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KEYWORDS ABSTRACT:
F{?Od :a fety, chemical In the food industry, biodegradable and edible films have become viable substitutes for traditional
ir.ugra ll on., | risk plastic packaging. Although their advantages for the environment are widely known, worries about
oxicological 1is their chemical safety and possible toxicological hazards have grown in importance. With an
assessment, . . . .
biodegradable film emphasis on the consequences for human health, this review critically evaluates recent research
u? cefadable Lms, (2020-2025) on the migration of chemicals from these films into food matrices. We examine the
edible films, . . . . . .. .
) kinds of chemicals that migrate, the variables affecting migration rates, and the risk assessment
biopolymers, and . . . .
lat candard techniques used. Regulatory frameworks and the necessity of standardized testing procedures to
fegtiatory stahdards guarantee consumer safety are also covered in the review. In order to guide future advancements in
food packaging materials, this paper attempts to provide a thorough understanding of the safety
profile of edible and biodegradable films by synthesizing existing research.
1. Introduction biopolymers including polysaccharides and proteins and

lipids provides an effective solution to this problem.
The films provide environmental advantages while
meeting the growing consumer demand for eco-friendly
and secure packaging solutions [2].

The search for sustainable food packaging alternatives
has become more urgent because of rising
environmental and health problems that result from
petroleum-based plastics. Traditional plastics deliver

strong mechanical performance and barrier capabilities Biodegradable and edible films operate as essential
yet they create major environmental contamination components in food systems because they -create
while exposing people to dangerous chemicals that moisture and gas barriers while providing physical
leach into their food [1]. The development of protection and active functions like antimicrobial and
biodegradable and edible films from renewable antioxidant effects [3]. The creation of composite and

534



Journal of Chemical Health Risks

www.jchr.org

JCHR (2025) 15(6), 534-541 | ISSN:2251-6727

nanocomposite materials emerged from recent
technological progress which allows scientists to add
nanoparticles and bioactive substances for enhanced
functional properties [4]. The addition of additives and
crosslinkers and nanomaterials into food systems
generates major chemical safety issues because these
substances can move into food products and trigger
toxic reactions [5].

Chemical migration from packaging materials into food
products is a critical factor influencing consumer safety.
The migration of food contaminants occurs when non-
intentionally added substances (NIAS) together with
residual monomers and plasticizers and crosslinking
agents and degradation products and nanoparticles
move into food during specific storage conditions of
temperature and pH and humidity or during food
processing operations [6]. The substances create health
dangers to humans because they cause endocrine
disruption and cytotoxicity and genotoxicity and
allergenicity when people are exposed to them
continuously over time [7]. The evaluation of edible and
biodegradable packaging safety depends on three
essential steps which include the study of migration
mechanisms and exposure measurement and detailed
toxicological testing.

The European Food Safety Authority (EFSA) and the
U.S. Food and Drug Administration (FDA) have created
worldwide standards for food contact material
assessment which include migration testing methods
and exposure limits and NIAS evaluation procedures
[7]. The variety of biopolymers combined with their
different additives and production techniques makes it
difficult to create universal safety evaluation standards.
The development of active and nanocomposite films has
created additional complexity in safety assessments
which requires new studies to evaluate chemical
migration and exposure and toxicological effects [8].

1.1 Recent Global Trends and Market Outlook

The demand for biodegradable and edible films has
surged over the past decade due to heightened
environmental awareness, regulatory restrictions on
single-use plastics, and consumer preference for
sustainable  packaging [8]. The  worldwide
biodegradable packaging market will experience a 7 to
9 percent annual growth rate from 2023 through 2030
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according to market research which shows that food and
beverage uses will lead this expansion [2].

Advances in biopolymer extraction, formulation, and
functionalization have allowed for films with enhanced
mechanical and barrier properties, making them
increasingly competitive with conventional plastics.
The development of smart edible films that contain
antimicrobial substances and antioxidants and
pH/temperature sensors has emerged as a new
packaging trend which enhances both food quality
monitoring and product shelf-life maintenance [5].

The advancement of technology faces major obstacles
when it comes to widespread implementation because
of problems with chemical security and material
movement and legal requirements. Raw material quality
differences together with production techniques and
nanomaterial and bioactive compound integration affect
migration patterns which makes toxicity evaluation
more difficult [9]. The challenges demonstrate the
necessity for thorough systematic studies which
examine chemical migration and human exposure and
related health risks when wusing edible and
biodegradable films.

The development process requires chemical safety and
toxicological evaluation to protect consumers while
achieving regulatory approval and market acceptance.
The review presents a comprehensive assessment of
research conducted between 2020 and 2025 which
examines the safety aspects and toxicological dangers
of biodegradable and edible films. The discussion
includes material composition analysis together with
chemical migration types and analytical methods and
toxicological effects and risk assessment systems and
regulatory requirements. The review of existing
knowledge enables researchers to determine their next
steps while creating safety standards and advancing
sustainable food packaging materials toward market
readiness [2].

2. Objectives

Biodegradable and edible films consist mainly of
biopolymers which are combined with plasticizers and
crosslinkers and other substances to improve their
mechanical strength and barrier performance. The
evaluation of safety profiles requires understanding
chemical composition because food contamination
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occurs from residual monomers and additives and
degradation products [10].

2.1 Polysaccharide-Based Films

Polysaccharides including starch and cellulose and
chitosan and alginate and pectin and gums find
extensive application because they create films while
being compatible with biological systems [11]. The
films made from starch materials break down easily in
the environment but they absorb water because of their
hydrophilic nature which affects both water absorption
and water-soluble additive migration. The films made
from  chitosan  exhibit natural  antimicrobial
characteristics but they need plasticizers such as
glycerol which tends to move into food items when
exposed to high heat [12].

2.2 Protein-Based Films

Proteins including gelatin, whey protein, casein, soy
protein, and zein offer superior mechanical strength and
oxygen barrier properties (Usman, 2025). Crosslinking
agents such as glutaraldehyde and genipin are used to
improve film stability, but residual crosslinkers may
pose migration risks. The evaluation of edible films
which contain proteins for allergenic potential requires
complete risk assessment procedures because proteins
contain allergenic substances [9].

2.3 Lipid and Composite Films

Lipids such as waxes and fatty acids are incorporated to
improve water vapor barrier properties. Lipid-based
films prevent hydrophilic compound movement yet
enable lipophilic substances to pass through including
active agents and degradation products [8]. Composite
films that combine polysaccharides/proteins with lipids
or nanoparticles  produce  better  functional
characteristics yet establish various migration pathways
[13].

2.4 Nanocomposite and Active Films

The combination of nanofillers such as nanoclays and
cellulose nanocrystals with ZnO and TiO: nanoparticles
and bioactive compounds including antimicrobials and
antioxidants results in superior mechanical and barrier
performance. The components have the ability to move
through the system under specific conditions which
results in toxic effects on cells and DNA damage and

536

oxidative damage [2]. The size of nanoparticles together
with their surface chemistry and concentration levels
determine how they will move through migration. The
existing regulations for nanomaterials used in food
contact materials lack sufficient coverage which creates
a need for thorough toxicological assessments [12].

3. Chemical Migration from Biodegradable and
Edible Films

Chemical migration refers to the movement of
substances from films into food products which depends
on the composition of the film and the type of food and
the storage conditions and processing methods [13].

3.1 Types of Migrating Chemicals

The chemicals that migrate from materials consist of
leftover monomers and oligomers as well as plasticizers
and solvents and crosslinking agents and degradation
products and nanoparticles and non-intentionally added
substances (NIAS) [6].

3.2 Factors Influencing Migration

e Migration depends on diffusion Kinetics,
solubility, and chemical interactions:

o Temperature: The diffusion rates of materials
increase when temperatures rise [5]

o Contact duration: The amount of time spent
storing items leads to higher total migration
[7]-

e Food matrix: The migration of lipophilic
compounds becomes more pronounced in fatty
foods while aqueous foods promote the
migration of hydrophilic substances

e Film thickness and crystallinity: Thicker films
reduce migration; amorphous regions facilitate
diffusion

¢ pH and ionic strength: Can accelerate
hydrolysis or polymer degradation

3.3 Analytical Techniques for Migration Detection
Quantifying migrated substances is critical for
toxicological evaluation. The following techniques
serve as fundamental methods for this purpose:
» High-Performance Liquid Chromatography
(HPLC) for residual monomers and additives
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» The analysis of volatile and semi-volatile
compounds requires Gas Chromatography-
Mass Spectrometry (GC-MS)

» Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) for metal
nanoparticles

» Non-targeted metabolomics and spectroscopy
for unexpected NIAS or degradation.

3.4 Toxicological Implications of Migration

Migrated substances can lead to human exposure,
causing:

» Plasticizers and leftover monomers in plastics
cause endocrine system problems when they
enter the body

» Nanoparticles together with their breakdown
products produce toxic effects which affect
both DNA and cell survival according to Prieto
and colleagues in 2023.

» Protein-based  films  create  allergenic

substances which pose the highest risk to
people who have allergies

3.5 Risk Assessment Considerations
Accurate risk assessment demands the following
essential components:

» The research by Lestido-Cardama et al. (2025)
provides data about the daily amount of
substances that migrate into the environment.

» Research by Prieto et al. (2023) compares the
results to established safety levels called
tolerable daily intake (TDI) and acceptable
daily intake (ADI).

» The analysis needs to consider accumulated
exposure from different packaging materials.

» The analysis needs to include uncertainty
factors which represent human sensitivity
differences and toxicological data gaps
accordingly

4. Risk Assessment Methodologies & Regulatory
Perspectives

Biodegradable and edible film safety assessment needs
a complete evaluation process which includes chemical
testing and toxicological studies and exposure
monitoring and adherence to regulatory standards. The
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following section presents key evaluation methods
together with the regulatory standards which serve to
assess these materials.

4.1 Risk Assessment Methodologies

The evaluation method called Risk assessment operates
through a structured process to determine how
chemicals from packaging materials create harmful
effects when they enter food products. The process
usually involves four main steps which start with hazard
identification followed by dose-response assessment
and exposure assessment and risk characterization [14].

4.1.1 Hazard Identification

Hazard identification includes the process of finding
chemicals which create health dangers through these
components:

» The first step in the identification process
involves detecting leftover monomers and
oligomers.

» The process requires the identification of
plasticizers and solvents during the
assessment.

» The identification process requires the
detection of crosslinking agents which are
present in the materials.

» The identification process needs to find
nanoparticles ~ which include  bioactive
substances.

» The identification process needs to detect both
degradation products and NIAS substances.

» The identification process requires analytical
methods to identify hazards.

» HPLC and GC-MS techniques measure
monomers and plasticizers and solvents.

» The technique of ICP-MS allows scientists to
find metal nanoparticles within samples.

» Scientists use NMR and FTIR spectroscopy to
determine the chemical structures of polymers
and NIAS substances.
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Table 4.1: Analytical Methods for Hazard
Identification

Chemical Type Analytical | Purpose

Technique

Residual monomers | HPLC Quantification

Plasticizers/solvents | GC-MS

Identification and

quantification
Nanoparticles ICP-MS Metal content
analysis
Degradation NMR/FTIR | Structural
products characterization
NIAS In  silico | Predict toxicity

modeling

4.1.4 Risk Characterization

Risk characterization integrates hazard and exposure
data to determine potential health risks. Metrics include:

e Estimated Daily Intake (EDI)
¢ Margin of Safety (MoS)

e Comparison with Tolerable Daily Intake (TDI)
or Acceptable Daily Intake (ADI)

Table 4.2: Example of Risk Characterization for
Migration of Plasticizers

4.1.2 Dose-Response Assessment

Dose-response assessment establishes the relationship
between chemical exposure levels and adverse effects.
Relevant toxicological endpoints include:

e Cytotoxicity (cell viability)
®  Genotoxicity (DNA damage assays)

e Endocrine disruption (hormone receptor
assays)

e  Ogxidative stress (ROS generation assays)

Experimental studies on edible films often employ in
vitro models (Caco-2, HepG2 cells) and in vivo animal
studies to quantify dose-dependent effects [15].

4.1.3 Exposure Assessment

Exposure assessment estimates the amount of chemical
ingested by consumers through food packaging. Key
factors include:

e  Migration levels (mg/kg of food)

e Food consumption patterns (daily intake,
population demographics)

e Contact time and temperature (storage and
processing conditions)

Mathematical models, such as Fick’s law of diffusion,
are frequently applied to predict chemical migration
from films into food [16].
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Chemica | Migratio | EDI TDI Risk
1 n (mg/kg | (mg/day | (mg/day | Leve
food) ) ) 1
Glycerol | 2.5 0.03 1.0 Low
PEG 400 | 0.8 0.01 0.5 Low

4.2 Regulatory Perspectives

International regulatory frameworks provide guidelines
for the use of biodegradable and edible films in food
packaging. Key agencies include:

e European Food Safety Authority (EFSA):
Establishes rules for food contact materials,

including migration limits and evaluation of
NIAS (EFSA, 2023).

e U.S. Food and Drug Administration (FDA):
Provides regulations under Title 21 CFR for
food contact substances and requires pre-
market notification for novel materials

e Codex Alimentarius: Offers global guidance
on food packaging safety and acceptable
migration limits.

4.3 Regulatory
Biodegradable/Edible Films:

Requirements for

1. Composition disclosure: Complete list of
polymers, additives, and nanoparticles.

1o

Migration testing: Both specific and overall
migration tests under realistic conditions.

3. Toxicological evaluation: Including NIAS and
degradation products.
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4. Labeling: Indicating edibility and storage
requirements.

4.4 Challenges and Future Directions

e Lack of standardization: No uniform protocols
for migration testing of composite and
nanocomposite films.

e Emerging contaminants: NIAS and
nanoparticle  migration remain  under-

researched.

e Integration of in silico and experimental data:
Needed to accelerate safety assessment while
reducing animal testing.

e Global harmonization: Aligning EFSA, FDA,
and Codex requirements to facilitate
international commercialization.

5. Future Perspectives

Biodegradable and edible films are a rapidly evolving
area in sustainable food packaging. Recent advances
have improved their mechanical properties, barrier
performance, and  functionalization. = However,
challenges remain in chemical safety, migration, and
regulatory compliance. Future research directions
include:

5.1 Advanced Materials Development

Composite films: Combining polysaccharides, proteins,
and lipids to optimize water vapor, oxygen, and
mechanical barriers [17].

Nanocomposites: Incorporation of nanoparticles (ZnO,
TiO:, cellulose nanocrystals) to enhance barrier and
antimicrobial properties while ensuring minimal
migration [18].

Active and intelligent films: Embedding bioactive
agents such as antioxidants, antimicrobials, and
pH/temperature indicators for real-time food quality
monitoring [19]

5.2 Chemical Safety and Migration Studies

v Systematic evaluation of NIAS, residual
monomers, and plasticizers in edible and
biodegradable films.

539

v" Development of standardized migration testing
protocols simulating real-life storage and
processing conditions.

v Integration of in silico toxicology, in vitro
assays, and in vivo models to predict long-term
exposure risks.

5.4 Sustainability and Life Cycle Assessment

Life cycle assessment (LCA) of biodegradable films to
ensure environmental benefits do not compromise food
safety.

Use of renewable and food-grade raw materials to
reduce chemical risk while maintaining performance
[20].

Table 5.1: Future Research Priorities for
Biodegradable & Edible Films

Focus Area Research Expected

Need Outcome

Composite & | Optimize Enhanced shelf life
nanocomposite | mechanical & | & safety

films barrier
properties
Chemical Standardized | Reduced  human
migration testing & | exposure risk
toxicological
studies
Regulatory Global Streamlined
harmonization guidelines for | commercialization
novel
additives

Sustainability Life cycle | Eco-friendly &

assessment safe packaging

6. Conclusion

Biodegradable and edible films represent a sustainable
alternative to conventional plastics in food packaging,
offering both environmental and functional benefits.
However, chemical safety and toxicological risk
assessment are critical for ensuring consumer
protection. Key conclusions from this review include:
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Composition matters: Polysaccharides, proteins, lipids,
and nanoparticles determine both  functional
performance and potential migration risks . Migration is
multifactorial: Temperature, food matrix, storage
conditions, and film thickness all influence chemical
migration into food. Risk assessment is essential:
Hazard identification, exposure assessment, dose-
response evaluation, and risk characterization provide a
systematic framework for chemical safety evaluation.
Regulatory compliance ensures safety: Alignment with
EFSA, FDA, and Codex guidelines is necessary for
commercialization of edible and biodegradable films.
Future research should focus on standardizing migration
studies, evaluating emerging contaminants (NIAS,
nanoparticles), and integrating sustainability with
chemical safety. The successful development and
commercialization of edible and biodegradable films
require a holistic approach that balances functionality,
safety, and environmental sustainability. With
continued innovation, rigorous risk assessment, and
regulatory oversight, these materials can play a pivot
role.
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