coated with polyaniline (PANI) through an in situ
polymerization technique (Hong et al., 2018). The copper-coated polyester yarn was prepared
using a laser with the magnetron sputtering method (Peng and Chen, 2018).

This study introduces a new PVA composite film prepared by coating abaca fibers with
copper nanoparticles and embedding them within a biodegradable PVA composite thin film,
unlike most reported conducting films, in which the entire film area contains the conducting
material. Abaca fibers are one of the strongest naturally occurring fibers. They are lightweight,
flexible, and durable in saltwater (Araya-Gutiérrez et al., 2023). They are used to strengthen
composite films. The insertion of copper-coated fibers within the PVA composite film is ex-
pected to generate moderate conduction Copper nanoparticle-coated abaca fibers are designed
to provide both antimicrobial and electrical conduction within the PVA composite film. The
appropriate formula and characteristics of the new composite were studied. This study reported
a new biodegradable composite with acceptable strength, moderate electrical conductivity, and
antibacterial properties, which have wide potential applications in smart textiles, food packag-
ing, agriculture, pharmacy, and electronics.

2. Methods

2.1 Material and Equipment used

Several research materials were used in this study. Abaca banana fibers (Musa textilis) were
purchased from an online commercial supplier. Polyvinyl alcohol (Millipore, PA), copper (II)
sulfate pentahydrate (CuSO4•5H2O, ACS), ascorbic acid (99.0%), tapioca flour, glycerol (ACS),
and chitosan (medium MW) were used. All chemicals were purchased from Merck, Singapore.
The samples were characterized using instruments: optical microscopes (ZEISS Primostar).
XRF (Panalytical Epsilon 3 XLE) was used to determine the chemical composition of the CuNPs.
SEM (JEOL JSM-6360LA) scanned composite surface images. Mesdanlab Strength (Tensolab-
5000) was used to analyze the mechanical strength. An Instex Dual Display Digital Multimeter
(type GDM-8245) was used to measure the electrical conductance, and a TEM (JEOL JEM-
1400, Japan) was used to obtain data on the CuNP particle morphology. FTIR spectroscopy
(Shimadzu) was used to identify the functional groups before and after composite formation.
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2.2 The Experimental Procedure

The entire experimental procedure is summarized in Table 1.

Table 1 The sequence of research procedures is summarized in the following diagram:
1 → 2 → 3 → 4 → 5

Synthesis of Cu
NPs & impreg-
nation on Fiber
• stepwise
• simultaneous

Characterizations:
• SEM
• TEM
• AAS
• light microscope
• FTIR

Preparation
of conductive
biofilm
• Various com-
posites
• Controls

Chemical, physi-
cal & mechanical
characterization
• XRF
• Thinness
• Water adsorp-
tion
• Mechanical
• Electrical

Antibacterial
analysis
• Controls
• Cu-Fibers
• Biofilm be-
tween Cu-fibers

2.2.1 Synthesis of CuNPs

An aqueous PVA solution (5 wt%) was prepared by dissolving 11 g of PVA powder in hot
water (Ting and Sun, 2000) and diluting it to 220 mL. A 74 mL of 2.3 M CuSO4 •H2O solution
was slowly added to the PVA solution while stirring. Ascorbic acid solution (100 mL 1.9 M)
was slowly added to the PVA-Cu solution while heating at 60°C, and the pH was neutralized by
adding a few drops of NaOH (1.35 M). The solution was stirred using a magnetic stirrer for 2
hours. The solution was then left at room temperature for 2 days. The CuNPs were separated
by centrifugation and washed several times using a mixture of 50% aqueous vinegar and 50%
ethanol. The precipitate (Cu nanoparticles) was dried in an oven at 70°C for 2 h.

2.2.2 Stepwise and simultaneous in situ abaca fiber coating with PVA/Cu

Abaca fibers were cleaned and sorted into relatively uniform diameters with a total weight
of ± 20 grams. The fibers (15 cm) were dipped into a tray containing 1% PVA solution and
dried in an oven at 50°C. The coating procedure is repeated thrice to prepare three layers of the
PVA film coating. For coating observation only, a different dye was added to the PVA solution
at each layer for contrast. The coloring layer was done for visual characterization. The treated
fibers were referred to as PVA-coated fibers.

PVA-coated fibers were coated with copper nanoparticles either stepwise or simultaneously.
Stepwise method: the abaca fibers were dipped one by one into a tray containing colloidal copper
nanoparticles and dried in an oven at 50oC. Simultaneous method: abaca fibers were mixed with
copper ion-PVA solution as described (procedure 2.3.1) before the addition of acid. The treated
fiber was identified as AF-PVA-Cu. As a comparison, instead of copper from solution (CuNPs),
copper powder (ground with a ball mill) was also immobilized on AF-PVA with the stepwise
method, which was then noted as AF-PVA-Cupowder. AF-PVA-Cupowder was only used in the
comparison study of SEM, conductivity, and antibacterial activity.

2.2.3 Preparation of biodegradable PVA composite film with/without AF-PVA-
Cu

The components of the biodegradable PVA composite film were blending in various pro-
portion of tapioca flour, PVA, glycerol, and chitosan, as shown in Table 2. Tapioca flour is
dissolved in distilled water with a 1:20 volume ratio of tapioca weight and water of 1:20 (1 g
in 20 mL) until completely mixed (starch solution). Then, the tapioca solution was heated at
60-70oC while being stirred using a magnetic stirrer. PVA (in various weights) was dissolved in
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220 mL of hot water and mixed with a tapioca solution. Glycerol (1 mL), chitosan (1 mL), and
distilled water were slowly added to obtain 250 mL. The mixture was mixed and stirred for 30
minutes. The mixture was molded using a perpendicular mold (acrylic tray) and allowed to dry
at room temperature for 3 x 24 hours. The film mold is 13 cm in length, 11.5 cm in width, and
0.5 cm in height. Before film drying, the fibers (AF-PVA-Cu) were arranged lengthwise on the
base of the mold surface one by one at a distance of 1 cm. The dried film was removed from the
mold, and its thickness was measured using a digital screw micrometer.

Table 2 Biofilm composition of stepwise preparation
Sample Code Tapioca (g) PVA (g) Glycerol (mL) Chitosan (mL) Abaca fibers

include exclude
T0/P100-AF 0 2.5 0 0 √

T20/P80-AF 0.5 2.0 0 0 √

T20/P80/G-AF 0.5 2.0 1 0 √

T40/P60/G-AF 1.0 1.5 1 0 √

T60/P40/G-AF 1.5 1.0 1 0 √

T60/P40/G 1.5 1.0 1 0 √

T20/P80/G-Cu 0.5 2.0 1 0 √

T40/P60/G-Cu 1.0 1.5 1 0 √

T60/P40/G-Cu 1.5 1.0 1 0 √

T60/P40/G/CH 1.5 1.0 1 1 √

Volume total; 250 mL
Sample code:

P100-AF : 100% PVA, PVA-coated abaca fiber
T20/P80-AF : Tapioca (20%), PVA (80%), PVA-coated abaca fiber
T20/P80/G-AF : Tapioca (20%), PVA (80%), glycerol, PVA-coated abaca fiber
T40/P60/G-AF : Tapioca (40%), PVA (60%), glycerol, PVA-coated abaca fiber
T60/P40/G-AF : Tapioca (60%), PVA (40%), glycerol, PVA-coated abaca fiber
T60/P40/G : Tapioca (60%), PVA (40%), glycerol
T20/P80/G-Cu : Tapioca (20%), PVA (80%), glycerol, PVA-Cu coated abaca fiber
T40/P60/G-Cu : Tapioca (40%), PVA (60%), glycerol, PVA-Cu coated abaca fiber
T60/P40/G-Cu : Tapioca (40%), PVA (60%), glycerol, PVA-Cu coated abaca fiber
T60/P40/G/CH : Tapioca (40%), PVA (60%), glycerol, chitosan, PVA-coated abaca fiber

2.2.4 Characterization of Cu-Fiber Biofilm Composites

The copper nanoparticle powder was analyzed using X-ray fluorescence (XRF) and FTIR.
The AF-PVA-Cu (coated fiber) was analyzed using scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), optical microscope, AAS, and FTIR. The conductivity and
mechanical properties of the composite were analyzed. The water absorption test was performed
based on the ASTM D570-98 procedure with slight modifications. The samples were cut into
1x1 cm sizes, then weighed and dipped in water for 1 min (Judawisastra et al., 2017). The
remaining water on the sample surface was dried using a napkin and reweighed. The tensile
strength and elongation of biofilms were measured using the Mesdanlab Strength machine type
tensolab 5000. The sample was prepared and verified using the ASTM D638 test specimen. The
tensile strength value was calculated using Equation 1 :

σ = Fmax
A

(1)

where:
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σ = Tensile strength (N/mm2)
Fmax = maximum stress (N)
A = surface area (mm2)

The percentage of elongation can be determined using Equation 2 (Handayani & Nurzanah,
2018) :

ε = ∆L

L0
× 100% (2)

where:
ε = elongation (%)
∆L = (L − L0) increase in length (mm)
L0 = initial length (mm)

An Instek Dual Display Digital Multimeter type GDM-8245 was used to measure the elec-
trical conductivity of AF-PVA-Cu and controls (AF, PVA, and AF-PVA without Cu). The test
device was set to the resistance (Ω) measurement mode. The fiber sample to be measured was
prepared by placing the fiber on a straight and tense support. The measuring probe was then
connected to each end of the fiber whose conductivity would be measured with a distance of 10
cm. The electrical conductivity value ( σΩ) for each sample was calculated using Equation 3
(Alves et al., 2022):

σ = L

R × A
(3)

where:
σ = conductivity value of the material (S/cm)
L = length of material (cm)
R = resistance value of the material (Ω)
A = surface area of the material (cm2)

The data obtained from the thickness and water absorption tests were analyzed using one-
way analysis of variance (ANOVA), followed by Duncan’s test with a significance level of p ≤
0.05.

2.2.5 Antibacterial Test

The glassware was sterilized using alcohol and dried in an oven at 180oC for 2 hours.
The inoculating loops were directly flamed over a burner, and the calibrated glassware was
autoclaved at 121°C for 15 minutes (Dhuha, 2016). Nutrient Agar (NA, 8.4 g) was dissolved
in 300 mL of distilled water, heated while stirring until homogeneous. It was then sterilized
using an autoclave at 121°C for 15 minutes (Fusieger et al., 2022). The solution was cooled
to approximately 40°C before being poured into sterile Petri dishes (±20 mL per dish) and
then allowed to cool and solidify (Zamilah et al., 2020). The tested microbe was E. coli, which
was rejuvenated by transferring a loopful of the bacteria into a slant NA medium, followed by
incubation at 37oC for 24–48 h in an incubator (Berliana and Pujiyanto, 2020). A loopful of
the rejuvenated E. coli was suspended in 10 mL of 0.9% NaCl physiological solution and then
incubated at 37°C for 24 hours (Menamo et al., 2017).

The antibacterial activity test was conducted using the well diffusion method. A 24-hour-
old bacterial suspension was prepared equivalent to 0.5 McFarland standard. This suspension
was mixed with MHA medium until it was well distributed (Berliana and Pujiyanto, 2020).
Wells with a diameter of 6 mm were aseptically made in the agar. Samples were fiber-coated
CuNPs (chemically synthesized), PVA thin film composite with or without chitosan (taken area
between fiber-coated copper), and some controls (fiber only, PVA film only, fiber-coated copper
powder prepared with ball-milled nano preparation). Samples were cut into small fragments,
filled in circularly, and transferred into each well. The inhibition zone in millimeters represents
areas where bacterial growth was inhibited (Badr, 2018).
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3. Results and Discussion

3.1 Synthesis and Characterization of CuNPs

During CuNP synthesis, the solution changed from blue to light green, dark green, brownish,
and red, indicating copper formation (Figure 1). The color change from blue to green was
a mixture of copper ions (blue) and partially oxidized ascorbic acid (yellow). The reaction
mechanism involved the formation of Cu(OH)2, which was then reduced by ascorbic acid into
Cu2O, and ascorbic acid was oxidized into dehydroascorbic acid (Reaction 1) (Barrita and
Sánchez, 2013). Cu2O was then further oxidized by the rest of the ascorbic acid, and finally, Cu
was formed (reaction 2) (Liu et al., 2012):

2Cu(OH)2(aq) + C6H8O6(aq) → Cu2O(s) + C6H6O6(aq) + 3H2O(l) reaction (1)
Cu2O(s) + C6H8O6(aq) → 2Cu(s) + C6H6O6(aq) + H2O(l) reaction (2)

Figure 1 Color changes during CuNPs synthesis; (a) PVA + Cu2+; (b) equivalent addition of
ascorbic with Cu2+ and formation of CuNPs

Abaca fibers (AF) were mixed with the initial solution in the simultaneous coating method
(Figure 1a) so that copper ions were stuck on the fibers before being reduced into CuNPs (Figure
1b). However, the AF-PVA-Cu fibers became fragile; therefore, we focused only on the stepwise
method, where CuNPs were prepared first and then the powder was immersed and immobilized
on the fibers, so that corrosive chemicals did not contact the fibers.

The XRF data of CuNPs confirmed the formation of copper metal, reaching a proportion of
up to 99.5% compared to the trace metals. Among the oxides, CuO dominated up to 99.8%, as
shown in Table 3. CuO exists because copper metal, especially in nanosized particles, is easily
oxidized into CuO in an open atmosphere (Esmaeil et al., 2021).

Table 3 X-ray fluorescence data of the dried copper nanoparticle powder
Element Oxide

Composition Concentration Unit Composition Concentration Unit
Al 0.108 % Al2O3 0.000 ppm
P 0.273 % P2O5 0.000 %

Cu 99.461 % CuO 99.826 %
Ca 0.114 % CaO 0.132 %

3.2 PVA-coated AF and its characterization

The PVA coating on the AF cross-section confirmed three layers: red, yellow, and blue
(outer layer), as shown in Supplement-1. Abaca fibers coated with 1%, 5%, and 10% PVA
gave layers of 46.918, 101.332, and 109.372 µm, respectively. The coating was stable after
drying because the PVA acted as an adhesive with hydroxyl groups (Nasrollahzadeh, 2021).
The higher the PVA concentration, the stronger the adhesive properties; however, the coated
abaca fibers will stick to each other. Therefore, PVA (1%) fulfilled the required characteristics.
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3.3 Copper impregnation on PVA-AF and its characterization

3.3.1 Surface analysis of PVA-coated AF impregnated with CuNPs (AF-PVA-Cu)

The surface characterization of AF-PVA-Cu fibers using an optical microscope with 40x
magnification differentiates the fibers coated with commercial Cupowder from those coated with
CuNPs (Figure 2 a-b). As shown in Figure 2a, the commercial Cu powder coating appeared
to have large aggregated particles on the AF surface. While the surface of the CuNPs coating
appeared fine, dispersed particles covered the entire fiber surface (Figure 2b), and the layers
are illustrated in Figure 2c. Nano-sized particles have a more uniform size, allowing for inten-
sive interaction with the surrounding environment. CuNPs synthesized through the chemical
reduction method usually have a size range of 126-375 nm (Manjunath et al., 2016; Liu et al.,
2012).

a b c
Figure 2 Microscope images (40x magnification) of AFs coated with polyvinyl alcohol and

impregnated with (a) commercial Cu-powder; (b) CuNPs with 40x magnification; (c)
illustrated layers

The cross-section SEM images of PVA-coated AF impregnated with CuNPs show a rough
and hollow surface at 500x magnification, as shown in Figure 3 (a), and the detailed structures,
including the pores and morphology of PVA-Cu-NPs composite, are shown in Figure 3 (b). This
coating characteristic contributes to the AF composite’s physical properties, including water
absorption and mechanical strength.

Figure 4 shows the SEM images of PVA-coated AF with CuNPs impregnation and control.
The PVA-coated AF without CuNPs (control) showed a rough surface with longitudinal strips
(Figure 4a), whereas the PVA-coated AF impregnated with CuNPs was covered with CuNPs
spread throughout the fiber surface (Figure 4b). At higher magnification (5000x, Figure 4c,
and 40000x magnification, Figure 5d), the CuNP clusters were trapped in the PVA matrix, and
the CuNP clusters agglomerated into ∼ 5 µm. The CuNP surface looks rough compared to the
previously reported CuO/Cu2O-coated cellulose fibers (Tomsic et al., 2022).

3.3.2 Particle size of CuNPs in PVA-AF-Cu Composites

The PVA-AF-Cu composite was immersed in water, and the copper particle size was
recorded using transmission electron microscopy. Several TEM images (Figure 5a) were analyzed
with the “ImageJ” application (www.imagej.net) to measure particle diameters and distribution,
as shown in Figure 5b. The particles were dispersed with a narrow size distribution. Nearly
all the particles have a uniform particle size of around 10-30 nm, as shown in Figure 5. The
PVA protected the CuNPs from aggregation and kept them in nanosize. Immobilization on the
AF shall provide copper nanoparticles on natural fiber, which are compatibly embedded in a
biocomposite and biodegradable film.
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a b
Figure 3 SEM images of the cross-section of PVA-coated AF immobilized with CuNPs (a)

500x magnification; (b) 10,000x magnification

a b

c d
Figure 4 SEM images of the outer surface of PVA-coated AF (a) without CuNP impregnation
(250x magnification, control); (b) with CuNP impregnation (150x magnification); (c) at 5000x

magnification; (d) at 40000x magnification

3.3.3 Electrical Conductivity of PVA-AF-Cu Composites

The electrical resistance of the PVA-coated AF with and without copper impregnations
and the control were compared, as shown in Table 4. The electrical resistance is the reciprocal
of the conductance. The conductivity of the PVA-coated fiber sample (PVA-AF) is lower than
that of the fiber without coating (AF only) because it experiences additional resistance. The
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PVA-coated AF with Cu impregnation (PVA-AF-CuNPs) shows higher conductivity than those
without CuNPs (PVA-AF only), which is 5.568 x 10-5 S/cm, respectively. and 4.503 x 10−5

S/cm. The impregnation of CuNPs increases the conductivity of the composite. However, the
conductivity was insignificant compared with that of a copper wire of the same size, which
is 6.622 x 10−2 S/cm. This phenomenon was due to copper oxidation and impregnation’s
homogenization effect. The CuO compound has lower conductivity than pure Cu and is classified
as a semiconductor material. CuO is a p-type semiconductor with a bandgap of 1.3-2.1 eV at
room temperature. Previous research reported that the conductivity of PVA doped by CuO was
27OC is 5.7x10−7 S/cm, which is lower than that of PVA-AF-CuNPs.

a b
Figure 5 (a) Representative transmission electron microscopy image of CuNPs (scale bar :

100 nm) released from PVA-AF-Cu composites, (b) particle distribution

Table 4 Conductance of PVA-AF-CuNPs compared to controls
Sample d (cm) L (cm) R(Ω) σ (S/cm)
Just AF (fiber) 0.183 10 345900 5.032 × 10−5

PVA-AF 0.183 10 386500 4.503 × 10−5

PVA-AF-CuNPs 0.183 10 312600 5.568 × 10−5

Copper wire 0.100 10 0.0483 6.622 × 10−2

where:
d = material diameter (cm)
L = material length (cm)
R = resistance (Ω)
σ = electrical conductivity (S/cm)

3.4 PVA-AF-CuNPs embedded in biodegradation composite film (PVA-Tapioca-
glycerol-chitosan)

3.4.1 BCF thickness

The composition of biodegradable composite films affects their characteristics. BCF con-
taining tapioca, PVA, and glycerol, excluding PVA-AF-CuNPs embedding, was used as a control
sample (Figure 6a). BCF is an elastic transparent film and is denoted as [T60/P40/G]. Tapioca
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(T) and PVA (P) composition with AF represented by [T0/P100-AF] and [T20/P80-AF] The
effect of glycerol was deduced from the [T20/P80/G-AF] and [T20/P80/G-AF] samples. The
influence of PVA-AF-CuNP embedding (Cu) within the BCF was studied from [T60/P40/G]
and [T60/P40/G-Cu], and the image is presented in Figure 6b. Figure 6c is similar to the sample
in Figure 6b, except that the film composition contains chitosan. Table 2 presents all content
combinations. Glycerol-containing samples are more elastic and softer than those without glyc-
erol. All BCFs were uniform in size and printed in the same mold; however, the higher the PVA
content, the thicker the BCFs, as measured with a digital screw micrometer at three points, as
shown in Table 5. The influence of PVA content on film properties is consistent with a previous
study (Aminingsih et al., 2021).

a b c
Figure 6 Representative image of BCFs: (a) without embedded AF-PVA-CuNPs, (b) with

embedded AF-PVA-CuNPs, and (c) with AF-PVA-CuNPs and chitosan

PVA forms a larger porous structure than starch because of its higher hydrophilicity and
ability to form hydrogen bonds with water. This allows PVA to absorb water more effectively and
create a larger and more open pore structure than starch; thus, samples with high PVA content
formed a thicker film. In addition, PVA has a high molecular weight and strong intermolecular
forces, which contribute to the formation of a stable foam structure. Strong intermolecular forces
between PVA chains allow for the formation of strong hydrogen bonds, which help stabilize
the foam structure and prevent collapse or shrinkage. Starch, on the other hand, has limited
solubility in water and tends to form aggregates or clumps during dispersion, making foam
structures less stable.

Table 5 Thickness of BCFs with various compositions
No. Sample Code Biofilm Thickness (mm)
1 T0/P100-AF 0.087 ± 0.015a

2 T20/P80-AF 0.097 ± 0.015ab

3 T20/P80/G-AF 0.167 ± 0.059c

4 T40/P60/G-AF 0.157 ± 0.012c

5 T60/P40/G-AF 0.130 ± 0.020abc

6 T60/P40/G 0.150 ± 0.010c

7 T20/P80/G-Cu 0.163 ± 0.012c

8 T40/P60/G-Cu 0.140 ± 0.035bc

9 T60/P40/G-Cu 0.130 ± 0.020abc

10 T60/P40/G/CH 0.143 ± 0.006bc

Remarks: a, b, c, d = statistically significantly different, data with similar subscript labels are
insignificantly different

Glycerol also has a significant effect on the BCF thickness. The [T20/P80/G-AF] is signif-
icantly thicker than the [T20/P80-AF]. The thicknesses of BCFs are classified according to the
Japanese Industrial Standard, which indicates that a good biofilm thickness should be <0.25
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mm (Brilianti et al., 2023).

3.4.2 FTIR studies of the BCFs

The chemical functional groups within the BCF were studied using the FTIR method, as
shown in Figure 7. The interaction of copper ions with PVA has been reported previously (Raju
et al., 2007). The hydroxyl band appears at 3436 cm−1 in BCF only and shifts to 3427 cm−1

in BCF containing CuNPs. The absorption bands at 1400 cm−1 in the BCF sample and at
1407 cm−1 in the Cu composite indicate the presence of carbonate ions, which are a common
inorganic ion group (Nandiyanto et al., 2019).

The primary and secondary alcohol groups represent bands of 1019 cm−1 and 1028 cm−1,
respectively. Carbonyl groups with a band at 1572 cm−1 in composite biofilms containing CuNPs
suggest that the involvement of carboxylic acid in the synthesis changes the dehydroascorbic acid
structure (Nandiyanto et al., 2019).

Figure 7 FTIR comparison between CuNPs and PVA biodegradable composite film, a new
band at 629 cm−1 indicated the existence of Cu-O and Cu-OH as an interaction Cu-PVA

within the sample

Figure 7 shows new absorption peaks (at 629 cm−1) representing Cu-O and Cu-OH bonds
due to the chemical interaction between PVA and ascorbic acid with Cu during the synthesis
process. The FTIR Cu-O characteristic peaks confirm the previous report (Duman et al., 2016).
Cu-OH band of 3774 and 3697 cm−1 implies stretching vibrations of the –OH group (Machiril et
al., 2017). Other bands, including 2900 cm−1 (C-H stretching), 3000-3500 cm−1 (O-H stretch-
ing), and 1600-1700 cm−1 (O-H bending), were also observed, and the FT-IR characteristics
were verified (Ali et al., 2018).

3.4.3 Water absorption capacity

The capacity of BCF to absorb water from the environment is one of its important proper-
ties. Hydrophilic components of BCF tend to interact and bind with water molecules, forming
hydrogen bonds (Ismail and Zaaba, 2011). However, the preferred property of BCF is its moder-
ate water absorption capacity. When BCF has a water content > 10%, it will be biodegradable
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but easily decomposes in a moist environment. Table 6 lists the water absorption capacities in
minute water immersion of the BCF.

Table 6 Water Absorption of BCFs
No. Sample Code Water Absorption Capacity (%)
1 T0/P100-AF 96.67 ± 5.8c

2 T20/P80-AF 84.54 ± 4.7b

3 T20/P80/G-AF 71.67 ± 1.8a

4 T40/P60/G-AF 115.14 ± 3.5ef

5 T60/P40/G-AF 126.92 ± 4.9g

6 T60/P40/G 127.66 ± 5.4g

7 T20/P80/G-Cu 88.65 ± 7.1ab

8 T40/P60/G-Cu 105.56 ± 5.6d

9 T60/P40/G-Cu 121.43 ± 7.1fg

10 T60/P40/G/CH 106.48 ± 2.6de

Remarks: data labelled with similar superscript alphabet are insignificantly different at
α = 0.05

Table 6 shows that the BCF absorbs a large amount of water. Tapioca enhances water
absorption. The amylose within tapioca tends to form hydrogen bonds with water, causing high
water absorption (Hambali et al., 2020). BCF with a composition of 20% tapioca and 80%
PVA with the addition of glycerol (T20/P80/G-Cu) is recommended. The percentage of water
absorption of the biofilm obtained in this study was between 71.67-127.66%, which is lower than
the characteristics of the PVA-tapioca film in a previous study (Judawisastra et al., 2017).

3.4.4 Tensile strength and elasticity

The strength of BCFs was measured by the extent to which a material can withstand
pressure and tension before breaking. High tensile strength indicates durable and strong BCFs.
Figure 8 shows that the BCF tensile strengths were 60.70–82.96 MPa, which is classified as
acceptable based on the Indonesian National Standard (SNI) and JIS, where bioplastic standard
tensile strength ranges from 24.7-302 Mpa (Brilianti et al., 2023). The highest tensile strength
value is found in the T40/P60/G-AF sample of 82.96 MPa, while the lowest tensile strength
is found in the T20/P80/G-Cu sample of 60.70 MPa. AF without CuNPs increased the BCF
durability, but CuNPs reduced BCF tensile strength because CuNPs still brought some corrosive
chemicals from the salt precursor and the reducing agent (ascorbic acid) into the PVA-AF-
CuNPs.

Figure 8 shows that BCF elongation increased when a combination of a high proportion of
PVA and the presence of glycerol was used, as shown in T20/P80/G-Cu and T20/P80/G-AF, but
the reverse trend was observed in T20/P80-AF (no glycerol). This is because PVA has a more
flexible chemical structure and polymer chain. PVA addition disrupts the intermolecular bond
structure in the tapioca matrix. This made the biofilm more flexible but with less mechanical
strength. PVA has a long amorphous chain that is flexible and elastic because it can undergo
plastic deformation. Tapioca has a more fragile structure because it has a polysaccharide chain
that produces a rigid crystalline structure (Li et al., 2000). The tensile strength of biofilms
increased significantly with the addition of 1% CuNPs but decreased with the addition of 2%
and 3% CuNPs (Sharma et al., 2021). This is because the addition of filler allows agglomeration
to form, which reduces the tensile strength.

The higher the PVA composition, the higher the elongation value, which is common in
PVA-starch biofilms, indicating phase separation (Akbar et al., 2019). Meanwhile, biofilms with
glycerol addition show a smaller amount of agglomeration. The addition of glycerol smoothens
the surface and reduces clumping. This is because there is an interaction between glycerol
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molecules and PVA, which can weaken the intermolecular bonds of PVA, thereby reducing the
biofilm stiffness (Syamani et al., 2020). The biofilm with 100% PVA produced the highest
elongation value (6.07%) compared with the composite with 50% PVA content, which has an
elongation of 3.43%.

Figure 8 Elongation and tensile strength of the BCFs

Elongation testing was also carried out on variations without abaca fiber; T60/P40/G as a
control, and variations of T60/P40/G/CH with chitosan addition. Unlike the chitosan effect, the
addition of AF did not affect the composite elongation parameter, as shown in T20/P80/G/CH.
The elongation value of the biofilm in this study ranged from 30.29% to 77.31%. The elongation
value produced from this study is classified as acceptable when compared to the Indonesian
National Standard (SNI). According to SNI, the elongation value of bioplastics ranges from 21
to 220% (Brilianti et al., 2023).

3.4.5 Antibacterial properties

The antibacterial test was conducted not only on the coated fibers (AF) but also on the
area between them, as illustrated in Supplement material-2. The properties were compared with
the controls (AF only, PVA-coated fibers, PVA film only, and PVA biofilm composite). AF is
the negative control that cannot inhibit the growth of E. coli. PVA-coated AF-Cu-powder was
used as a positive control for comparison with PVA-coated AF-CuNPs. Most of the tests were
in 3 replications.

Table 7 summarizes the bacterial inhibition zones for each sample, and the visual images are
presented in Supplemental Material-3. PVA-coated AF containing either CuNPs or copper pow-
der exhibited higher bacterial inhibition zones (11.40-14.65 mm) compared with other samples
and controls, and was categorized as intermediate (Rahmadeni et al., 2019). The antibacterial
activities of PVA-coated AF-Cu-powder > PVA-coated AF-Cu-NPs are due to the quantity of
Cu-powder > CuNPs. The antibacterial activities of PVA-coated AF-Cu did not diffuse into
other parts of the composite. This is deduced from the PVA biofilm sample taken between the
composite fibers, which has a zero inhibition zone. Chitosan enhances the antibacterial activ-
ity of PVA-coated AF-Cu powder from 11.40 to 12.24 mm. Chitosan (trace component) did
not exhibit prominent antibacterial activity, unlike copper, which dominated the composition.
Copper activity is slightly lower than that of gentamicin (antibacterial standard tested on E.
coli), which has an inhibition zone of 17 mm, as previously reported (Husen and Ratnaningtyas,
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2022). Although the antibacterial properties of copper are known, CuNP-coated AF embedded
in BFC has been introduced in the current studies. CuNPs penetrate E. coli cells and exert
cytotoxicity by generating reactive oxygen species (ROS) within the cells. It can also replace or
bind native cofactors of enzymes (metalloprotein) (Ma et al., 2022).

Table 7 Summaries of inhibition zones of BFCs
NO Samples Inhibition zone (mm) Mean (mm)

Repl-1 Repl-2 Repl-3
1. Coated fiber (PVA-AF-CuNPs) 11.02 11.50 11.70 11.40
2. PVA Biofilm PVA only (control) 0 0 0 0
3. Sampled BCF between coated fiber (PVA-

AF-CuNPs)
0 0 0 0

4. PVA Biofilm only + Glycerol (control) 0 0 0 0
5. Coated fiber (PVA-AF-Cu-powder) as K+

(positive control)
14.43 14.63 14.89 14.65

6. AF only as K- (negative control) 0 0 0 0
7. Coated fiber (PVA-AF-CuNPs)+chitosan 12.46 12.14 12.12 12.24
8. Sampled BCF between coated fiber (PVA-

AF-CuNPs) + chitosan
0 0 0 0

9. PVA-AF + chitosan (control) 0 0 0 0
10. Sampled BCF between coated fiber (PVA-

AF+chitosan control)
0 0 0 0

Copper zero valent (Co0) and copper oxide kill E. coli bacteria in several ways. Co0 adheres
to E. coli due to the opposite electrical charge, and chemical reduction occurs in the E. coli cell
wall, causing damage (Raffi et al., 2010). Another possible cause is that Cu0 can be oxidized
into CuO or Cu2O, generating a Fenton-like reaction in the case of copper. Copper ions interact
with water/peroxide in bacterial cells, and then produce reactive oxygen species, as superoxide
radicals, which attack the bacterial DNA (Borkow and Gabbay, 2005).

As expected, the BCF containing PVA-coated AF-Cu-NPs confirmed that the copper parti-
cles are nanoscale. The CuNPs have been provided as a coat for abaca fibers instead of in powder
form, which has wider applications. PVA functioned as a compatible stabilizer for CuNPs and as
an adhesive to abaca fibers. The appropriate composition of PVA-tapioca-glycol-chitosan made
the composite film flexible, biodegradable, and compatible with CuNP-coated abaca fibers. Em-
bedding AF-Cu-NPs in the film composite (BCF) made BCF a stronger film with antimicrobial
and conductive properties.

4. Conclusions

This study demonstrates that direct in situ immobilization of CuNPs onto abaca fibers
is structurally detrimental because the fibers degrade under corrosive synthesis conditions. A
stepwise immobilization strategy was therefore developed to preserve fiber integrity while en-
abling homogeneous CuNP deposition on PVA-coated fibers. This approach ensured stable
nanoparticle anchoring and effective interfacial compatibility within the polymer matrix. The
incorporation of CuNPs significantly enhanced the electrical conductivity of PVA-AF compos-
ites compared to CuNP-free counterparts, confirming the functional contribution of the copper.
The physico-mechanical properties of biodegradable composite films (BCF) composed of PVA,
tapioca starch, and glycerol were predominantly governed by PVA content. Increasing PVA con-
centration (60–80 wt%) resulted in improved film thickness, water absorption capacity, tensile
strength, and elongation at break, indicating enhanced polymer chain interactions and struc-
tural cohesion. All prepared films complied with Indonesian biofilm standards. Embedding
PVA-AF-CuNPs into the BCF matrix exhibited notable antibacterial activity (inhibition zone:
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12–14 mm), attributable to the presence of CuNPs. However, this antibacterial functionality did
not translate to the bulk BCF, suggesting restricted nanoparticle mobility and limited diffusion
within the film matrix. Overall, this study establishes a viable immobilization pathway for inte-
grating conductive and antibacterial CuNPs onto natural fibers while enhancing the mechanical
performance of biodegradable composite films. The findings provide a foundation for the devel-
opment of multifunctional, sustainable materials for potential applications in active packaging
and advanced biopolymer composites.
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