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Abstract

Need for non-toxic materials especially for biomedical application remains the most important driving force for the
discovery of nature-derived biomaterials. In particular, fibers and extracts from plants with medicinal value are vastly
investigated. One such source is the banana fiber. The lignocellulosic and protein-based structures of banana fibers
contribute to their biodegradability and biocompatibility, which are essential attributes for medical use. Despite their
promising biocompatibility, banana fibers face challenges such as variability in their mechanical properties and limited
raw state performance. This necessitates precise fiber synthesis and advanced processing to obtain biocompatible fibers
for biomedical use. This review discusses the chemical constituents, extraction methods, characterization of natural fiber
derived from banana pseudo stem, along with the antimicrobial and tissue regeneration potential of banana fiber based
biomedical materials recently developed. Further, steps involved in the conversion of banana fiber to useful biomedical
material are presented along with fabrication techniques. In addition, challenges and limitations that hurdle research
progress, and potential for future biomaterials through functionalization are discussed. Review findings support potential
for research intervention at the integration of banana fibers, biopolymers and nanotechnology towards development
of efficient wound healing materials. Inherent to the comprehensive coverage of topics, the authors assure that this
review will potentially act as a valuable source of information that could boost research and development of banana
fiber-based wound healing biomaterials.
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Article Highlights

1. Details on banana stem fiber (BSF) extraction processes, fiber modifications/treatments for biomedical applications
could facilitate integration of BSF in biomedical research and developments.

2. Details on fabrication of various wound healing structures utilizing nanotechnology facilitates development of effi-
cient alternatives to traditional wound care.

3. Studying challenges/limitations aid in proper research planning.

Keywords Banana stem fiber - Biomedical materials - Bio-composite patches - Functional textile - Nanofibers - Natural
fibers - NFRPC - Wound healing

1 Introduction
1.1 Overview of natural fibers in biomedical applications

Natural fibers have emerged as transformative materials in biomedical applications, combining sustainability with func-
tional versatility. Derived from plants and animals, these fibers exhibit biodegradability, renewability, biocompatibility,
which enables them offer an eco-friendly solution to synthetic counterparts. Some examples include cellulose, hyaluronic
acid, collagen, silk, and banana fiber [1, 2]. Natural fibers derived from plants like jute, flax, hemp, sisal, banana pseudo
stem have tensile strengths in the range of 393-773 MPa, 345-1100 MPa, 550-900 MPa, 500-800 MPa, 529-914 MPa
respectively which is higher compared to cotton 264-800 MPa but lower than synthetic fibers. Similarly, fiber density
of jute, flax, hemp, sisal, banana pseudo stem ranges between 1.3-1.46 g/cm?3, 1.5 g/cm?3, 1.47 g/cm?3, 0.76-1.58 g/cm?,
1.3-1.35 g/cm? respectively which is on par with cotton 1.5-1.54 g/cm? as well as synthetic fiber [2]. Their low density
and high tensile strength enable the development of lightweight yet durable biomaterials. However, a major challenge
is their limited raw-state performance. Advanced chemical (e.g., alkalization) and physical (e.g., plasma) modifications
are required for improving their compatibility and functionality. These fibers, when reinforced with composites, enhance
mechanical properties such as stiffness and durability of the composite materials enabling their use in applications rang-
ing from orthopedics and prosthetics [2, 3].

Natural fiber based composites: Natural fiber—biopolymer (mostly chitosan) reinforced composites also known as
green composites pave way for sustainable development [4]. Chitosan based green composites prepared using cellulose-
modified fiber, bamboo charcoal, modified bamboo charcoal exhibited tensile strength and modulus of 22-80 MPa,
25-75 MPa, 75-110 MPa and 236-3316 MPa, 4600-5400 MPa, 5400-7000 MPa respectively [5]. Such chitosan blends,
nanocomposites and fiber reinforced composites are prepared by numerous methods like solvent/solution casting, spray/
dipping coating, dry/freeze casting, layer-by-layer method, and extrusion techniques and find application in water treat-
ment, biomedicine, paper industry, agriculture and construction industries [6]. In addition, natural fiber reinforcements
were found to increase the mechanical strength of hydrogel wound dressings [7]. For instance, kapok and hemp fiber
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reinforcement with alginate gel improved its tensile strength to 174 cN and 185 cN (1.24% and 1.48% elongation than
hydrogel without reinforcement) [8]. However, the use of natural fibers in biomedical applications demand adequate
processing in order to make them suitable for it [9]. Bio-composites functionalized with nanomaterials, biopolymers
showcase reduced toxic effects and improved biocompatibility that directly increase their applicability in biomedical
field. Specifically, for drug delivery, orthopedics, and tissue engineering [10, 11].

Natural fiber-based medical textile: Sustainable economy calls for the use of natural fibers and nature-derived bio
materials in every possible field of engineering and technology in order to reduce the ecological impacts created by
synthetic materials. For instance, medical textile demands sterile and toxin-free materials and thus, constantly motivate
and encourage the use of natural fibers, natural materials and dyes in their products and processes [12]. Research inter-
ventions towards use of salt-free dying of cotton using cationic-agents were demonstrated to result in an acceptable
dissolved oxygen content of 6.39 mg/l—highlight the shift towards sustainable developments [13]. Similarly, color
fastness and absorption in fabrics are achieved using natural extracts like tannins from tea-leaf and thyme [14]. Even,
crease-resistance property is improved by cross-linking citric acid and dimethylol dihydroxy ethylene urea (DMDHEU)
[15]. The introduction of natural dyes in textile products enable their use in healthcare applications as wound dressing
materials, surgical garments etc. [16].

In addition to providing sustainable and toxin-free solutions, natural fibers and biomaterials aid in functionalizing
textile products with properties like flame resistance, UV resistance, antimicrobial activity, and healthcare monitoring
paving the way towards smart textiles [17]. Such functionalized textile finds enormous applications in biomedical field
[18]. For instance, non-woven wound dressings were developed by functionalizing padded cotton fabric with plant
extracts from Bikash leaf (Mikania micrantha), Durba grass (Cynodon dactylon) and coriander herb (Coriandrum sativum).
These dressing materials exhibited anti-bacterial activity against both gram-negative and gram-positive bacteria [19,
20]. Whereas, the use of colloidal zinc oxide extracted from carrot, orange peel and Tulsi (Holy Basil) extracts on padding
with cotton fabric exhibited UV protection function in addition to antibacterial functions [21, 22].

Chitosan coatings on textiles resulted in imparting antibacterial properties to the material, making them suitable for
biomedical applications especially, wound care [23]. Other applications of chitosan in textile finishing includes antimi-
crobial functions, blood coagulation and odor control [24]. FTIR spectra of bio-polymer blends of chitosan depict their
applicability to biological applications. For instance, chitosan/cellulose blend show a shift in the OH and NH peak to
3483 cm™, 3479 cm™! from 3528 cm™! as the cellulose content increases. This represents the interaction of the amine
in chitosan with OH in cellulose [25]. In another experiment, chitosan/titania, chitosan/silica coating on cotton fabric
resulted in decrease of absorbance at 1640, 1314, 1200 and 894 cm™'. And shifting of band at 3331 cm™ to0 3320 cm™
and 3329 cm™' for titania and silica blend respectively are noted [26]. These results demonstrate biomedical significance
achieved with functional coating over textile fabrics.

Limitations: Washing fastness of functionalized material becomes an important factor in functionalized textile when
they are meant to be reused with washing. Cotton knit fabric functionalized with mixture of propolis and honey is
demonstrated to retain its antioxidant activity (ABTS radical reduction above 90%) even after three washing cycles.
However, its retention is not tested beyond three washing cycles and thus, remains an open question [27]. Nanocapsules
containing Chamomile extract prepared by microemulsion on cotton fabric was demonstrated to exhibit good wash-
ing fastness [28]. Similarly, cotton fabric functionalized with melatonin containing nanosponges were demonstrated to
retain the nanosponges only till two washing cycles [29]. Washing fastness is an important factor that determines the
durability of functionalized textile material [30]. Thus, special care should be taken while washing functionalized textile
and strict adaptation of recommendations that come with the product are suggested for improving material durability
[31]. However, wound dressing materials are meant for one-time use and thus demands good drug release capability.
For instance, drug-loaded patches developed using banana fiber with chitosan were demonstrated to exhibit good drug
release profile and accelerated wound healing [32]. Pictorial representation of applications of natural fibers in biomedi-
cal field is given by Fig. 1.

Future advancements integrating nanotechnology and biofunctionalization aim to expand natural fiber applications,
positioning them as sustainable, high-performance materials in healthcare. Especially, electrospun fibers (EFs) derived
from natural polymers are revolutionizing biomedical fields with their large surface area, excellent biocompatibility, and
biological activity. Their fabrication process involves fixing critical parameters, such as polymer solution properties (e.g.,
viscosity, molecular mass, conductivity) and electrospinning factors (e.g., voltage, flow rate, humidity). This enables the
development of EFs with multistage structures, including porous and core—shell forms, which find applications in tissue
engineering, wound healing, and drug delivery [1]. This synergy of natural fibers and biomedical innovation underscores
their pivotal role in eco-conscious and efficient healthcare solutions.
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Fig. 1 Overview of natural
fiber applications in biomedi-
cal field
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These references cumulatively highlight the recent advancements in researches with respect to natural fibers and
bio-material. Being introduced to the capabilities of natural fiber and its application in bio-medical materials, an intro-
duction to banana plant and its biomedical significance followed by banana stem fiber and its significance is presented
in the below sub section.

1.2 Introduction to banana plant

Banana plant is herbaceous and belongs to family Musaceae (genera Musa, Musella and Ensete) with majority of them
falling under genus Musa. Majority of edible bananas are derived from a combination of Musa acuminata (genome A)
and Musa balbisiana (genome B) as diploids (AA/AB) or triploids (AAA/AAB/ABB) or tetraploids (AAAA/AAAB/AABB) [33].

Banana plant grows in humid (relative humidity of 75-85% and temperature 15 °C-35 °C) and well-drained soil under
good irrigation. Banana cultivation is predominant in Asia, Latin America and Africa. India and China top the productions
chart, and their production is specifically for domestic consumption. Central and South America and Philippines are
the largest exporters of banana fruit and European Union, United States of America, China, Russia, and Japan, top the
importers chart [34]. About 120 countries around the world cultivate banana and nearly 1000 varieties of banana exist
in the world [35]. Cavendish is the most traded variety.

Banana plant, being an herb, it has a pseudo stem or false trunk of 3 to 6 m high and it springs from an underground
stem (main stem or rhizome) with adventitious roots. There are smaller stems (suckers) that sprout from the main stem.
The pseudo stem is composed of layers of leaf sheaths (petioles) topped by actual leaves which are as wide as 65 cms.
Each leaf has a midrib (petiole) and a lamina (blade). Each plant trunk can produce only one inflorescence and thus the
trunk is cut after fruit harvest. However, the suckers replace the main trunk and start growing as a main plant making the
plant a perennial one. About 70% of farming uses suckers while 30% use tissue cultured seeds. It takes 10 to 12 months
for the first plant to yield its fruit [36]. Banana requires plenty of water to grow and can be cultivated throughout the year
though wind is an enemy to banana farm and farmers chose their farming season accordingly.

Abaca: Abaca (Musa textilis) is a banana cultivar that can grow to heights of 4 to 6.7 m and are primarily cultivated
for their fiber. They were grown as commercial crop in Philippines, Ecuador, Costa Rica. Philippines produces 85 to 95%
of world abaca fiber. Abaca fiber is used for producing tea bags, bank notes, handcrafts such as handbags, cloth, mats,
furniture etc. [37].

Benefits: Bananas, though primarily farmed for their fruit, almost every part of banana plant is useful. To mention a
few, its flower bud and pseudo stem are cooked and eaten in south east Asian countries. Its leaves are used for serving
food, wraps in stem cooking and for packing food as they are highly bio-compatible. Bananas are rich source of nutrients
and hold numerous health benefits. Fibers extracted from banana trunk find numerous applications in manufacturing
packages, textile, paper and as door mats [38]. Banana plant has numerous medicinal values and thus, holds a perma-
nent place in the nature-inspired and nature-derived biomedical research [39, 40]. Experimental studies reveal that
extract from various banana plant parts have antibacterial, antifungal, antidiabetic, antiulcer, and antitumor properties
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[33,41, 42]. Banana pseudo stem is rich in nutrients, dietary fibers and bioactive compounds; however, it is often left in
plantations as biowaste. This underutilization of a potential natural source motivated this search for its use in biomedical
applications. With this introduction to banana plant, banana stem fiber and its properties are presented in below section.

1.3 Banana stem fiber

Banana stem fiber (BSF) is emerging as a remarkable natural material. Derived from the pseudo-stem of banana plants,
it showcases innovation at the intersection of agricultural waste utilization and advanced material science. As an abun-
dant by-product of banana cultivation—where global production reached 115.7 million tones across 130 countries
in 2018—this fiber holds immense industrial promise [43]. Structurally, BSF comprises 60-65% cellulose, along with
moderate amounts of hemicellulose (6-8%) and lignin (5-10%), contributing to its tensile strength ranging between
529-914 MPa, elongation capacity spans 3-10%, and it features a Young’s modulus of 17-32 GPa [3]. The material’s
porous microcrystalline cellulose structure enhances its versatility in specialized applications, including drug delivery
and regenerative medicine. The pseudo-stem—forming the bulk of banana plant biomass—yields high-quality fibers
suitable for diverse applications.

Banana fiber-reinforced composites: Being a natural fiber, BSF is used conventionally for the production of textiles,
ornamental products, ropes and mats. However, recently, banana fibers are vastly investigated for the development of
fiber-reinforced composite materials that find applications as green construction materials, automotive body parts and
bumpers and packaging materials [44]. Enset fiber or false banana fiber are adequately used for paper production and
composite manufacturing [45]. In addition, BSF are adequately used for the development of water filter membranes
[46]. Recently, research interventions to use BSF composites for biomedical use are emerging. These include sustainable
alternatives like wound dressing materials, reinforced composites for scaffolds, biodegradable sanitary pads and face
masks. For example, the Philippine Department of Science and Technology innovated face masks using BSF, reducing
reliance on single-use plastics [43]. By transforming agricultural waste into a sustainable, high-performance material,
BSF addresses both environmental and technological challenges, unlocking new possibilities in biomedicine, composite
materials, and sustainable design.

Banana fiber-based medical textile: Recently, functionalizing textile products were vastly investigated for environ-
mental sustainability and biomedical applications. For instance, banana fibers treated with chitosan were demonstrated
to absorb toxic substances like chromium better than untreated fibers. These results highlight the possibility of using
functionalized banana fiber for water treatment [47]. Banana leaf dressings were used with partial thickness burn wounds
and is a patient accepted dressing material inherent to its lesser pain [48]. Research efforts were made towards the devel-
opment of spinnable banana fibers as a potential alternate to cotton [49]. In addition, incorporation of nanomaterials in
composites and textile products results in numerous benefits.

Based on the previous discussions, it could be clearly identified that biomedical application of banana fibers can be
broadly classified into three classes based on the nature of the product being used and they are (i) woven and non-woven
fabric, (iii) fiber reinforced polymer composites, (iii) nanomaterial functionalized composites and fabrics, (iv) nanofibers.
These materials are primarily used as drug delivery materials, wound healing structures, antibiotic agents from nanocel-
lulose, scaffolds in tissue engineering, prosthetic materials in orthopedics, suture materials, and smart textiles. However,
the use of BSF fabrics, composites and nano functionalization for biomedical applications are still in infancy and thus,
there are lot of opportunities for research and development.

Plant fibers are primary used for manufacturing (i) textile products and (ii) composites. Researches pertaining to natural
fiber reinforced polymer composites (NFRPC) materials and their use in biomedical field, and review of literatures on
NFRPC in biomedical applications are available. Similarly, researches on drug-loaded woven and non-woven dressing
materials and review of literature on functionalized textile products are available. However, specific review collections
concentrating on a particular plant fiber, for a specific application are very few. Especially, the researches and reviews
utilizing the potentials of banana fiber for biomedical applications are very meagre. This research gap along with the
recent researches on potentials of BSF based composite materials served as motivation for this review. This review pre-
sents a novel content that explores the potentials of banana stem fiber for wound healing material fabrication. Literature
collection for the review followed a qualitative approach which started with a detailed search of the research literature
with keywords banana pseudo stem fiber, banana fiber composite, natural fiber, biopolymer, wound healing, wound
dressing, biopolymer fiber composites, nanocellulose. This search has resulted in numerous papers which were initially
filtered based on title followed by secondary filtering by abstract reading. Finally, the most relevant research articles are
considered for the review and their contents were presented in the paper. The objectives of this review are to.
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o Brief the primary uses of natural fiber, banana fiber in biomedical field highlighting their use in the form of composites,
textiles and benefits harvested from nanotechnology interventions.

e Unravel the potentials of banana stem fiber supported by their characterization results, bioactivity results from bio-
medical materials based on banana fiber and elaborating the processing steps involved in converting raw banana
fiber into useful product.

o Brief the wound healing mechanism highlighting different activities that aid in microbial inhibition and tissue regen-
eration. Unveil recently developed wound healing structures and importance of drug impregnated wound healing
materials.

e Elaborate the steps involved in the conversion of raw banana fiber to different wound healing structures along with
the tests for material characterization, antimicrobial activity. And, highlight the potential future scope for banana
fiber based biomedical research and the limitations that hurdle the developments.

With this introduction, the paper starts with the steps involved in converting banana stem into a useful product in
Sect. 2 followed by BSF properties, characterization studies, and its comparison with other natural fibers in Sect. 3. Sec-
tion 4 presents a brief overview of wound healing process, recently developed wound healing structures, and impor-
tance of drug impregnation while, BSF-based materials currently investigated for biomedical applications are presented
in Sect. 5. Section 6 discusses the steps, characterization and tests involved in the development of BSF wound healing
structures. Section 7 reveals the challenges that hurdle research and development of BSF based biomedical solutions
and future perspectives of BSF-based biomedical research are presented in Sect. 8. Section 9 concludes the study.

2 Conversion of banana stem to useful product
2.1 Extraction of banana stem fiber (BSF)

Banana stem fiber, derived from the pseudo-stem of banana plant, is valued for its structural and mechanical properties.
Extraction of BSF from pseudo stem involves a series of steps starting from sheathing-off or removing outer layers which
are often uneven due to weathering effects. The second step (extraction) involves separation of fibers from non-fibrous
materials like lignin and pectin present in pulp in order to obtain fine fiber. This fiber separation can be achieved by two
processes in the case of banana fiber and they are (i) Mechanical extraction using a decorticating machine and (ii) Ret-
ting based extraction. Third step involves degumming the extracted fiber which results in fine fibers that is ready for use.
These fiber extraction methods are elaborated in details in following paragraph.

Extraction: Retting is a microbial process employed for extracting fibers from plant stem. This involves breaking down
non-cellulosic materials like lignin and pectin by subjecting the plant stem to microbiological treatment for several days.
There are different types of retting based on the source which is responsible for microbiological action and this includes,
dew or cold retting, water retting, chemical retting, enzymatic retting. However, there are certain fibers (banana, sisal,
flax, jute) that can be extracted by decortication (mechanical extraction by decorticator or Raspador) followed by wash-
ing and drying [50]. Banana fibers can be extracted by both retting methods and decortication however, the quality of
the extracted fiber greatly depends on the method of extraction. A brief description of the four commonly adapted BSF
extraction methods are given below:

o Water retting relies on microorganisms present in water to induce bacterial activity to decompose the non-cellulosic
components in pseudo stem. This process involves submerging the pseudo stem in water, allowing microbial action
to soften the tissues and separate the fibers.

e Chemical retting uses sodium hydroxide (NaOH) to accelerate the breakdown of lignin and pectin [51].

e Enzymatic retting or Bioprocessing is an eco-friendly extraction method that uses enzymes or microbial cultures to
accelerate the degradation of non-cellulosic materials in plant stem [52]. The process involves soaking the pseudo-
stem in enzyme-rich solutions, which accelerates microbial action. Recent researches revealed that using a consortium
of bacterial cultures for retting induce synergistic effects, that resulted in reducing the retting time [53]. Bioprocessed
fibers retain their structural integrity, making them suitable for both biomedical and environmental applications.

e Mechanical extraction is a cost-effective and scalable method that utilizes decorticators or stripping machines [54]. The
process begins with shredding the banana stem, followed by passing the material through decorticators to separate
the fibers, which are then cleaned and dried [51].
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Degumming: The fibers as extracted from the plant stem contains gummy substances and impurities which affects
their properties and usability. Degumming refers to the process of removing these impurities and binding agents from
as extracted fibers. Degumming results in cleaner, softer, and more uniform fibers. Degumming is carried out by vari-
ous methods like alkali treatment, enzymatic treatment, activated water treatment and ultrasound treatments [55, 56].

Most frequently adapted banana fiber extraction method combines mechanical extraction (tuxing, decorticating)
followed by chemical treatment for degumming, as this method achieves faster results than retting process [57]. How-
ever, quality of the fiber greatly depends on the extraction method, process conditions, chemical/enzyme variants and
concentrations used. For instance, higher tensile strength fiber could be extracted with water retting process while
lower tensile strengths are achieved with chemical retting (tensile strength of Ethiopian Kusha fibers is 820.10 MPa when
extracted by water retting whereas it reduced to 803.7 MPa when extracted by chemical retting). However, higher linear
density (3.02Tex) is achieved with chemical retting as compared to water retting (2.71Tex) [58]. Even hydrophobicity of
non-woven banana fiber was varied by varying the water repellent concentration [59]. Similarly, the BSF’s color and tex-
ture were found to depend on the extraction process. Table 1 presents the variation in texture and color of BSF obtained
with different retting methods and their corresponding application and limitation. It can be found that enzymatic retting
results in good quality fibers however it consumes time.

Once raw fiber is extracted, it is subjected to moisture removal followed by chemical treatment such as bleaching in
order to improve its quality specific to application needs. For example, textile applications demand bleaching, spinning
and weaving while composite manufacturing requires different molding processes whereas biomedical applications
demand functionalization with bioactive compounds. The series of steps adapted in extracting fiber from banana pseudo
stem (an agricultural waste) and converting it to a useful product is represented by Fig. 2. In Fig. 2, the green boxes
depict the transformation of banana pseudo stem to raw fiber and fiber modifications for imparting desired properties
is represented by yellow box. Engineering the fiber to specific application is given by blue box. In detail, (i) when BSF
is to be used for medical textile, it is woven as a fabric, (ii) when BSF is used in composite manufacturing (for scaffolds)
various molding techniques are adapted, (iii) for wound healing application, it is converted to a non-woven patch and
functionalized with drugs, (iv) whereas, for the fabrication of nanofiber mats and membranes, it is electrospun to mats.

2.2 Enhancing BSF quality and properties

Quality of the fiber refers to the color, texture and strength of the fiber. Chemical treatments significantly enhance the
purity and functionality of banana stem fibers by removing impurities like lignin and pectin, making them more suitable
for varied applications [60, 611. This step brings in various qualities like (i) whiter and brighter fibers (which are aestheti-
cally pleasing), (ii) smooth textured fiber that brings in comfort (in case of biomedical textile use) (ii) fibers with good
mechanical strength (for reinforcement application). Such a modification requires specific chemical treatments/processes
like bleaching, alkali treatment and thermal treatments and they result in fibers with enhanced biocompatibility, purity
and functional properties.

2.2.1 Alkali-treatment

The fiber as obtained from the decorticating machine contains gummy non-fibrous substances attached to it. These
substances should be removed for neutralizing the fiber and improving their surface properties. This is carried out by
boiling the fiber in aqueous alkaline solution (2-5% NaOH at 80-100 °C) followed by washing the fiber with water. Sodium
hydroxide (NaOH) breaks down hemicellulose and residual lignin, creating active hydroxyl groups on the fiber surface.
This treatment enhances surface reactivity and mechanical properties of the fiber which are essential for biomedical
composite materials [52]. Such alkali-treated fibers exhibit good bio-compatibility with increased surface roughness
and better cellular adhesion which are required for tissue engineering scaffolds and wound dressing applications [61,
62]. Treating BSF with 2% sodium hydroxide (NaOH) at 95 °C for 120 min is resulted in removal of lignin and hemicellu-
lose, exposing the cellulose fibrils for further modifications. Post-treatment, the fibers are washed thoroughly and dried
under controlled conditions to retain their structural integrity. This process results in a smoother fiber surface, reducing
irregularities and enhancing its capacity to adhere to antimicrobial agents [63]. Alkali treatment resulted in increase in
cellulose content to 63.49% which improved fiber’s flexibility [64] and chemical bonding capacity with antimicrobial
compounds, making the fiber more receptive to such agents [63, 65].
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2.2.2 Bleaching

Presence of lignin and other natural pigments often makes banana fiber (untreated) slightly brownish or yellowish
in color. Bleaching helps in removing these impurities from the fiber and making the fiber whiter and aesthetically
pleasing [66]. Bleaching, uses sodium chlorite (NaClO,), to remove traces of lignin and other non-cellulosic impuri-
ties from the fiber, exposing cellulose, imparting whiteness and purity to the fiber. During such treatments, lignin
content was reduced from 18.57 to 1.10%, significantly enhancing fiber compatibility with antimicrobial coatings
[64, 67]. This process is vital for making the fiber suitable for biomedical applications as it improves fiber’s purity, and
enables effective functionalization of the surface with antimicrobial agents.

2.2.3 Thermal processing

Thermal treatments, such as drying and carbonization, are employed to enhance the durability and stability of the
fibers. Mild-thermal drying is preferred for biomedical applications in order to preserve the fiber’s natural structure.
Drying removes moisture and enables easy storing. Carbonization, though less commonly employed in fiber for
bio-medical applications can be used to produce carbon-rich fibers for specialized medical devices [51, 52]. Table 2
shows the impact of thermal treatment, chemical treatment on yield and fiber characteristics for different extraction
processes.

2.2.4 Sulfation or acid-hydrolysis

Sulfation, using sodium sulfite (Na,SOs), and acid hydrolysis with sulfuric acid (H,SO,) are employed to purify and
modify banana fiber. Acid hydrolysis produces nanocellulose which find applications in wound healing and scaffold
engineering. Sulfation results in increasing the crystallinity of cellulose up to 84.05% which enables better integration
with antimicrobial agents and stability of chemical bonds [65]. Care must be taken to prevent excessive damage to
the fibers during chemical treatments [68, 69].

Table 2 Effect of thermal

¢ Extraction method Duration Temperature Yield (%) Color of fibers
treatment on fiber quality
[103] Water retting 1 month 37°C 45-55 Whitish
water retting + thermal treatment 2h 100 °C 50-62 Whitish
Soaking in cold caustic soda 120 h Room temperature 35-50 Dark brown
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2.2.5 Blending with other fibers

Banana fibers have been successfully blended with ramie fiber in a long-staple jute processing system. The blend, with
approximately 50% banana fiber, produced fine yarn (213 tex) with a tenacity of 15.71 cN/tex at a spinning speed of
3500 rpm. This finding highlights the potential of banana fibers, which were previously discarded after fruit harvesting,
for creating value-added textile products [70, 71]. The diverse extraction methods for banana stem fiber play a crucial role
in determining its quality, yield, and applicability in various industries. By optimizing these processes, banana stem fibers
can be transformed into valuable materials for textiles, composites, biomedical applications, and sustainable packaging.

2.3 Application specific modifications
2.3.1 Composite manufacturing

Two or more materials with distinct properties combine to create composite materials with enhanced properties. Com-
posites exist in nature and well-known examples of natural composites are wood, stone and bone. The primary con-
stituents of a composite are (i) fibrous reinforcement and (ii) a mineral matrix. Natural composites are light-weight at
the same time possess good mechanical strength and stiffness. And thus, find numerous applications. Though they
are used in their natural form initially, technological developments led to the arena where man-made composites that
mimic the properties and characteristics of natural composites are (almost) possible to manufacture [72]. Similar to the
natural composites man-made composite materials are made from two constituents namely (i) fiber reinforcement and
(ii) base matrix material. Recently, researches in the field of natural fiber-reinforced polymer composites (NFRPCs) are sky-
rocketing inherent to their ability to provide sustainable solutions [73]. Banana fibers exhibit high tensile strength, high
tensile modulus, low elongation at break, and low density which enable their fruitful use in composite manufacturing for
various sectors like construction, automobile, biomedical, etc., [74]. NFRPCs manufacturing is broadly classified into two
methods namely (i) open-molding process which includes various methods like Hand lay-up process, Vacuum/pressure
bag technique, filament winding and spray-up methods, and (ii) closed molding process which includes compression
molding, pultrusion method and injection molding [75]. Among these techniques, most frequently used methods are
discussed below,

Hand lay-up process: Hand lay-up is the oldest technique which involves manually spreading the fiber in the mold
and applying the matrix material over it. Subsequently, rollers are used to achieve uniformly packed mold that is devoid
of air cracks. This method is adequate and economical when woven fabrics are used as reinforcement [76]. Inherent to
its simple processes, this method is the most economical one and used for producing laminated composites [77, 78].

Vacuum bag molding: Vacuum bag molding involves placing fibers laminates in a vacuum bag and curing them
under pressure. This enhances the bonding between the matrix and the fibers. When alkali-treated BSF is used in vac-
uum-molded composites, the tensile strength increases dramatically: The tensile strength reaches 2337 MPa, and the
composites exhibit greater fracture toughness compared to untreated fibers, making them ideal for high-performance
applications [38].

Compression molding: Compression molding involves placing the composite material in a pre-heated mold and
applying compressive force to obtain a uniform material of desired shape. In this process, the mold is initially opened to
place the required composite materials and then closed while applying compression. Compression molded materials
exhibit good mechanical properties than materials obtained by injection molding [79].

Injection molding: Injection molding involves injecting the composite material into the mold by applying pressure and
subsequent cooling of the mold to get composites of desired shape [79]. Both injection and compression molding are
used to produce lightweight, high-strength parts by mixing chopped fibers with thermoplastics or thermosets [71, 77].

Pultrusion: Pultrusion involves pulling the fiber through the matric material bath followed by shaping the material as
desired. This method enables manufacturing composite in the form of strips and ropes [80].

2.3.2 Textile products
Conversion of natural fiber into textile product involve two steps, namely spinning and weaving. Spinning involves con-
version of extracted fiber to yarn form by various methods. Open-end spinning is the most commonly used for spinning

banana fibers whereas, ring spinning and bast-fiber spinning are other variants that are also used. Once the fiber is spun
to yarn it is bleached, dyed as per requirement and then weaved to get the desired fabric [37].
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2.3.3 Biomedical applications

Natural fiber products both in the form of bio-composites and textile products find applications in biomedical field. Thus,
conversion of fiber to product follows the same basic process steps explained in the previous two sub-sections however,
tests for biocompatibility and material strengths on-par with prosthetic materials are ensured for biomedical use.

2.3.3.1 Bio-composites Composites are vastly investigated for use in orthopedics, orthodontic implants. However, the
use of composites for biomedical applications demands biocompatibility and thus, highly biocompatible filler materials,
matrices like polylactic acid (PLA) are chosen and their mechanical properties like flexural strength, tensile strength and
fracture toughness are used [81, 82]. Even, use of natural fibers in biocompatible synthetic polymers were investigated
in earlier researches [83]. For instance, composites from Ramie, Hemp fiber and Ramie, Coir fiber in bioresorbable poly-
propylene matrix were demonstrated to exhibit properties that suits their use as joint and bone fixtures [77]. However,
the use of natural fiber reinforced plant-based polymer composites has become a boon that offer biocompatible solu-
tions for biomedical use. Specifically, composite limb sockets made from Banana and Ramie fibers in plant oil resins have
demonstrated higher tensile strength when compared to other plant fibers making them suitable for limb prosthetics
[84]. Recent researches demonstrated the use of natural fiber/PLA bio-composites for 3D printing by melt extrusion
process [85].

2.3.3.2 Medical textile Textile products both in woven and non-woven forms are used for biomedical applications espe-
cially as wound dressings. The need for toxin-free, sterile materials often encourages the use of natural fibers in bio-
medical applications. In addition, Textile products functionalized with pharmaceutical carriers are emerging as potential
materials for continuous and controlled drug delivery [30]. For instance, bio-composite fabricated using woven cotton
fabric in PLA matric loaded with amoxicillin drug was demonstrated to be a potential wound dressing with antibacte-
rial inhibition against Staphylococcus aureus [86]. Further, textile products can be functionalized to exhibit UV resist-
ance, flame resistance, antimicrobial functions and healthcare monitoring [17]. In summary, for biomedical applications,
banana fibers are to be modified as either biocompatible composites or functionalized textiles.

2.3.4 Nanofiber processing

Banana stem fibers can also be processed into nanoscale fibers for advanced applications, particularly in the biomedical
field. Synthesis of Nanofibers can be broadly classified into two approaches namely, (i) top-down approach—CNC, and
CNF are extracted from natural sources and (ii) bottom-up approach—Nanofibers are synthesized from precursor spin-
nable solutions (isolated cellulose derivatives) [87]. A short note of top-down approach of nano fiber synthesis techniques
is presented in order differentiate it from bottom-up approaches.

2.3.4.1 Top-down approach Top-down approach involves extraction of CNFs from natural sources by either chemi-
cal or mechanical methods. Chemical methods include (i) TEMPO mediated oxidation, (ii) acid digestion, (iii) catalytic
decomposition and (iv) chemical vapor deposition while mechanical methods include (i) ball milling, (ii) grinding, (iii)
homogenization, and (iv) ultrasonication treatments. CNFs extracted in the form of hydrogels and aerogels are used for
drug delivery, wound healing and tissue engineering in biomedical applications [88]. For instance, mechanical shearing
is used to reduce fiber size into nanoscale fibers. These fibers possess a high surface area and enhanced mechanical
properties, making them suitable for applications like wound dressings and scaffolds. Similarly, (i) steam explosion is
used to produce banana nanowhiskers from banana fiber [89] and (ii) banana fibers when subjected to alkali treatment
followed by oxidizing in HNO3-NaNO2 resulted in production of cellulose nanofibers [90], (iii) ground banana pseudo
stem powder is subjected to alkali treatment followed by acid hydrolysis and homogenization to obtain cellulose nano
fibers [91], (iv) TEMPO mediated—oxidation was followed to synthesize cellulose nano fibers [92]. A comparison of the
acid hydrolysis, TEMPO mediated oxidation and enzymatic extraction revealed that, cellulose extracted using enzymatic
methods resulted in higher crystallinity of 68.98% and thermal stability till 250 °C while TEMPO mediated extraction
resulted in higher yield (25.25%) [93]. Such cellulose nanofibers find application in pharmaceuticals, tissue engineering,
nano-bio-composites and catalysis.

2.3.4.2 Bottom-up approach Nanofibers can be fabricated by different methods and most frequently adapted meth-
ods are (i) electrospinning, (ii) self-assembly, (iii) template synthesis, and (iv) phase separation [94]. Electrospinning
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uses an electric field to draw fibers from a polymer solution. For example, naturally occurring cellulose produced from
banana pseudo stem were used to electrospun a fibrous mat devoid of defects utilizing Taguchi’s orthogonal array. And
hydroxyapatite (HA) nanoparticles were incorporated with cellulose to fabricate a scaffold with increased proliferation
of bone cells as compared to neat cellulose scaffold [95]. In self-assembly method, smaller materials arrange them-
selves into patterns by hydrogen bonding and ionic bonds. A major limitation with this method is its less productivity
[96]. In phase separation technique, gelation of polymer is used to form porous nanofiber and the remaining solvent is
separated out. The gel formed is freeze dried while the solvent is removed. Whereas, template synthesis method uses a
predefined template and polymer solution is used to fabricate nanofibers. Nanotubes, nanorods and nanowires can be
obtained by this method [94]. With this brief review of steps involved in conversion of banana fiber to useful product, the
properties and characterization of banana fiber are presented in the below section.

3 Properties of banana stem fiber
3.1 Chemical composition

Banana stem fiber (BSF), is highly valued for its abundant availability, sustainability, and multifunctional properties and is
suitable for diverse applications in industries like bioplastics, composites, and biomedical devices inherent to its natural
lignocellulosic composition. Its chemical composition, primarily consisting of cellulose, hemicellulose, lignin, and minor
components like pectin, waxes, and extractives (3—5%) which enable structural integrity, biodegradability, and adapt-
ability for specific uses [97, 98]. The high cellulose content provides tensile strength and stiffness, making BSF ideal for
hybrid composites and bioplastics. Musa acuminata stem fiber (MASF), a type of BSF, which boasts 73.12% cellulose
content—higher than many other natural fibers such as jute, hemp, and rice straw. Treated with 5% NaOH solution to
remove impurities. MASF fibers extracted from outer and middle layers of pseudo stem demonstrated 20% higher ten-
sile strength and exhibited a rough surface morphology that facilitate adhesion of fiber to the matrix while fabricating
composites. However, it exhibits limited heat resistance, with significant mass loss beyond 245 °C [99].

Hemicellulose, an amorphous polysaccharide constituting 12-20% of BSF, imparts flexibility, water retention, and
swelling properties, making it particularly useful for absorbent materials like wound dressings. It begins to decompose
at 200-250 °C, marking the initial degradation phase of BSF [97]. Morphologically, BSF consists of elementary fibers
(10-15 um) and narrow fibers (3-4 um), with the latter playing a significant role in water transport within the pith. These
unique structural features further distinguish BSF for specialized applications [100]. Additionally, the holocellulose in
BSF is predominantly glucose (71.76%), complemented by xylose (11.20%) and arabinose (7.34%), which enhances its
suitability for pulping and papermaking [100].

Lignin, present in concentrations of 5-10%, contributes to the fiber’s rigidity, UV resistance, and microbial protection
due to its aromatic structure. Thermal decomposition occurs at 300-350 °C, ensuring untreated BSF’s stability under
moderate temperatures [97]. Notably, the Agbagba plantain cultivar exhibited highest fiber recovery of 3% compared
to Omini, Paranta and Panbola cultivars. Final decomposition temperature is 392 °C for Agbagba, which showcases its
thermal stability [101]. Minor components like pectin, waxes, and extractives influence surface roughness and adhesion
properties but are typically removed during alkali treatment for improved compatibility with polymer matrices. However,
lignin removal is critical for biomedical applications to reduce toxicity and enhance biocompatibility.

Banana pseudo-stem fibers’ unique chemical composition and structural features make them a promising material
for a variety of applications. In biomedical fields, their high cellulose content ensures biocompatibility and absorbency,
while hemicellulose contributes to moisture retention. In composite manufacturing, the strength provided by cellu-
lose and the flexibility of hemicellulose make BSF a sustainable alternative to synthetic materials. Furthermore, lignin’s
thermal stability allows its use in insulation and moderate-temperature applications. These features underscore BSF’s
potential in advancing sustainable material innovation, offering a renewable and eco-friendly solution for industrial and
biomedical challenges.

3.2 BSF cellular structure and properties
The cellular structure of banana pseudo stem fiber reveal their diameter ranges from 80-250 um [102] which makes

the fiber highly flexible. BSF exhibits a density ranging from 0.8 to 1.3 g/cm?[98, 103], depending on growth con-
ditions and processing methods. This value is significantly lower than synthetic fibers like glass (2.5 g/cm?) [104],
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making BSF ideal for lightweight composite applications. The fiber has a high aspect ratio of 100 that enhances
stress transfer efficiency in composite materials, making BSF particularly effective for reinforcement applications.
Additionally, BSF's natural porosity facilitates water retention and improves bonding in polymer matrices, making
it ideal for bio composite applications [105, 106]. Scanning Electron Microscope (SEM) images of BSF fiber is given
by Fig. 3. Figure 3a and b depicts the scaly, bundled structure of banana fiber. The multicellular structure is further
confirmed by the transverse images in Fig. 3c and d. The lumens are clearly seen from resolution improved transverse
images in Fig. 3e and f.

3.3 Scanning electron microscopy (SEM) observations

SEM analysis of untreated BSF features a rough and porous surface with waxy coatings and lignin layers. Such a surface
morphology facilitates mechanical interlocking in composites but, limits fiber bonding with the matrix [107-109]. Alkaline
treated fibers present a smooth surface with increased porosity and exposed microfibrils, resulting from the removal
of wax, lignin (5-10%), and hemicellulose (12-20%). Enhanced surface area and porosity improve interfacial bonding
with polymer matrix [60, 61]. SEM analysis of BSFs extracted from different banana cultivar exhibited variations in their
structural properties. For instance, fibers from Musa sapientum L. form distinct fiber groups with larger lumens whereas,
those from Musa acuminata were broken and separated. Similarly, fibers properties varied across the layers of the pseudo
stem [110]. Alkali treated fibers were smooth and regular when compared to untreated fibers [111].

Fig.3 SEMimages of BSF. a
and b Scaly & cellular BSF—
with horizontal marks depict-
ing fiber bundle structure. ¢
and d Transverse section of
BSF—multicellular structure,
fibrils in bundles. e and f
Structure of raw fiber—arrow
no.1 indicates fiber-cell walls,
arrow no.2 indicates lumen

in cross section (Reproduced
from [38] Under the Creat

ive Commons Attribution 3.0
License)

ey 1NN Myn
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3.4 Characterization of tensile properties

Banana fiber exhibits a tensile strength of 529-914 MPa [103, 104], depending on processing techniques. In addition, BSF’s
stiffness defined by Young's modulus ranges between 27 and 32 GPa, suitable for applications requiring high rigidity [104].
Treated fibers show up to 40% increase [107], achieving tensile strengths as high as 1200 MPa. Notably, alkali treatment
enhances tensile strength of BSF by improving fiber-matrix adhesion, resulting in up to a 71% increase in tensile strength.
Treated BSF composites exhibit superior stress—strain behavior compared to untreated fibers [102]. Sodium hydroxide (NaOH)
treatments result in stronger hydrogen bonding at the fiber-resin interface which directly impacts its strength. In addition, it
is found that the maximum tensile strength of banana fiber reinforced thermosets was found to depend on the fiber length,
loading and NaOH used for treatment [112]. The optimal NaOH concentration for such treatments is 5%, which minimizes
amorphous components and maximizes mechanical properties [106]. It is found that tensile properties of BSF improved with
alkali treatment [111]. Alkali, acid and bacterial treatments directly affect the physicochemical characteristics of banana fiber
[113]. Banana fibers exhibited a tensile strength of 590 MPa which is higher than sisal and jute which showed 350 MPa and
249 MPa respectively [109].

3.5 X-ray diffraction (XRD)

BSF consists of crystalline as well as amorphous regions. Crystalline cellulose imparts stiffness and strength while amorphous
components like hemicellulose and lignin lower mechanical performance [54]. X-ray diffraction (XRD) patterns indicate that
BSF has a crystallinity index (Cl) of 60-65% [54, 101], attributed to high cellulose content. Increased cellulose content leads to
increase in crystallinity, which improves tensile properties. In addition, microfibrillar angle of BSF is between 10°and 11°[103]
contributing to its stiffness and tensile strength. A lower microfibrillar angle typically correlates with improved mechanical
properties. Alkali treatment results in improving Cl to 75%, [114] correlating with enhanced tensile strength and thermal
stability. Removal of amorphous components sharpens diffraction peaks, particularly at 26 = 22.5° (cellulose 1), confirm-
ing increased crystallinity [114, 115]. These changes highlight the alkali treatment’s role in improving BSF's suitability for
high-performance applications. XRD pattern of 1% NaOH treated banana fiber revealed three peaks at 15.2, 16.5 and 22.4
corresponding to the cellulose crystalline phase and an amorphous phase corresponding to lignin. In addition, alkali treat-
ment increased BSF's crystallinity to 73.9% whereas, raw fiber is 63.5% crystalline [116].

3.6 Fourier transform infrared spectroscopy (FTIR)

FTIR results obtained with BSF reveals O-H stretching at (3300-3400 ¢m™") which indicates hydroxyl groups, are common
in cellulose and hemicellulose[54, 61, 109] and C-H stretching at (2900-2920 cm™") reflects aliphatic carbons in cellulose
chains. However, lignin reduction during treatment is evidenced by aromatic C=C Peaks at (1500-1600 cm™ ). The reduced
intensity peaks signify delignification. And C-H in methoxy groups at (1260 cm™) diminishes post-chemical treatments,
indicating lignin removal [61, 109].

BSFs after chemical modifications presents additional peaks in the FTIR spectra. Peaks such as 688 cm™' (C=C, C-H
alkynes/alkanes), 1054 cm™" (C-N stretching) [19], and others reflect the structural and chemical modifications after the
composite preparation. The enhanced O-H peak intensity suggests improved hydroxyl group accessibility, essential
for further functionalization. While new or modified peaks (e.g., C-N stretching) indicate structural changes, such as
incorporation of amines or removal of impurities [61]. FTIR analysis of raw fiber exhibited O-H, C-H, C-O-C stretching at
3430cm™',2920 cm™" and 1058 cm™" respectively and C=C benzene stretching ring around 1635 cm-1. However, chemical
treatments did not modify the vibrational spectra of BSF [116]. FTIR studies indicate that acid treatment of banana fibers
resulted in higher amount of sp3 carbon revealing its crystalline nature while raw fiber has sp2 carbon [117].

FTIR spectra obtained with BSF fibers extracted by different degumming processes is given by Fig. 4. It is once again proven
that the quality of fiber extracted by enzymatic retting (green) is good compared to other methods. And fiber extracted by
mechanical processing resulted in reduced values of transmittance making the curve to appear below others (blue).
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3.7 Thermal and degradation properties

As a lignocellulosic material, banana stem fiber (BSF) displays distinct thermal and degradation properties that
underpin its versatility for applications such as bio composites, biomedical devices, and eco-friendly packaging. TGA
of BSF depicts its various thermal decomposition stages.

e Moisture evaporation: Initial weight loss occurred in the temperature range of 29-120 °C, attributed to the evapo-
ration of free and bound water in the fibers. The weight loss percentage ranged between 5-8% [54].

e Cellulose and hemicellulose decomposition: Significant weight loss was observed between 250-370 °C for fib-
ers and 228-384 °C for cellulose nanocrystals. Decomposition in this range is primarily due to the breakdown of
hemicellulose, a-cellulose, and volatile product formation [54, 67, 118].

e Lignin and carbonaceous matter degradation: The third degradation phase above 400 °C involved the decomposi-
tion of lignin and carbonaceous residues, forming char [67].

e Chemically extracted fibers exhibited higher thermal stability than untreated fibers, with degradation tempera-
tures increasing by approximately 10 °C.

The fiber remains stable up to 260 °C, allowing for high-temperature processing without significant degradation
[105] which demonstrates its good thermal stability. However, BSF’s are hydrophilic in nature having a moisture
content of 8-12% [102] which influences their dimensional stability and adhesion between composites [104]. Inher-
ent to its cellulose and hemicellulose content, BSF absorbs 60-75% of its weight in water showcasing its hydrophilic
nature. This high absorption necessitates surface modifications for applications requiring stability. Surface treatments
are often employed to mitigate excessive moisture absorption for specific uses. Surface Treatments such as, alkaline
treatment reduces hydroxyl groups, lowering water absorption by up to 40% and silane treatment could enhance
hydrophobicity, improving performance in polymer matrices [60, 61].

Effect of NaOH treatment: Fibers treated with 5% NaOH showed the enhanced thermal stability, retaining integ-
rity up to 60-80 °C, showing the least weight loss at 68%. However, increasing NaOH concentrations (> 5%) did not
significantly improve stability, suggesting 5% as the optimal treatment level [118]. Banana stem fibers, particularly
when treated with 5% NaOH, demonstrate promising thermal stability and degradation properties, making them
suitable for bio-composite processing. Its thermal stability up to 200 °C ensures suitability for biomedical and com-
posite applications, while its biodegradability and safe degradation by-products support eco-friendly initiatives.
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3.8 Biodegradability

BSF films decomposes within 30 days under optimal composting conditions of 21% soil moisture [119], whereas
synthetic fibers like polyester persist for decades. Cellulose facilitates microbial degradation, breaking down into
simpler compounds like glucose and hemicellulose degrades faster due to its amorphous structure. However, Lignin’s
degrade slower but add strength [51, 98]. Being a natural fiber, BSF decomposition is devoid of microplastics or toxic
by-products, making it an ideal candidate for compostable products. BSF is inherently non-toxic, making it safe for
integration into biomedical applications. Alkali treatment aids in improving BSF’s biocompatibility by removing
impurities. A comparative summary of the properties of normal BSF and BSF fiber obtained after treatment are
presented in Table 3.

3.9 Comparison with other natural fibers

A comparison of the properties of BSF with other natural fibers like jute, banana, coir, flax, sisal, and cotton is pre-
sented in Table 4. It is clear that BSF demonstrates tensile strength comparable to jute and flax, making it suitable for
reinforcement in composite materials [51, 60, 97]. However, BSF has a lower elongation at break than coir and cotton,
which indicates its greater stiffness. In addition, BSF thermally degrades within the range of 200-350 °C, which is
comparable to other natural fibers [3, 67]. This ensures its compatibility with thermoplastic composites, making it
suitable for various industrial processing needs. The water absorption capacity and density of BSF are similar to those
of jute, coir, and flax. These properties make it effective for lightweight applications where moisture sensitivity is a
critical factor. BSF uniquely possesses moderate inherent antimicrobial properties, unlike many other natural fibers
[61, 120]. These properties can be significantly enhanced through surface modifications, offering additional benefits
for applications in healthcare and packaging industries.

Banana stem fiber stands out among natural fibers due to its balanced mechanical strength, thermal stability,
moisture resistance, and unique antimicrobial properties. These features make it a versatile and eco-friendly alterna-
tive for applications in composites, textiles, and biodegradable materials.

Table 3 Summary of Banana stem fiber characterization

Charac- Ref. No Normal BSF Treated fiber
terization
studies

Physical characterizations

SEM [60,61] Rough and porous surface with waxy  Alkali treatment
coatings and lignin layers - Smooths the surface with increased porosity and exposed microfibrils
- Improves interfacial bonding with polymer matrices
UT™M [103,104] Tensile strength—529-914 MPa + As high as 1200 MPa
« Alkali treatment increases tensile strength up to 71%
[102] Elongation at Break—3-9% -
[104] Young's Modulus—29 to 32 GPa Treated BSF exhibits superior stress—strain behavior
XRD [54,101]  Crystallinity Index (Cl) 60-65% Alkali treatment increases Cl by 75%
Chemical characterization
FTIR [61,109] - O-H Stretching at (3300-3400 cm™) . Lignin reduction aromatic C=C Peaks at (1500-1600 cm™)

« C-H Stretching at (2900-2920 cm™) - Disappearance of C-H in Methoxy Groups at (1260 cm™)
- Peaks at 688 cm™' (C=C, C-H alkynes/alkanes),
+ 1054 cm™" (C-N stretching)
Thermogravimetric Analysis
TGA [54,67] + Moisture Evaporation—5-8% « Post chemical treatment degradation temperatures increased by ~ 10 °C
« Thermal stability up to 200 °C + 5% NaOH—retain thermal integrity up to 60-80 °C
« Cellulose and hemicellulose decom-
position—250-370 °C
« Lignin and Carbonaceous Matter
Degradation—above 400 °C
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3.10 Properties of BSF-based products

A comparison of the properties of BSF based products are studied to understand its potentials. Banana fabrics exhib-
ited 22% more tear strength and good air permeability than cotton making them an alternative to cotton fabric [105].
Similarly, banana fiber (20%) reinforced poly lactic acid composite exhibited a tensile strength of 52.57 MPa, Flexural
strength of 70.35 MPa, Impact strength of 155.45 J/m [106]. Banana fibers-based biofilms are biodegradable compared to
synthetic packaging materials which enable them to emerge as eco-friendly packaging materials [68]. Nanofiber mem-
branes developed from BSF showcased 90% cell viability which reveal their potential wound healing and drug release
capabilities [69]. Silanized-chitosan treated BSF bio-composites were demonstrated improved thermal properties [121].

3.11 Challenges and potential enhancements

A major challenge in advancing BSF applications is the dependence of its mechanical and thermal properties on envi-
ronmental conditions such as soil quality, altitude, and climatic conditions of the plantation. The unique combination of
biodegradability and biocompatibility in BSF establishes it as a transformative material for sustainable and biomedical
applications. By optimizing functionalization and treatment processes, BSF’s potential in environmental and health-
care sectors will continue to grow. However, advancements in mechanical and chemical extraction methods, such as
enzymatic treatments, are essential to further improve fiber purity and mechanical performance. The structural and
mechanical attributes of BSF highlight its potential as a sustainable and versatile material [105]. With optimized treatment
methods, BSF can further cement its position as a high-strength, eco-friendly alternative to synthetic fibers, expanding
its applications in high-performance bio-composites, textiles, and biomedical device. With the elaborate introduction
to natural fibers, banana fibers followed by properties of BSF explained in previous sections, the following section intro-
duces the wound healing process followed by recently developed wound healing structures and drug-impregnated bio
composites in Sect. 4.

4 Wound healing process & its significance

A brief description of the wound healing process is presented below which enables understanding the requirements
better while designing wound healing material and selection of drug for wounds. Wound healing is a complex biologi-
cal process that helps restore tissue integrity while preventing infections, and antimicrobial activity plays a pivotal role
in accelerating the process. Basically, there are two types of wounds and they are (i) unintentional wounds (accidental)
and (ii) intentional wounds (resulting from surgery). Surgical site infections (SSI) affect approximately 1-2% of hospital
patients, underscoring the need for advanced wound healing and antimicrobial strategies [122]. Wound healing occurs in
four distinct stages namely, (i) Haemostasis: blood clot formation acts as a primary barrier against microbial invasion, (ii)
Inflammation: immune cells release antimicrobial peptides and ROS to eliminate pathogens, (iii) Proliferation: fibroblasts
and endothelial cells drive tissue growth, (iv) Remodeling: collagen synthesis ensures scar formation in a pathogen-free
environment [122]. A schematic representation of wound healing process is presented in Fig. 5. Series of steps that occur
in each stage of wound healing is represented by boxes below their heading.

Key immune cells, such as neutrophils and macrophages, drive this mechanism. Neutrophils release potent antimi-
crobial substances during respiratory bursts, while macrophages transition between M1 (pro-inflammatory) and M2
(anti-inflammatory) states to clear debris and facilitate tissue regeneration [123]. However, persistent microbial flora
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and delayed neutrophil apoptosis can hinder wound healing process. The absence of neutrophil lysis or M1-to-M2 mac-
rophage conversion prolongs inflammation, preventing the transition to the proliferation stage [123]. In addition, reactive
oxygen species (ROS), including hydrogen peroxide (H,0,) and superoxide (O,"), serve dual functions: as antimicrobial
agents and as signaling molecules critical to wound repair. Moderate ROS levels enhance healing efficiency, promoting
about 40% improvement in tissue repair processes. But excessive ROS accumulation further delays neutrophil apoptosis
by triggering strong inflammatory responses that delay healing. Thus, biocompatible solutions that enable efficient
wound care are the need of the hour.

Two significant functions that enable efficient wound healing are (i) antimicrobial functions and (ii) tissue regeneration
functions. Antimicrobial action takes place by different mechanisms like (i) disrupting bacterial cell walls, (ii) inhibition of
nucleic acid synthesis, (iii) disruption of cytoplasmic membrane function, (iv) inhibition of energy metabolism, (v) impact
on bacterial motility, and (vi) biofilm inhibition. The mechanism of action depends on the type of phytochemical present
in the wound healing material [124, 125]. Tissue regeneration takes place by (i) collagen deposition and ECM formation,
(ii) stimulation of VEGF and FGF and (iii) infection control and inflammation reduction. Various biological activities (anti-
microbial and tissue regeneration) responsible for promoting wound healing and the various wound healing structures
recently developed are represented in Fig. 6.

4.1 Ideal wound dressing and recent advancements

The primary function of a wound dressing is to protect the wound from external microorganisms. An ideal wound
dressing material should (i) generate a clean, moist and warm environment that promotes wound healing, (ii) absorb
excess wound exudate, (iii) devoid of release of foreign materials that harm the wound, (iv) facilitate breathability, (v)
allow hydration and (vi) be pain-free while removing [126]. In addition, it should have a neutral pH and be devoid of
starch and other chemicals [127]. Recent advancements in wound dressing materials not only protect wounds but also
promote wound healing. Such an advancement is made feasible by the use of materials with inherent bioactivity and
tissue regeneration capabilities or by bioactive drug impregnating wound dressing. Recent day wound dressings include
the use of hydrogels, films, foams, polysaccharides, granules, gels as well as composites made from natural polymers and
fibers which are detailed below [128, 129].

Hydrogels: Hydrogels are particularly effective for chronic wounds and burns, as they provide hydration and help
prevent infection, promoting faster healing and reduced risk of complications. Nano cellulose derived from plant sources
are crosslinked with hydrogel-forming agents such as alginate or chitosan for the synthesis of hydrogels [130-133].
Hydrogels exhibit high moisture retention, essential for optimal wound healing conditions [134]. The incorporation of
antimicrobial agents, including silver nanoparticles or essential oils, further enhances the bioactivity of the hydrogel
during the gel formation process [135]. The addition of antimicrobial agents, impart antibacterial properties, to help
prevent infections during the healing process.
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Innovative solutions such as dopamine-substituted multi-domain peptide (DAP)-based hydrogels provide a promis-
ing approach for healing wounds. These hydrogels, incorporating antimicrobial lysine residues and ROS scavenging
properties, significantly reduce the inflammatory stage and accelerate wound closure. When tested on full-thickness
dermal wounds in mice, DAP hydrogels demonstrated enhanced skin adhesion, collagen alignment, vascularization,
and shortened healing times [136]. The integration of advanced materials like antimicrobial hydrogels with functional-
ized components has reduced infection rates by 65% and increased recovery speed by 30% [122, 136]. Pure hydrogel
dressings are mechanically weak and brittle and thus, reinforcing them with natural fibers is frequently investigated
[8]. However, the use of natural fibers in biomedical applications demand adequate processing in order to make them
suitable for biomedical use [9].

Chitosan based wound dressing: Tough-chitosan dressings developed using non-woven technique were demonstrated
to promote wound healing than alginate based wound dressing materials [137]. Similarly, Graphene oxide, zinc oxide
incorporated chitosan nanocomposite films were demonstrated to accelerate wound healing [138].

Composite films: Composite films are synthesized by blending BSF with biodegradable polymers such as polyvinyl
Alcohol (PVA) or polycaprolactone (PCL) [130, 131]. The resulting films are cast through solvent evaporation or hot-
pressing methods. Composite films exhibit properties such as flexibility, biocompatibility, and biodegradability, making
them suitable for wound healing applications. They form an effective barrier against microbial contamination, protecting
the wound from external pathogens. These composite films are used as protective wound covers or skin substitutes,
providing a durable and supportive layer over wounds during the healing process.

3D scaffolds: Fibers are processed into nanocellulose and combined with biodegradable polymers for 3D printing or
freeze-casting. Pores are introduced into the scaffolds to mimic the extracellular matrix (ECM) [65, 132, 133], creating a
structure that supports cellular infiltration and tissue regeneration. These scaffolds facilitate cellular infiltration and vascu-
larization, which are crucial for the formation of new tissue and blood vessels at the wound site. The gradual degradation
of the scaffold aligns with tissue regeneration [130, 139], ensuring that the support provided by the scaffold diminishes
as new tissue forms. Deep wound healing and tissue engineering applications benefit from these 3D scaffolds, as they
provide a structure for tissue growth and repair in more severe injuries [139].

Nanofiber Mats and Membranes: The fabrication of nanofiber mats and membranes involves advanced processes
like electrospinning and wet-spinning. In electrospinning [130], cellulose derived from plants are dissolved in a poly-
mer matrix, such as polyvinyl alcohol (PVA) or chitosan, and processed under an electric field to form nano-fibers. Wet-
spinning is another technique that creates fibers with controlled dimensions, ideal for making wound dressings. Such
ES fibers could be tailored to exhibit properties like, (i) high surface area for enhanced cell attachment, crucial for tissue
regeneration, (ii) controlled porosity for effective oxygen exchange and management of wound exudates, contribut-
ing to optimal healing conditions. These nanofiber-based materials are used as advanced wound dressings [130, 131],
accelerating the healing process and reducing scarring, particularly for superficial and acute wounds. For instance, cel-
lulose acetate derived from.

4.2 Drug impregnated patches as antimicrobial dressings

Drug-loaded dressings (of different materials) offer long-lasting antimicrobial activity, preventing infections and maintain-
ing a clean environment around the wound. For instance, Tetracycline is incorporated into nanocomposite films made
of chitosan and cellulose nanocrystals (CNC) derived from fiber. These tetracycline-loaded nanocomposites exhibited
a zone of inhibition of 36.3 mm for E. coli and 39.3 mm for S. aureus, indicating effective antibacterial activity against
both gram-negative and gram-positive bacteria [67]. Even, neem/chitosan coating of surgical sutures made from silk
fiber were demonstrated to speed-up wound healing at the surgical site. In addition, concentration of neem/chitosan
addition is found to result in increased zone of inhibition with E. coli and S. aureus [140]. These materials also prevent
biofilm formation and secondary infections, which are common in chronic wounds. However, drug selection primarily
depends on its significance. For example: Rosmarinus officinalis L. is well-known for its antispasmodic, mild analgesic
and has significant antimicrobial, anti-inflammatory, anti-oxidant, anti-apoptotic, anti-tumorigenic, antinociceptive, and
neuroprotective properties [141]. Whereas, juice of Vitex negundu leaves were found to show antibacterial, antifungal
and anti-inflammatory activity and is traditionally used to treat wounds and skin infections [142].

Natural drugs: Wound healing materials are combined with bioactive substances such as collagen, honey, or aloe
vera to enhance the healing properties of the material. These materials are then processed using compression molding
or freeze-drying to create porous patches [131]. Such patches support tissue regeneration, helping to repair damaged
skin or tissue. They also help reduce inflammation and accelerate epithelialization [143, 144], the process through which
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new tissue forms to close the wound. Post-surgical wounds and diabetic ulcers benefit significantly from these patches,
as they promote faster recovery and help reduce complications like infection.

Chitosan as drug: Chitosan, a natural polymer with inherent antimicrobial properties, is used as drug with bio-com-
posites. The addition of chitosan to CNC derived from banana pseudo stem, improved the mechanical properties of the
composites while imparting antimicrobial functionality. The antibacterial efficacy of chitosan-CNC composites as tested
by disc diffusion method revealed a zone of inhibition of 36.3+0.6 mm and 39.3+0.6 mm against E. coli and S. aureus
respectively [67] which is more than raw cellulose composite [145]. This reveal the superior antibacterial activity of Chi-
tosan +CNC composites and its ability to disrupt bacterial cell membranes through electrostatic interactions [67, 131].

Plant extracts as drug: Materials are treated with antimicrobial agents such as silver nanoparticles, zinc oxide, or natu-
ral extracts like neem and turmeric [131]. Coating or impregnation techniques ensure the uniform distribution of these
agents throughout the material. CNC derived from banana pseudo stem is mixed with gel-forming agents and freeze-
dried to create lightweight, porous sponges [132]. These sponges can be infused with drugs or growth factors, enabling
sustained release of bioactive compounds at the wound site and are particularly useful for chronic wound management
and drug delivery systems [65, 132, 133], as they provide both mechanical support and therapeutic benefits.

Phytochemicals in plant extracts: Polyphenols or Phenolic compounds, by their inherent antioxidant capacity and radi-
cal scavenging activity, generate reactive oxygen species (ROS), which disrupt microbial biofilms and exhibit antimicrobial
effects which directly helps in faster tissue regeneration and wound healing [125]. Phenolic compounds like catechins
and gallocatechins are strong antioxidants, prone to scavenge free radicals which aid in protecting cells from oxidative
stress and damage, thereby promoting tissue regeneration [146-148]. However, flavonoids accelerate collagen synthesis,
angiogenesis thereby inhibiting microbial growth and inflammation [124, 149-151]. Saponins enhance wound steriliza-
tion and reduce inflammation whereas, steroids/terpenoids increase fibroblast proliferation, collagen synthesis and aid
in wound healing. Tannins/polyphenols are strong astringents that promote wound contraction and tissue repair [152].
Flavonoids form the class of natural products researched primarily for their anti-infective behavior. They are excellent
antibacterial agents and proven to retard biofilm formation [153]. Different flavonoids elucidate antibacterial activity
through unique processes for example, flavonoids, such as quercetin and kaempferol, contribute to antimicrobial activity
by intercalating into microbial DNA, inhibiting transcription and replication, and inducing oxidative stress, which leads
to microbial apoptosis. Quercetin inhibits nucleic acid synthesis whereas cytoplasmic membrane function is inhibited
by sophoraflavanone G, and (-)-epigallocatechin gallate. While energy metabolism is inhibited by licochalcone A and C
[124]. The synergistic effect of phenols and flavonoids aid in accelerated wound healing.

Combined chemical and functional modifications: Blending polyvinyl alcohol (PVA) with CNC, combined with anti-
microbial agents like tetracycline, enhances both antibacterial efficacy and film stability. These films maintain their
mechanical integrity while providing extended protection against microbial contamination [65]. In another experiment,
silver nanoparticles were synthesized over a pre-deposited chitosan multilayer hydrogel using an in situ electrochemical
synthesis. This method uses pre-programmed electrical signals to enable formation of chitosan layer along with in situ
growth of silver nanoparticles [154]. The synthesized nanoparticles were spherically shaped and ~ 15 nm in size. The
layered architecture of the hydrogel resulted in porous segments and compact boundaries that aided in pH dependent
drug (AgNP) release [135, 154, 155]. In addition to silver nanoparticles, even ZnO nanoparticles were used for functional-
izing composites for imparting antimicrobial properties [156, 157]. Even nanoconjugates that encapsulate drugs can be
loaded to biomaterials as functionalization. The moieties attached to nanoconjugates enable drug targeting, increasing
solubility, stability and controlling release conditions. For example, coating wound healing materials with silver nanopar-
ticles or biopolymers enhances its biomedical utility [69]. Drug incorporated wound dressings and suture materials are
ideal for infected or at-risk wounds, including those with a high risk of developing bacterial infections, such as surgical
sites or wounds in immunocompromised patients. With this brief discussion on recently advancements in wound care
materials, researches highlighting especially BSF based wound care materials are elaborated in the below section.

5 BSF based materials & their biomedical applications
Being an agricultural waste product, the use of BSF for medical applications minimizes reliance on synthetic materials
and thus, supporting sustainability and eco-friendly initiatives [61, 62, 102, 158]. Banana pseudo stem fibers (BSF)

were effectively incorporated in numerous biomedical applications however there is still a lot of room for research
interventions. BSF in the form of composite patches, suture materials and cellulose nano fibers enable sustained
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drug delivery, promote wound healing and could act as good prosthetic materials. BSF based biomedical materials
serving various functions are discussed below:

BSF composite:

Composites developed from natural fiber reinforcements have shown good mechanical properties than those
fabricated from synthetic fibers, enabling their use in prosthetic sockets [83]. Specifically, Composites made from
treated BSF’s have demonstrated enhanced mechanical properties like tensile strength which enable their use as
biomedical prosthetics [63]. In addition, the introduction of chitosan y-glycidoxypropyltrimethoxy-silane (GPTMS) in
to banana fiber reinforced bio-composites made from maleic anhydride and montmorillonite filler materials resulted
in reduced water absorption due to the hydrophobic behavior of chitosan. These composites exhibited better thermal
and mechanical properties too [121]. However, BSF composites fabricated with BSF, chitosan, gaur gum loaded with
natural drug were demonstrated to promote wound healing [32]. These experiments highlight the potential prop-
erty modifications feasible with banana fiber reinforced composites which enable their use across wide biomedical
applications ranging from exudate absorbable wound care products to hydrophobic and strong prosthetic materials.

BSF cellulose and hydrogels:

Nano cellulose is synthesized from cellulose rich plants acid hydrolysis, mechanical treatment or enzymatic treat-
ment [159, 160]. For example, cellulose nano fibers were synthesized from BSF by alkali treatment, followed by acid
hydrolysis and homogenization [145]. For instance, microcrystalline cellulose synthesized from banana fibers with
an antioxidant activity of 92% at 100 pl/ml were demonstrated to act as excellent drug delivery vehicle [161]. While
crosslinking BSF nano cellulose with konjac glucomannan followed by free-drying resulted in composite aerogels
which were capable of inhibiting E. coli and S. aureus [132]. These aerogels can be used as potential wound healing
materials. In addition, CNF extracted from banana pseudostem when cross-linked with gelatin and glutaraldehyde
resulted in biomedical hydrogel used as facemasks [120]. Such nano cellulose derived from banana plant find numer-
ous biomedical applications which includes, (i) fabrication of bone plates and scaffolds, (ii) capacitors for insulin
pumps and pacemakers, (iii) biosensing, (iv) drug delivery, (v) tissue engineering, (vi) wound healing, (vii) enzyme
immobilization, (viii) tablets for oral administration [51].

BSF functionalized fabric:

Natural fibers are significant investigated for their application in textile ad textile products. Especially, banana
fibers are vastly investigated for development of woven and non-materials for biomedical use. For instance, banana
fabric coated with green tea (Camellia sinensis) and Tulsi (Ocimum sanctum) extracts exhibited antimicrobial activ-
ity against S. aureus and E. coli. Extract coated fabric resulted in a ZOlI of 2.8 cm, 2.4 cm against E. coli and S. aureus
while untreated fabric exhibited 1.7 cm and 1.5 cm ZOl against E. coli and S. aureus respectively [162]. In addition,
experiments on studying property modifications of banana fiber were carried out. For example, the hydrophilicity
of non-woven banana fabric was reduced by introduction of water repellents [59]. While banana fibers coated with
glutaraldehyde crosslinked chitosan were found to absorb chromium (VI) from water [47]. These examples highlight
that BSF's can be tailored for particular applications by appropriate modifications.

Drug-coated BSF surgical suture:

Surgical suture materials were developed from BSF. The wound healing efficacy of BSF suture material without
coating and with coating were studied in comparison with commercially available Bombyx mori silk fibroin (BMSF)
suture. Antimicrobial agents such as chloramphenicol and clotrimazole are incorporated into the hydrogel, alongside
growth factors like epithelial growth factors to promote tissue regeneration. The fibers are immersed in this hydrogel
solution and dried at 37 °C for 24 h [61], enabling drug impregnation. Efficiency of drug-impregnation is determined
by measuring weight changes before and after the coating process. These experiments highlight the medical use of
BSF and the effect of drug impregnation on healing efficacy.

BSF nanofiber membrane:

BSF has been used to develop electrospun nanofiber membranes with antimicrobial and wound-healing capabili-
ties. Cellulose acetate synthesized from esterification of banana fiber and chlorhexidine (CHX) are dissolved in 2:1
acetone: N, N dimethyl acetamide solvent. This mixture is electrospun to a nano fiber membrane which exhibited
good antimicrobial activity against E. coli and S. aureus with a ZOl of 18.38 mm and 22.51 mm respectively. These
results support their use for wound healing applications [69]. These references act as evidences for innovative appli-
cability of BSF in biomedical field. Figure 7 presents the images of BSF and materials synthesized from BSF. Figure 7a
is the digital image of untreated banana stem fiber while alkali-treated fiber is presented in Fig. 7b. Figure 7c is the
Nanocellulose synthesized from BSF and Fig. 7d is the Hydrogel produced by crosslinking BSF cellulose with gelatin
and glutaraldehyde.
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(c) (d)

Fig.7 BSF and BSF based biomedical materials a Untreated BSF, b Alkali-treated BSF, ¢ Nano cellulose from BSF [91] (Reproduced from [91]
under the Creative Commons Attribution (CC BY) license (https://www.creativecommons.org/licenses/by/4.0/), d Hydrogel from BSF [120]
(Reproduced from [120] under a CC BY 4.0 license)

5.1 Antimicrobial action

BSF suture materials impregnated with Chloramphenicol and clotrimazole were developed and tested for biomedical
use. Chloramphenicol inhibits bacterial protein synthesis, while clotrimazole compromises fungal cell wall integrity.
Experimental results demonstrate the modified BSF based sutures with functional coatings resulted in an inhibition
zone of 32+2 mm, 29+ 3 mm and 6 £0.5 mm diameters against Escherichia coli (E. coli), Staphylococcus aureus (S.
aureus) and Candida albicans (C. albicans) respectively [61]. While, BSF bio-composite patch with herbal drug (vitex
nirgundi) showed zone of inhibition of 30 mm, 26 mm, 27 mm against E. coli, S. aureus and M. lutens respectively
[32]. However, BSF patches without cross-linking and drug inclusion showed reduced inhibition of micro-organisms
say 18 mm, 19 mm, 17 mm, 19 mm against E. coli, K. pneumonia, S. aureus, S. mutans respectively [145]. These results
support the fact that biopolymer cross-linking and drug loading could improve the antimicrobial efficacy of com-
posite patches. In addition, banana cellulose fibers derived from banana pseudo stem were demonstrated to exhibit
strong antibacterial activities [145]. Hydrogels fabricated by crosslinking gelatin and glutaraldehyde with cellulose
exhibited good antimicrobial activity against Escherichia coli, Staphylococcus aureus, Candida albicans, with a ZOI of
20.6 mm, 17.5 mm, 14.7 mm which serves as an addition proof for BSF’s infection control application [120]. A list of
antibacterial inhibitions exhibited by banana pseudo stem variants is presented in Table 5.

Table 5 Antibacterial activity - o
Ref. No Bacteria Zone of Inhibition (mm)  Sample under stud
exhibited by BSF based (mm) P y
biomaterials [32] E. coli 30 BSF composite patch
S. aureus 26
M. luteus 27
[145] E. coli 18 200 pg of BSF cellulose
K. pneumonia 19
S. aureus 17
S. mutans 19
[120] E. coli 20.6 BSF hydrogel
S. aureus 17.5
C. albicans 14.7
[69] E. coli 18.38 BSF nanofiber membrane
S. aureus 22.51
[162] E. coli 1.7cm Untreated Banana fabric
S. aureus 1.5cm
[162] E. coli 2.8cm C. sinensis and O. sanctum
S. aureus 24cm extract coated Banana
fabric
[61] S. aureus 29 BSF suture string
E. coli 32

@ Discover


https://www.creativecommons.org/licenses/by/4.0/

Review
Discover Applied Sciences (2025) 7:613 | https://doi.org/10.1007/542452-025-07151-6

5.2 Testing drug-release activity

The drug release profile of Hydrogels integrated with BSF for antimicrobial drug (chloramphenicol) was assessed in
Phosphate Buffer Solution with pH 6.3, 6.8, and 7.7. the drug release pattern exhibited an initial burst release of 35% and
a sustained release of 87% over 144 h. [61]. Microcrystalline cellulose (MCC) extracted from banana pseudo stem were
studied for their drug release activity in simulated intestinal fluid at pH 7.4 and found that inclusion of MCC in alginate
beads increased binding of drugs and aided in sustained release of drugs. The MCC exhibited a highest drug release
of 425 mg (Isoniazid) after 6 h. in simulated intestinal fluid [161]. BSF composites loaded with Nirgundi drug exhibited
highest percentage of drug release of 91.15% after 120 min [32]. Drug release kinetics are determined by measuring
absorption spectra at 497 nm using a UV-Visual spectrophotometer. BSF composites demonstrates a sustained release
of embedded agents which prevents microbial biofilm formation and disrupts bacterial and fungal growth mechanisms
[61,62,158].

5.3 MTT assay

MTT results revealed the Chitosan films with 10% banana peel powder exhibited more than 100% cell viability against
NIH3T3 fibroblast cell which reveals its non-toxic nature [144]. Silver nanoparticles synthesized from Capparis zeylanica
L. exhibited a cell viability of 40% on A549 cell line which conformed its cytotoxicity [163]. MTT assay results from BSF
composites with vitex nirgundi drug revealed a cell viability of 140.72 + 1.72% which indicates its non-toxic nature [32].
In addition, BSF suture materials with drug impregnation exhibited a cell viability of 84% against L929 mouse fibroblast
after 72 h of incubation [61].

5.4 DPPH assay

DPPH assay results from raw banana fiber and alkali treated banana fiber samples revealed a free radical scavenging
of 18% and 15% respectively. However, chitosan and gaur gum exhibit about 19% of antioxidant activity. These results
confirm antioxidant behavior of banana fiber [32].

5.5 Tissue regeneration

BSF biomaterials exhibit excellent biocompatibility, with L929 fibroblast viability exceeding 84%, meeting ISO standards
for medical use. Additionally, BSF enhances keratinocyte migration, critical for re-epithelialization and dermal tissue
recovery. BSF demonstrated a hemolysis rate of just 0.78%, well below the permissible limit of 5%, confirming its safety
for direct blood contact. BSF accelerates epithelial cell migration and proliferation, resulting in a 30% faster epithelializa-
tion rate compared to untreated wounds [61]. Furthermore, its ability to align collagen fibers and minimize fibrovascular
tissue width contributes to reduced scarring. Wound healing potential of BSF based bio-composite patch is assessed by
scratch assay and the results revealed that cell migration started after 6 h. and wound closure is achieved after a period
of 48 h. A relative wound width of 41% is obtained for BSF patch which is less compared to control [32]. Furthermore, the
bacterial load in wounds treated with BSF sutures is significantly reduced, as indicated by lower colony-forming units
(CFUs). Further, Tissue regeneration and effective wound healing involves faster wound contraction which expedites
wound healing [152]. In addition, BSF added wound dressing retained required moisture which promoted faster wound
closure and healing [152, 164]. In summary, BSF promotes tissue regeneration by inhibiting bacterial action, disrupting
microbial biofilm formation by antioxidant activity and stimulation of VEGF and FGF. These investigations establish BSF
as a versatile material for wound care and infection prevention.

5.6 Need for phytochemical analysis

Phytochemicals constitute the primary and secondary metabolites obtained from plant sources. Phytochemical analy-
sis is carried out to understand the bioactive constituents of a nature-derived sample responsible for its medicinal
value while its antimicrobial, antioxidant, biocompatibility functions are confirmed by various assays. Phytochemicals
present in pseudo stem extracts differ from that found in fiber. Being a natural fiber, BSF has cellulose bound phenolic
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compounds and lignin-associated antioxidants which are responsible for its bio-activity. Cellulose bound phenolic
compounds are mainly phenolic acids and flavonoids. Literature results depict that insoluble bound-phenolic com-
pounds (IBPs) are more than free phenolic compounds [165]. As these compounds are bound to the cell walls, they
are rich in plant stem and leaves (about 70%) as compared to the food matrix [166]. In addition, researches depict
that phenolic compound-rich foods are also rich sources of dietary fibers [167]. Alkali, acid and enzymatic hydrolysis
are used for quantifying the IBPs. In an experiment, to study IBPs in litchi pulp, acid hydrolysis resulted in 2.6 and
1.9 times more oxygen radical absorbance capacity (ORAC) and cellular antioxidant activity (CAA) compared to free
phenolic extracts [168].

Phytochemical analysis of pseudo stem extract quantifies the amount of free soluble phenolic compounds in the
pseudo stem. Whereas, to understand the phytochemicals in fiber, IBPs profiling of the pseudo stem should be carried
out. IBPs profiling of pseudo stem which quantifies the biological activity of banana stem fiber, remains an open research
question to the best of our knowledge and thus requires research intervention.

5.7 Potential wound healing structures possible from BSF

BSF-based composites show good antioxidant and antimicrobial properties which support their usability for biomedical
applications. The experimental findings, such as its ability to inhibit bacterial growth, accelerate epithelialization, and
sustained drug release, are complemented by clinical results that highlight faster healing rates and infection reduction.
The use of BSF for composites as construction materials, filter membranes, food packaging films, laminates are more
however, research and analysis of banana fiber in biomedical applications is very meagre. Previous researches on use
of natural fibers in biomedical applications highlight that there is plenty of room for investigating the properties and
characteristics of banana stem fiber for biomedical use, both as woven and non-woven products. Research and devel-
opment towards conversion of BSF into various wound healing structures like nano fiber mats, membranes, hydrogels,
films, patches or scaffolds could result in efficient biomedical products.

6 Fabrication of BSF composites for biomedical applications

Banana stem fiber (BSF) has garnered attention as a promising material for wound healing applications due to its bio-
degradability, mechanical strength, and biocompatibility. BSF, when used in composite form, demonstrates enhanced
properties, making it suitable for medical applications such as wound dressings. Series of steps adapted in the devel-
opment of BSF based wound healing composites starts with the selection of materials and follows a series of steps as
detailed in the below section.

6.1 Selection of materials for composite fabrication

Banana fiber being the primary, fixed materials of choice, it is either obtained in fiber form or extracted following appro-
priate method and is made available for further processing.

Selection of matrix material—A biopolymer matrix is to be chosen for the proposed bio-composite. Chitosan, being a
polysaccharide with excellent film-forming capability, antimicrobial properties, and biodegradability, improved flexibility,
tensile strength, and cellular proliferation is a preferred matrix for hybrid patches [131, 169]. Starch, pectin, alginate, and
cellulose derivatives are often blended to customize properties for specific biomedical needs. The use of other biopolymer
matrices could even enable efficient properties and thus seeks research interventions.

Investigating the need and selection of cross-linking: Natural gums introduced with biopolymers enhances the com-
posites overall elasticity, swelling, adhesion and stability. Recent researches have used chitosan +gaur gum that enabled
a strong hydrogen-bonded matrix for BSF reinforcement [32]. Gaur gum, xanthan gum, glycerin are known materials
that could act as good cross-linkers.

Drug selection: Experimental results support the use of drugs with wound healing materials for effective wound heal-
ing. And thus, selection and use of an appropriate drug enable efficient outcomes. Drugs can be either nature-derived
material or formulated chemicals, their adhesion to the base material should be ensured [32, 170].
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6.2 Fabrication of BSF-based wound dressing

Preparation of base & matrix, materials: The first step in processing BSF involves preparing the fibers for further use.
Chemical treatments, surface modification techniques improve the biological activities of banana stem fiber (BSF),
making it more suitable for biomedical applications such as antimicrobial sutures and wound-healing aids. The chosen
biopolymer and cross-linkers are converted to a usable matrix form to hold the fiber reinforcement.

Fabrication of composite: Composites are fabricated following any one of the composite manufacturing techniques
in order to obtain a uniform composite. Methods such as solvent casting, compression molding, and freeze-drying
are used, often employing crosslinking agents like NaOH for stability [61, 67]. BSF composite patches were fabricated
following compression molding at 10 tons of pressure and dried at 45 °C [32]. Films can be created through solvent
casting, followed by cross-linking with NaOH to further strengthen the composite material. Even nano-fiber mats
can be fabricated by adapting appropriate technique.

Drug loading: Herbal extracts or growth factors are incorporated into composites for sustained therapeutic release.
Some examples include Rosemary, Aloe vera, lemon myrtle oil and Vitex negundo L. Drug loading is the third step
in the composite fabrication process [169, 171]. Drug loading can be carried out by repeated absorption and drying
cycles [32] or by adapting drug coating techniques. This process ensures controlled drug release over time, which
is critical for effective wound care.

6.3 Characterization of banana fiber-based composite materials

Once a drug-loaded BSF-composite is fabricated, its physicochemical properties are characterized to ensure its
mechanical strength, stability, reliability and biocompatibility. This can be carried out by various characterization
techniques and based on the results, process conditions and material concentrations that result in fabrication of
composite with desired properties. Most frequently used material characterization techniques are detailed below:

Scanning electron microscopy (SEM): SEM uses an electron beam and scans the sample surface which enables
interaction of the electron beam with the atoms over the sample surface. This interaction produces various signals
that are used to retrieve information about surface morphology and composition of the sample. SEM equipped with
Energy dispersion X-ray spectroscopy (EDS) enables elemental analysis and chemical characterization of samples. With
EDS, the purity of synthesized materials can be found [172]. SEM evaluates surface morphology, and thus changes
in surface morphology resulting from processing and treatment can be found using SEM [173].

Universal testing machine (UTM): Tensile properties reveal a materials strength, ductility and elasticity. These
properties are found by applying steady pressure and recording the breaking point of the material under study.
Various tensile properties include tensile strength, Young’s modulus and elongation at break. Tensile properties are
assessed using a Universal Testing Machine (UTM) [54]. Fibers are cut into standardized lengths and clamped at both
ends before being subjected to uniaxial tension.

X-ray diffraction (XRD): XRD passes X-rays over the samples and measures the diffraction angle and intensities of
the diffracted light. XRD analyses the crystalline structure, orientation, phase composition, analyses strain and detect
defects in the sample under study, which are crucial factors influencing mechanical and thermal properties. It is used
in industries as well as research for identifying unknown materials, characterize and quantify phases in materials [174].

Fourier Transform Infrared Spectroscopy (FTIR): Fourier transform infra-red spectroscopy passes infrared (IR) radia-
tions through the test samples. Some of this radiation is absorbed while some gets transmitted depending on the
constituents of the sample under study. The absorbed energy is converted to vibrational or rotation energy by the
molecules in the sample. The signal after partial absorption is received at the detector as a spectrum, (either trans-
mittance or absorbance) in the range 4000 to 400 cm™, By analyzing the intensity and position (wavenumber) of the
peaks in the spectra in comparison with known reference spectra, functional groups present in the sample as well
as specific compounds in the sample can be identified. FTIR analysis can be used to (i) identify unknown materials,
(i) identify contaminants if any in sample, (iii) monitor or analyze changes resulting from chemical treatments or
chemical reactions over a period of time. FTIR analysis is used to characterize materials for research and development,
pharmaceuticals, to identify unknown materials/pollutants in forensics/environmental monitoring etc., [175]. In this
research, FTIR analysis will be helpful in understanding the functional groups added, removed from the sample after
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each stage of fabrication. In addition, the reactions happening after each stage could be monitored and the presence
of functional groups that induce positive/negative biological activity if any, could be identified.

Thermal and degradation properties: Thermogravimetric Analysis (TGA) is employed to investigate the thermal stabil-
ity, degradation behavior, and suitability of banana stem fibers for composite applications [54, 67, 118].

6.4 Testing for biological activity

Physico-chemically characterized composites are tested for their biological activity. Various tests were conducted to
quantify the biological activity of the developed wound healing material. Microbes for antimicrobial testing are selected
primarily based on their clinical relevance. In addition, representative strains from different groups are chosen. Bacte-
rial species are broadly categorized into two groups (i) gram-negative with outer membrane and (ii) gram-positive
without outer membrane. Gram-negative bacteria are more resistant to antibiotics than gram positive strain. In order
to test a material sample for antibacterial activity, it is normally tested against a species of gram-negative bacteria and
gram-positive bacteria. For instance, bacterial species primarily responsible for wound infections are Staphylococcus
aureus, Pseudomonas aeruginosa, and Streptococcus species. And thus, for studying wound healing activity, all or any
of them is chosen based on availability [176]. Microorganisms for laboratory testing can be obtained from commercial
suppliers like Merck, or from National microbial culture collection and gene bank centers. In India, microbes for labora-
tory use can be obtained from suppliers like Greencraft Labs, Microbial Type Culture Collection and Gene Bank (MTCC,
Chandigarh), or Microbial Culture Collection (MCC, Pune). Some of the most frequently used assays are detailed below:

Test for antimicrobial activity—disc diffusion assay: Disc diffusion assay is the most frequently used test to measure
antimicrobial action of a sample against microbes. This method involves inoculation of microorganisms on agar plates,
followed by placing antimicrobial agent in microbial cultures and measuring the zone of inhibition around the antimi-
crobial agent [177].

Testing drug release activity: UV-visible spectroscopy is used to identify and quantify photo degradation potential,
drug release kinetics of the sample under study by measuring UV light absorbance by the material [178].

Test for cytotoxicity—MTT assay: MTT stands for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. It
is a colorimetric assay that quantifying cell viability percentage resulting from the addition of a wound healing material.
This test reveals the toxic effects (indirectly biocompatibility) if any is created by the newly developed material. The cell
viability is quantified by measuring absorbance at 560 nm using an ELISA reader [179].

Test for antioxidant activity—DPPH assay: DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) free radical scavenging assay
is used for quantifying the antioxidant activity of a material. A spectrophotometer measures the absorption band at
517 nm in order to quantify the degree of discoloration created by the sample [180].

a-Glucosidase assay: a-Glucosidase is responsible for breaking down complex carbohydrates into glucose and thus
inhibition of a-Glucosidase aids in delaying digestion and reducing blood glucose. a-Glucosidase Assay aids in determin-
ing the a-Glucosidase activity of the sample under study by analyzing the colorimetric product (at 405 nm) resulting from
the hydrolysis of p-nitrophenyl-a-p-glucopyranoside [181]. The steps involved in the fabrication of BSF loaded wound
healing patch is given by Fig. 8.

These BSF-based wound dressings hold significant potential for applications in soft tissue repair, particularly for chronic
wounds and burns, as well as in surgical environments for sustained drug delivery. In conclusion, researches emphasizing
wound healing materials from BSF and bioactive compounds could open-up new avenues in biomedical field.

Fig.8 Stepsinvolved in the
fabrication of BSF based
wound healing patch
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7 Challenges and limitations
7.1 Production scalability and processing issues of (BSF)

Banana stem fiber (BSF) is a promising sustainable biomaterial for applications in textiles, biomedicine, and compos-
ites. However, scaling up production and addressing processing challenges remain significant hurdles. These issues
are tied to raw material availability, extraction methodologies, and post-processing limitations.

Raw material availability and harvesting: India, the world’s largest banana producer, generates 30.5 million tons
of bananas annually [182] approximately 26.0% share in the total production between 2015-17, leaving a consider-
able amount of pseudo-stem waste that can be utilized for BSF production. However, this raw material availability is
affected by the seasonal nature of banana cultivation, leading to supply irregularities.

Fiber extraction methods: Large-scale extraction faces numerous challenges. Manual extraction, though widely
used, is labor-intensive and results in inconsistent fiber quality due to variations in technique. Mechanical extraction
methods, which employ specialized machinery [70], offer improved efficiency but require high initial investment,
often prohibitive for small-scale producers. Alkali treatment with 2% NaOH at 95 °C is commonly employed for refin-
ing BSF by removing lignin and hemicellulose, enhancing mechanical properties. However, the process generates
chemical effluents, raising environmental concerns.

Processing challenges: Advanced applications of BSF, such as in biomedical sutures and drug delivery, require pre-
cise surface modifications. For instance, BSF coated with aloe vera (AV) and gum acacia (GA) hydrogels impregnated
with chloramphenicol demonstrated 87% sustained drug release over 144 h [61]. However, such processes demand
advanced facilities and careful quality control. High moisture content in freshly extracted fibers also poses preserva-
tion challenges, as it promotes microbial growth. While low-energy drying methods are cost-effective, scaling these
methods for industrial use remains complex [105].

Quality control and consistency: BSF's mechanical properties, such as tensile strength, vary significantly based
on processing methods [107]. Variations in chemical composition, particularly cellulose and lignin content, further
complicate achieving consistent product quality.

Scaling solutions: Mechanization and automation are critical to improving extraction efficiency and reducing
quality inconsistencies [183]. Thus, scaling solutions is the fifth challenge. Investing in automated machinery for BSF
extraction could streamline production. Collaboration with agro-industries, such as integrating extraction facilities
with banana plantations, can ensure steady raw material supply while lowering transportation costs.

Sustainability and environmental impact: Inherent to every chemical treatment, maintaining sustainability and
reducing environmental impact caused by effluent management from alkali treatments [114, 184] is the sixth chal-
lenge. Developing biodegradable by-products and optimizing chemical usage can mitigate environmental risks.
Initiatives to minimize waste and recycle effluents can enhance BSF’s eco-friendliness. A summary of the list of all
challenges that hurdle the research and development of BSF-based biomaterial development is depicted in Table 6.

In conclusion, while BSF holds immense potential as a sustainable material, addressing challenges in scalability,
environmental impact, and processing efficiency are vital. Technological innovations, sustainable practices, and
government or industry support will be essential to unlock its full potential.

Table 6 Challenges faced Ref. No

Challenges and limitations
in advancing BSF based nges and imitad

biomaterial usage [182] Scalability and processing issues « Supply irregularities
- Seasonal nature of banana cultivation

[70] Fiber extraction methods « Labor—intensive, manual extraction methods,
« Inconsistent fiber quality

[61,105]  Processing challenges « Precise surface modifications
« Processes demand advanced facilities and care-
ful quality control

[107] Quality Control and Consistency « Properties change with processing methods
[114,184] Sustainability and Environmental Impact - Effluent management from chemical treatments
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7.2 Biocompatibility and safety concerns of banana stem fiber

Banana stem fiber (BSF) is increasingly recognized for its potential in biomedical applications like suturing, wound dress-
ings, and drug delivery systems, owing to its biocompatibility and safety. Hemolysis tests on BSF-coated sutures revealed
a hemolysis rate of just 0.78%, well below the ISO standard of 5%, indicating its suitability for blood-contacting use [19].
Scanning Electron Microscopy (SEM) confirmed that BSF does not cause erythrocyte damage. Cytocompatibility, assessed
via MTT assay, showed over 84% cell viability, meeting ISO standards, with BSF promoting fibroblast proliferation due to
active phytochemicals like tannins and flavonoids. BSF-coated sutures and wound dressings exhibited broad-spectrum
antimicrobial activity, with inhibition zones of 29 mm against Staphylococcus aureus and 21 mm against Pseudomonas
aeruginosa. In vivo studies on Wistar albino rats demonstrated accelerated wound healing, reduced inflammation, and
improved collagen deposition [61, 67, 162]. Toxicological assessments, following OECD guidelines, confirmed that BSF
is non-toxic, with no mutagenic or carcinogenic effects. Despite the positive results achieved with BSF composites in
wound healing, safety concerns with the use of BSF based biomaterials include the potential for rare allergic reactions
and microbial contamination of untreated fibers. This makes ensuring biocompatibility and safety concerns to emerge as
seventh hurdle. To address this, sterilization methods and antimicrobial coatings are recommended. Overall, BSF shows
great promise as a safe, sustainable material for medical applications.

7.3 Regulatory and market challenges

The adoption of banana stem fiber (BSF) for industrial and biomedical applications faces several critical regulatory and
market challenges. One significant regulatory obstacle is the lack of standardization regarding BSF’s properties, including
tensile strength and cellulose content. Studies indicate that BSF tensile strength ranges between 400 to 650 MPa, with
cellulose content varying from 60 to 70%, influenced by farming and processing methods [185]. While initial biocompat-
ibility studies show promising results such as cell viability rates around 84% and a hemolysis rate of 0.78%. Obtaining
FDA or EMA approval for medical applications necessitates extensive and costly validations [186].

The processing of BSF involves the use of chemicals, generating effluents that require treatment. For small-scale
operations, treatment costs range between $30,000 and $50,000, contributing to high production costs. The raw banana
pseudo-stems are priced at $0.02-50.04 USD/kg, but processing increases the cost to $0.20-$0.50 USD/kg [187]. Synthetic
fibers like polyester, with greater consistency and tensile strength around 2000 MPa, provide stiff competition [2]. BSF
also contends with natural fibers like flax, achieving tensile strengths up to 1035 MPa [188].

Market challenges include limited consumer awareness and a small market share, currently less than 15% for BSF.
Supply chain inefficiencies, including the seasonal availability of raw materials and decentralized processing, further
inflate costs. To address these challenges, establishing standardized BSF properties, investing in cost-efficient process-
ing technologies, and improving marketing strategies are essential steps. These efforts could bolster BSF's acceptance in
eco-textile applications, biodegradable composites, and medical devices [189]. Focusing on these strategies enhances
the potential for BSF to secure a substantial foothold in both industrial and biomedical markets [190].

8 Future perspectives
8.1 Potential advancements in banana stem fiber based biomaterials

Banana fiber-based materials hold immense promise for biomedical applications due to their biocompatibility, mechani-
cal strength, and sustainability. Future advancements are expected to focus on innovative processing, hybridization with
biomolecules, and scalability for widespread adoption. For instance, cellulose acetate nano-fibers (CANF) derived from
banana pseudo-stems have demonstrated potential in drug delivery systems due to their optimized fiber diameters
(<200 nm) that mimic extracellular matrices and improve drug loading efficiency [191]. Additionally, nanotechnology
integration, such as functional coatings with silver or titanium dioxide nanoparticles, chitosan (CS)/aloin nanofiber mem-
branes (NFMs) for wound dressing can enhance antimicrobial properties and enable self-sterilization capabilities [192].

Hybrid materials incorporating banana fiber are being developed to improve cell adhesion in tissue scaffolds. Coupling
with RGD peptides has shown enhanced biofunctionalization and cell-interaction properties, which are crucial for tissue
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engineering applications [191]. Smart biomaterials responsive to environmental triggers, such as pH or temperature,
have the potential to provide targeted drug release and adaptive scaffolding, particularly when combined with polymers
like chitosan or polycaprolactone for added strength, flexibility, and biodegradability [193].

Emerging applications include 3D bioprinting for creating complex tissue structures and hydroxyapatite-reinforced
banana fiber composites for bone regeneration. Such composites align with sustainability goals through environmen-
tally friendly manufacturing methods, including enzymatic retting, to reduce environmental impact [194]. Multi-layered
wound dressings, advanced drug delivery systems, and medical textiles stand out as potential innovations in patient
care. The eco-friendly nature and global accessibility of banana fiber position it as a transformative material in biomedi-
cal applications.

8.2 Integration of banana stem fiber-based materials with nanotechnology and bioactive compounds

The fusion of banana fiber-based materials with nanotechnology and bioactive compounds has revolutionized biomedi-
cal applications, particularly in wound healing, tissue engineering, and drug delivery. For example, banana fiber-derived
cellulose acetate nano-fibers, electrospun into membranes of 200-300 nm, mimic the extracellular matrix and enhance
cell adhesion and collagen synthesis. Incorporating nanoparticles such as silver (AgNPs), zinc oxide (ZnO) [195], and
carbon-based materials further enhances antimicrobial activity, oxidative stress resistance, and conductivity, crucial for
neural and cardiac tissue applications [196].

Bioactive materials also augment these systems. For instance, herbal extracts like nirgundi and curcumin contribute
antimicrobial and anti-inflammatory benefits, while growth factors like VEGF promote angiogenesis critical for tissue
repair [32, 196]. Additionally, banana fiber composites enriched with RGD peptides and collagen improve cell adhesion
and mechanical strength, effectively mimicking natural tissue environments [197]. These innovations have enabled mul-
tifunctional wound dressings, osteoconductive scaffolds for bone regeneration, and responsive drug delivery systems.
Smart nanomaterials, such as pH-responsive fibers, ensure targeted therapeutic release, and antimicrobial agents like
CHX and antibiotics effectively combat resistant bacteria [198]. The integration of the approaches positions banana fiber
as a transformative material in sustainable and advanced healthcare solutions, emphasizing its utility in next-generation
biomedical applications [198].

8.3 Applications beyond antimicrobial and wound healing (e.g., drug delivery, tissue engineering)

Banana fiber-based biomaterials are gaining recognition for their diverse applications in advanced biomedical fields,
including drug delivery, tissue engineering, and diagnostic technologies, owing to their biocompatibility, mechanical
strength, and adaptability. In drug delivery, banana fiber composites offer controlled, localized delivery with tunable
release rates. For instance, cellulose acetate nanofibers derived from banana pseudo-stems have demonstrated signifi-
cant drug release capabilities, making them suitable for chronic wound therapies [67, 199]. Incorporating pH-sensitive
composites further enables tailored drug release in complex wound environments [200].

In tissue engineering, banana fiber scaffolds have proven effective for bone regeneration, with tensile strengths
exceeding 15 MPa, suitable for load-bearing applications. Combining these scaffolds with carbon nanotubes enhances
their electrical conductivity by 2.5 times, benefiting neural and cardiac tissue engineering. Furthermore, hydrogels com-
posed of banana fiber blended with collagen or chitosan provide supportive frameworks for skin and cartilage regenera-
tion [201]. The application of banana fiber extends to surgical sutures, hemostatic dressings, and biodegradable implants.
With tensile strengths of up to 150 MPa and an 8-12-week biodegradation period, banana fiber-based biomaterials align
well with trauma care needs [202]. Modified biosensor platforms utilizing banana fiber derivatives can detect biomarkers
with high sensitivity, enhancing diagnostic capabilities [203].

Banana fiber supports eco-friendly practices, reducing hospital waste by up to 30% through biodegradable composites
and water filtration systems capable of removing 80% of contaminants. Emerging innovations like 3D bioprinting and
stimuli-responsive systems further strengthen its position in sustainable and advanced healthcare solutions [204]. To
maximize BSF potential in future, several strategies are recommended for exploration which includes,

e Conducting large-scale clinical trials to validate the efficacy and safety of banana fiber-based biomaterials.

e Developing cost-efficient extraction and processing techniques for scalability.
e Creating multifunctional platforms that combine antimicrobial, regenerative, and diagnostic features.
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e Promoting accessibility in low-income regions, leveraging the widespread availability of banana pseudo-stem as
raw material.
e Applications beyond antimicrobial and wound healing (e.g., drug delivery, tissue engineering)

9 Conclusion

The exploration of banana stem fiber (BSF) in biomedical applications reveals its significant potential as a sustain-
able and effective material for various medical uses. Natural fibers, particularly those derived from plants like banana
stems, are gaining traction in the biomedical field due to their unique properties such as biodegradability, biocom-
patibility, and versatility. BSF stands out due to its remarkable antimicrobial activity and its ability to promote wound
healing, making it a promising candidate for wound care applications.

The chemical composition, structural integrity, and mechanical properties of BSF are ideal for enhancing the
durability and functionality of biomedical materials. When properly extracted and treated, BSF exhibits enhanced
antimicrobial efficacy, providing effective defense against a broad spectrum of pathogens. Its potential for biodeg-
radation and compatibility with biological systems further strengthens its role in applications that require minimal
environmental impact.

The process of synthesizing BSF for biomedical purposes involves advanced techniques such as spinning, weaving,
and chemical modifications, which enable the creation of fiber-based materials optimized for wound healing. Research
has demonstrated that BSF, when incorporated into wound dressings, not only accelerates the healing process but also
promotes tissue regeneration, thanks to its ability to retain moisture and facilitate faster granulation tissue formation.
Moreover, the incorporation of bioactive compounds like phenols and flavonoids enhances the fiber’s antimicrobial
properties and contributes to its therapeutic effects. Studies have consistently shown that BSF-based composites out-
perform many synthetic alternatives, offering sustainable solutions to traditional wound care materials. Furthermore, its
ability to form hybrid materials with other natural fibers or bioactive compounds opens doors for even more advanced
applications, such as drug delivery systems and tissue engineering. A primary limitation with functionalized textile is
their limited washing fastness which directly impacts its durability and thus, researches with respect to the incorpora-
tion of natural binders to enhance material durability will increase the usability of natural fibers as functionalized textile.
Secondary challenges include scaling production, ensuring biocompatibility, and overcoming regulatory hurdles.

Despite these obstacles, the future of BSF in biomedical applications looks promising, especially with the potential
for integration with nanotechnology and other bioactive materials. As research continues and innovations emerge, BSF
could evolve into a multifaceted material not only for wound healing but also for broader applications in regenerative
medicine, drug delivery, and tissue engineering.

In conclusion, the diverse and sustainable properties of banana stem fiber make it a compelling material in the grow-
ing field of biomedical engineering. With continued advancements in research and technology, BSF is poised to play a
critical role in the development of eco-friendly and effective biomedical solutions for the future.
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