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Abstract

Polyvinyl alcohol (PVA) has become a potential biodegradable polymer with uses in environmental
technology, medicines, and food packaging because of its superior mechanical strength, biocompatibility,
and film-forming capacity. There has been a lot of interest in adding natural additions such essential oils,
plant extracts, polysaccharides, and mucilage to improve its useful qualities even further. These additives
improve the structural and functional performance of PVA films by imparting bioactivity, such as
antibacterial, antioxidant, and plasticizing properties. Mucilage, in particular, provides synergistic
advantages because of its bioactivity, film-forming capacity, and natural abundance. Incorporating these
natural substances not only improves film performance but also supports global sustainability objectives by
providing non-toxic, biodegradable substitutes for manufactured polymers. This paper examines the potential
of natural additives in culinary, biomedical, and environmental applications while providing a thorough
summary of their kinds, suppliers, and functions in PVA matrices. In order to create responsive, multipurpose
biopolymer films, it also discusses present constraints and potential future research avenues.
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1. Introduction

In response to the worldwide environmental catastrophe brought on by the excessive use of synthetic
polymers, the search for sustainable, environmentally friendly materials has accelerated significantly in
recent years. The unique physicochemical properties of polyvinyl alcohol (PVA), a synthetic but
biodegradable polymer, have made it a leading candidate in the development of biocompatible materials.
These properties include mechanical strength, chemical resistance, excellent film-forming ability, and most
importantly biodegradability and biocompatibility (1). Polyvinyl acetate is hydrolyzed to create PVA, and
the extent of hydrolysis has a significant impact on PVA's solubility, crystallinity, and interactions with other

biopolymers. PVA is a possible substitute in the creation of green materials because, in contrast to many
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conventional synthetic polymers made from petrochemicals, it may break down in aquatic and

microbiological environments. This is especially true when combined with natural materials (2).

The need to improve the sustainability and performance of PVA-based materials has prompted research
into natural additives such as proteins, mucilaginous substances, polysaccharides, and plant-derived extracts.
Among them, plant mucilage has drawn a lot of interest due to its superior water-holding capacity, film-
forming ability, non-toxicity, and natural abundance. Rich in polysaccharides including arabinose, galactose,
xylose, and rhamnose, mucilage is a gelatinous material that is generated by a variety of plants. It functions
as a natural hydrocolloid and is frequently derived from seeds (such as flaxseed, chia, psyllium, and basil),
leaves, or roots (3). Mucilage added to PVA matrices increases the composite films' functional qualities,
including their tensile strength, moisture barrier, and antioxidant or antibacterial activity, in addition to
improving their biodegradability. The incorporation of mucilage into PVA films addresses the growing
demands in various sectors, particularly in the food and pharmaceutical industries, for bio-based materials
that meet sustainability and safety requirements. Conventional plastic films, which greatly contribute to
landfill buildup and environmental contamination, urgently need to be replaced in food packaging. A good
substitute is provided by biopolymer-based films, particularly those reinforced with plant mucilage, which
have desired physicochemical properties while still being non-toxic and biodegradable. To increase shelf life
and guarantee food safety, these films may be designed to have regulated water vapor permeability, oxygen
barrier qualities, and even bioactive functions (4). For instance, active packaging films that preserve food
quality and lessen spoiling can be created by using the antioxidant and antibacterial properties of specific
mucilage types.

Because PVA is non-cytotoxic and compatible with biological tissues, it may be used in pharmaceutical
delivery systems for things like oral drug delivery matrices, transdermal patches, and wound dressings. The
mucoadhesive qualities, swelling behavior, and controlled release profiles of these drug delivery vehicles are
further improved by the inclusion of mucilage. Both PVA and mucilage are hydrophilic, thus when these
hybrid materials are hydrated, they can expand, allowing for the targeted and prolonged release of medicinal
medicines (5). Furthermore, mucilage is advantageous for applications where a low immunogenic response
is essential due to its natural origin and good biocompatibility. The combination of PVA with mucilage allows
for the creation of drug carriers with mechanical characteristics, drug diffusion kinetics, and adjustable
degradation rates all of which are critical for meeting the therapeutic needs of individual patients. Mucilage-
PVA biocomposite films have potential uses in environmental fields in addition to food and medicine. For
example, they might be used in water purification membranes, biodegradable sensors, and agricultural
mulching films due to their minimal environmental impact and biodegradability (6). In the fight against
microplastic contamination and the promotion of circular economies, these applications are essential.
Additionally, mucilage can be used as an emulsifying or stabilizing agent to improve the performance of
biopolymer films in a variety of industrial settings, such as biomedical scaffolding and cosmetics (7).

The final biocomposite films' overall performance is largely determined by the physicochemical
interactions between PVA and mucilage. Strong polymeric networks are made possible by hydrogen bonding,
electrostatic interactions, and possible covalent alterations. These networks may be adjusted by changing the

PVA to mucilage ratio, as well as by using different crosslinking agents, plasticizers, drying techniques, and
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other substances. As a result, the films' mechanical integrity, moisture sensitivity, and degree of crystallinity

may all be tailored for certain end uses. Furthermore, there are several options for creating multipurpose
films with specific qualities due to the inherent variation in mucilage composition depending on the plant

source and extraction technique (8).

2. Natural Additives in PVA Films: Types and Functions

Adding natural ingredients to polyvinyl alcohol (PVA) films has become a viable way to improve their
functional qualities, especially for uses in medicines, food packaging, and environmental sustainability.
These naturally occurring chemicals can give PVA films plasticizing, antibacterial, antioxidant, and other
advantageous qualities. This section explores how these natural additives are categorized, where they come
from, and how they specifically affect the functioning and characteristics of PVA-based films (9).
2.1 Categorization of Organic Substances
Based on their main purposes, natural additives added to PVA films can be roughly classified as follows
(10):
2.1.1 Plasticizers: By lowering intermolecular forces inside the polymer matrix, these substances improve
the PVA films' flexibility and processability.
2.1.2 Antimicrobials: Substances that prolong the shelf life of packaged goods by preventing the
development of bacteria.
2.1.3 Antioxidants: Substances that keep the quality and safety of packaged goods intact by preventing or
slowing down oxidative damage.

2.1.4 Functional Enhancers: Substances that add certain qualities, including color, scent, or UV protection.

2.2 Sources of Natural Additives

The majority of the natural additives used in PVA films come from plant sources, such as (11):
2.2.1 Essential Oils: Derived from fragrant herbs like basil, thyme, rosemary, and oregano, essential oils are
abundant in bioactive substances including phenolics and terpenes that have antibacterial and antioxidant
qualities.
2.2.2 A vast variety of phytochemicals derived from fruits, vegetables, herbs, and spices are included in plant
extracts. Pomegranate peel extract, green tea extract, and grape seed extract are a few examples that are high
in flavonoids and polyphenols.
2.2.3 Polysaccharides: Naturally occurring polymers from plants like flaxseed and okra, such as cellulose,
starch, chitosan, and mucilage, act as both wuseful additives and film-forming agents.
2.2.4 Gums and Resins: Materials such as xanthan gum and gum arabic can serve as emulsifiers and

stabilizers, improving the structural integrity of the film.

2.3 Effects on Film Properties and Functionality
The physical, mechanical, and functional characteristics of PVA films are greatly impacted by the

addition of natural additives:
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2.3.1 Characteristics of the Mechanical: By breaking the hydrogen bonds between polymer chains, natural

plasticizers like sorbitol and glycerol increase the PVA films' elongation and flexibility at break. On the other
hand, a high plasticizer concentration may result in increased water vapor permeability and lower tensile
strength. Chitosan and other polysaccharides can be added to PVA films to increase their elasticity and
mechanical strength. Because chitosan is cationic, it may interact strongly with the anionic groups in PVA,

improving the integrity of the film (12).

2.3.2 Activity of Antimicrobials: Adding natural chemicals to PVA films can greatly increase their
antibacterial efficiency. Essential oils with broad-spectrum antibacterial action against bacteria and fungus
include those derived from thyme and rosemary. It has been shown that adding them to PVA films prolongs
shelf life by preventing microbial development on food surfaces. Because it can break down microbial cell
membranes, chitosan, a naturally occurring polysaccharide, has built-in antibacterial qualities. Chitosan
improves the film's antibacterial activity when coupled with PVA, which qualifies it for use in active

packaging (12).

2.3.3 Properties of Antioxidants: Antioxidant-rich plant extracts can scavenge free radicals and prevent
oxidative processes. Examples of these include green tea and grape seed extracts. By stopping lipid oxidation
and discolouration, their use to PVA films aids in maintaining the quality of perishable goods. The natural
additive's kind and concentration have an impact on these films' antioxidant potential. A compromise between
structural integrity and functionality is required since higher concentrations can impact the film's mechanical

and barrier qualities while also typically increasing antioxidant activity (12).

3. Applications and Future Perspectives

Food packaging, biomedical films, and active packaging systems are just a few of the many uses for
polyvinyl alcohol (PVA) films improved with natural additives, which are quickly becoming a sustainable
substitute for materials based on synthetic polymers. Graph 1 compares the essential functional
characteristics of food packaging, biomedical, and active packaging applications. These PVA-based
biocomposite films have garnered a lot of interest in both academic and industry research because of their
intrinsic biodegradability, film-forming capability, and compatibility with a variety of natural substances.
Researchers have been able to alter and enhance film qualities like mechanical strength, barrier behavior,
bioactivity, and responsiveness by adding natural ingredients like essential oils, plant extracts,
polysaccharides, and biogenic indicators. This has made these materials attractive options for biomedical

systems and next-generation packaging (13).
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Comparative Performance of PVA Films with Natural Additives Across Application Areas
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Graph 1. Comparative Performance of PVA Films with Natural Additives Across Applications

PVA films with natural additives provide a versatile platform for improving food safety and shelf
life in the food packaging industry. These films are particularly good in preventing microbiological spoiling
because of their excellent antibacterial activity (scored 5 out of 5), which is attained by adding ingredients
like oregano oil, clove extract, or cinnamon essential oils. Furthermore, oxidative stability is facilitated by
natural antioxidants such as grape seed extract or green tea extract, which help maintain the quality and
freshness of food. Strong gas and moisture barrier qualities (also rated 5) are displayed by the films, which
are essential for preserving food integrity over time. Furthermore, polysaccharides like starch or chitosan
improve the film's mechanical performance (rating 4) and biodegradability in addition to acting as fillers,
supporting environmental sustainability (14). Even while these qualities make these films great alternatives
to polymers derived from petroleum, there are still certain issues. Volatile additives' stability problems and
food safety regulations prevent them from being widely used. However, these difficulties are increasingly
being lessened by developments in encapsulation technologies and migration control techniques, which has
resulted in the creation of clever and intelligent packaging systems that can respond to environmental changes
or food spoiling (15).

PVA's exceptional biocompatibility (rated 5) and non-toxic properties make it a perfect matrix for a
range of therapeutic and diagnostic applications in the field of biomedical films. Aloe vera, honey, turmeric
extract, and other herbal bioactives are examples of natural additions that offer added therapeutic advantages
including antibacterial, anti-inflammatory, and restorative properties. These properties are particularly
valuable in wound dressing applications, where the film not only protects the injury but also actively
participates in healing by releasing bioactive agents. Such systems' (also scored 5) regulated drug release
capacity is essential to contemporary pharmacological therapies since it allows for the targeted and sustained
distribution of therapeutic compounds. Hydrogel-forming PVA blends, which are crosslinked chemically or
physically and include active molecules that are released gradually in response to physiological
circumstances, are commonly used in the design of these systems. Sterilization requirements, material

stability over time, and adherence to stringent pharmaceutical and medical laws are some of the particular
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difficulties faced by biomedical applications. Notwithstanding these drawbacks, advancements in

bioresponsive materials and nanotechnology are anticipated to increase the application of PVA-natural
additive composites in fields including implantable devices, transdermal patches, and tissue engineering. To
assess these materials' long-term biocompatibility and in vivo degradation behavior, more investigation is
required (16).

With the emergence of active packaging systems, responsive and intelligent material design has
advanced significantly. In these systems, the packaging not only works as a passive barrier but also engages
in dynamic interactions with the environment or its contents. In order to enable real-time monitoring of food
freshness and quality, PVA films are being developed to integrate intelligent additives including pH-sensitive
indicators, enzyme sensors, and spoilage-detecting dyes. Given the increasing potential of these films to
improve consumer safety and reduce food waste, the integration of such sensor systems has a high rating of
(5). Furthermore, antibacterial and antioxidant components are frequently combined in active packaging
films, which prolong shelf life by continuously interacting bioactively with the food surface (17). The
development of such systems is still in its infancy, though, and there are still many obstacles to overcome in
the areas of sensor accuracy, cost, customer acceptability, and additive compatibility. Making sure these
sensors continue to work throughout the product's shelf life and that their presence doesn't affect the
mechanical or barrier qualities of the packaging is one of the biggest challenges. Notwithstanding these
problems, a rapidly developing field that points to a bright future for intelligent packaging solutions based
on natural additives and biodegradable polymers like PVA is the integration of Internet of Things (IoT)
technologies with packaging systems like NFC-enabled health indicators or QR-coded freshness sensors
(18).

Future studies should concentrate on creating responsive and multipurpose films that combine
mechanical durability with a variety of active characteristics, such as barrier, antibacterial, antioxidant, and
sensory properties, all of which are suited to certain end-use applications. Advanced characterisation
methods, such as nanostructure studies, bioavailability evaluations, and in-situ monitoring of additive
migration, are also highly needed. Additionally, assessing the sustainability and environmental effect of these
materials two factors that continue to be major drivers of their acceptance in international markets will need

the completion of life cycle assessments (LCA) and biodegradation studies (19).

4. Conclusion

The improvement of polyvinyl alcohol (PVA) films with natural additives is a compelling technique
for generating multifunctional, biodegradable materials appropriate to a wide variety of applications. Bio-
based substances like essential oils, plant extracts, polysaccharides, and especially mucilage can be added to
these films to increase their mechanical strength, barrier qualities, and bioactivities including antioxidant and
antibacterial effects. This makes them ideal for vital industries including medicines, food packaging, and
environmental sustainability. Even with significant advancements, issues with additive stability, legal
compliance, and widespread industrial usage still exist. Nonetheless, intriguing avenues for progress are
provided by developments in sensor integration, bioresponsive systems, and encapsulation technologies.

Future studies should concentrate on designing intelligent packaging solutions that support global
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sustainability goals, evaluating environmental implications through life cycle analysis, and optimizing

formulations for particular uses. The continued exploration of natural additive PVA composites offers great

promise for replacing conventional plastics with safer, greener, and more efficient alternatives.
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