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ABSTRACT 

In the context of the circular economy and the increasing demand for safe and sustainable packaging, this work addresses the safety 
assessment of food contact materials (FCMs) derived from agro-industrial by-products. Despite growing interest in these bio-based 
materials, the literature still lacks a structured safety-assessment framework able to account for substrate-related contaminants, 
microbial processing, and downstream impurities. The novelty of this work lies in applying the European Food Safety Authority 
(EFSA) Technical Report perspective on natural mixtures to two representative case studies: bacterial cellulose (BC) produced by 
Komagataeibacter spp., as a promising microbial biopolymer for food packaging application, and nisin produced by Lactococcus 
lactis subsp. lactis , as an antimicrobial peptide, to functionalize the packaging material. This study aims to evaluate whether the 
EFSA-oriented framework can support the identification of potential substances of concern across the production chain when 
cellulose is produced starting from agro-industrial waste or nisin is applied. For this, a systematic literature review (SLR) was 
conducted to investigate potential substances of concern from agro-industrial substrates through fermentation to the final activated 
materials. The findings highlight the need to characterize natural carbon sources, including pesticide residues, consider the 
qualified presumption of safety (QPS) status of production microorganisms, and assess metabolites and fermentation by-products. 
The behavior of these substances during processing and their potential migration into food are critical aspects. A preliminary 
safety assessment at early development stages is therefore essential to guide material design and regulatory compliance. Overall, 
this study provides a practical framework to support researchers, developers, and risk assessors in identifying safety concerns and 
improving the regulatory readiness of innovative bio-based FCMs. 
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 Introduction 

n 2023, 79.7 million tons of packaging waste were generated
n the EU. The largest share of this was made up of paper and
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ited. 
2026 The Author(s). Comprehensive Reviews in Food Science and Food Safety published by Wiley Perio

omprehensive Reviews in Food Science and Food Safety , 2026; 25:e70480 
ttps://doi.org/10.1111/1541-4337.70480
cardboard, amounting to 32.3 million tons. This corresponded
to 40.4% of the total. There were also substantial amounts of
plastic packaging waste, at 15.8 million tons (19.8%), glass at
15.0 million tons (18.8%), and wood at 12.6 million tons (15.8%;
its use, distribution and reproduction in any medium, provided the original work is properly 
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urostat 2023 ). The rise of single-use packaging has strained
he waste management system, complicating recycling due to
he complexity of materials and infrastructure limitations. This
ssue has been exacerbated by the growing popularity of food
elivery services during the Coronavirus disease 2019 pandemic
COVID-19), which contributed to an increase in single-use
lastics, including complex or multilayer materials that are often
ifficult to recycle due to material composition or contamination
ith food residues (European Commission Joint Research Centre
024 ; Sharma et al. 2020 ). Nonbiodegradable polymers pose
ignificant environmental risks due to their limited recyclability
nd persistence in ecosystems (Sharma et al. 2025 ). To address
hese issues, the European Union launched the “European Green
eal” in 2019, prioritizing circular economy strategies (Fetting
020 ; Olczyk and Kuc-Czarnecka 2025 ). A key focus is reducing
ingle-use packaging and promoting reusable alternatives, such
s reusable container systems, deposit-return schemes, and refill-
ased packaging models, to mitigate the environmental and
ealth impact of plastic waste. However, the sustainability of
uch solutions depends on factors such as the actual number
f reuse cycles, collection efficiency, and resource consumption
or cleaning, sanitization, production, and transportation (Sinha
024 ). 

eyond packaging, agricultural and food waste represent major
lobal challenges, both in terms of resource inefficiency and
nvironmental impact. Recent estimates indicate that approxi-
ately one-third of all food produced globally is lost or wasted,
orresponding to nearly 1.3 billion tons per year (Dey et al. 2025 ;
ilemile et al. 2025 ). This issue is expected to intensify, as global
ood production will need to increase significantly by 2050 to meet
he demands of a projected population of 9.7 billion people. 

educing agricultural and food waste is therefore a key compo-
ent of circular economy strategies, promoting the recovery and
alorization of valuable compounds and contributing to more
ustainable resource use. In this context, technological advance-
ents have enabled the conversion of agri-food by-products into
alue-added materials (Boudalia et al. 2026 ; Ligarda-Samanez
t al. 2025 ). These materials can be directly extracted from
iomass or synthesized through microbial fermentation using
gri-food residues as carbon sources, opening new opportunities
or sustainable food packaging applications (Brugnoli et al. 2023a ;
ehdizadeh et al. 2026 ). 

uch processes can generate a wide range of products, including
iopolymers, bioactive compounds, organic acids, and antimicro-
ial peptides, which have applications across food, packaging,
harmaceutical, cosmetic, and feed sectors (Adeyeye and Sankar-
anesh 2026 ; Brugnoli et al. 2023b ; Gottardi et al. 2022 , 2023 ;
yewole et al. 2026 ; Rossi et al. 2024 ; Siroli et al. 2022 ; Younis
t al. 2026 ; Zotta et al. 2020 ). 

owever, the large-scale implementation of these processes
emains challenging. Variability in waste composition, seasonal
vailability of raw materials, and the need for consistent process
ontrol can affect both technical feasibility and economic viabil-
ty. In this regard, advances in biotechnology have enabled the
ontrolled production of biopolymers such as alginates, bacterial
ellulose (BC), and gellans, allowing improved control over
aterial properties and functionality (Brugnoli et al. 2023b ; Gullo
of 35
et al. 2018 ; Panda et al. 2024 ; Sharma et al. 2026 ; Younis et al.
2026 ). 

An innovative natural polymeric material gaining special interest
in the food industry and food packaging is BC, that is, cellulose
produced from microbial fermentation. Recent studies have
shown that the composition and interaction of microbial com-
munities involved in fermentation processes, including yeasts,
acetic acid bacteria, and lactic acid bacteria, can significantly
influence metabolite production and process efficiency, thereby
affecting the properties and yield of bio-based materials (Lasagni
et al. 2024 ; Njieukam et al. 2024 ; Signorello et al. 2026 ). BC
offers good mechanical, physical, and barrier properties, making
it highly suitable for food packaging. Its unique structural
characteristics provide an effective moisture and oxygen bar-
rier, enhancing packaging performance. Additionally, BC can
incorporate and release antimicrobial agents, prolonging their
activity and improving food preservation. Beyond antimicrobial
applications, BC can also be functionalized with inorganic com-
pounds or nanoparticles to tailor its physicochemical properties,
further expanding its potential applications (Barbi et al. 2025 ;
Haghighi et al. 2021 ; Xing et al. 2026 ; Zhao et al. 2026 ). Such
active packaging helps in extending the shelf life and improving
the nutritional and sensory properties of food by preventing or
inhibiting the growth of pathogenic and spoilage microorgan-
isms, ensuring food safety throughout the distribution chain
(Patrignani et al. 2016 ; Siroli et al. 2017 , 2023 ). Bacteriocins such
as nisin have gained attention due to their strong inhibitory effect
against pathogenic microorganisms. Nisin has been widely used
for over six decades as a food preservative, retaining its stability
and activity even after pasteurization and sterilization, which
makes it particularly suitable for integration into polymer-based
antimicrobial packaging (Bukvicki et al. 2023 ; Gottardi et al. 2021 ;
Siroli et al. 2019 , 2020 ). 

Bio-based food contact materials (FCMs) and articles are EU-
regulated to ensure their food safety. The framework Regulation
(EC) No 1935/2004 ( Regulation (EC) No 1935/2004 ) requires that
materials do not transfer their constituents to food in quantities
that could endanger human health. Additional EU measures
(e.g., for plastics and active materials) may also apply to bio-
based materials such as BC and nisin. These materials are
subject to European Food Safety Authority (EFSA) evaluation
prior to authorization by the European Commission (EC), and
data must be submitted in accordance with EFSA guidance
( European Food Safety Authority (EFSA) 2021 ). Moreover, since
bio-based materials derived from agri-food by-products are often
complex mixtures with variable and partially uncharacterized
composition, EFSA published in 2023 a Technical Report outlin-
ing principles for the safety assessment of mixtures of natural
origin used in FCM production ( European Food Safety Authority
(EFSA) et al. 2023 ). These principles are therefore relevant for the
safety assessment of such materials. 

Despite the increasing interest in bio-based FCMs obtained from
agro-industrial by-products, the current literature predominantly
focuses on material performance, functionality, and sustainability
aspects, while the safety assessment of these materials remains
insufficiently structured. Limited attention has been given to the
systematic identification of potential substances of concern across
the entire production chain, including substrate-derived con-
Comprehensive Reviews in Food Science and Food Safety, 2026
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FIGURE 1 Overview of the biorefinery-driven valorization chain converting agri-food waste into functional biopolymers. Agro-industrial by- 
products are used as substrates for microbial fermentation, yielding bacterial cellulose (BC), and nisin, which can be incorporated into bio-based food 
contact materials. The resulting food packaging solutions require a thorough safety assessment according to European Food Safety Authority (EFSA) 
principles. 
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aminants, microbial metabolism, and downstream processing
esidues. In this context, the present study addresses this gap by
pplying the principles outlined in the EFSA Technical Report on
atural mixtures to two representative case studies: BC produced
y Komagataeibacter spp. and nisin produced by Lactococcus
actis subsp. lactis . The novelty of this work lies in combining
n EFSA-oriented safety perspective with a systematic literature
eview (SLR) to map potential hazards from agro-industrial
ubstrates to the final FCM. This approach aims to evaluate
hether such a framework can support the early identification
f safety-relevant issues and contribute to the safer-by-design
evelopment of innovative bio-based FCMs. 

ore specifically, the study considers three main stages of the
roduction chain: (i) the composition and potential contamina-
ion of agro-industrial by-product substrates, (ii) the microbial
ermentation process, including the identity and qualified pre-
umption of safety (QPS) status of the production organisms and
he formation of metabolites, and (iii) downstream processing
nd recovery, with particular attention to residual substances and
heir potential migration into food. The applicability of the EFSA
echnical Report approach is evaluated based on its ability to sys-
ematically identify relevant categories of substances of concern
cross these stages, to highlight key knowledge gaps affecting
afety assessment, and to support a structured understanding
f the link between process parameters and potential risks. The
tudy does not aim to provide a full regulatory risk assessment,
ut rather to explore the suitability of this framework for the
arly-stage safety evaluation of innovative bio-based FCMs. 

y doing so, this study provides a practical and structured frame-
ork to support researchers, developers, and risk assessors in
esigning safer bio-based FCMs and in improving their regulatory
eadiness (Figure 1 ). 

ven if only the EFSA approach is described, this framework
rovides a comprehensive and well-structured model for food
afety evaluation within the European Union. However, many
f its core principles—such as evidence-based risk assessment,
ransparency, and precaution—are shared across international
omprehensive Reviews in Food Science and Food Safety, 2026
agencies, and the EFSA framework itself is often considered
a reference model or benchmark in the development and
harmonization of food safety assessment approaches worldwide. 

2 Adopted Systematic Approach 

2.1 Bio-Based Food Contact Materials 

Bio-based FCMs are obtained from renewable biological
resources, including plant and animal biomass, often originating
as side-streams of agri-food production. Unlike fossil-based
plastics, these materials may provide low- or zero-carbon
alternatives and offer biodegradability or compostability
( European Food Safety Authority (EFSA) et al. 2023 ). However,
their natural origin does not guarantee safety, since they are
often complex mixtures with variable and partly uncharacterized
composition. Production may involve physical operations
(extraction, purification) or microbial fermentation, both of
which can intentionally or unintentionally modify their chemical
profile and introduce potential safety concerns (Berenguer et al.
2023 ; Lee et al. 2022 ). 

In this study, four agri-industrial by-products—whey, brewer’s
spent grain (BSG), wine marc and lees, and olive pomace—were
considered as representative potential fermentation substrates.
These residues are generated in large volumes by key European
food chains (dairy, brewing, winemaking, and olive oil produc-
tion). Their valorization supports circular economy objectives
while raising relevant food safety questions due to their heteroge-
neous composition and possible contamination with pesticides,
mycotoxins, or processing residues (García-Bernet et al. 2024 ;
Ladakis et al. 2020 ; Parfitt et al. 2018 ; Rao et al. 2021 ). 

Within this context, BC and nisin were selected as case studies
because they are promising bio-based substances for food pack-
aging applications, both obtained via microbial exploitation and
already authorized or investigated for food-related uses. Their
different nature—a structural biopolymer and an antimicrobial
peptide—also allows covering two complementary functional
3 of 35
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oles in FCMs: passive barrier reinforcement and active microbial
nhibition (Azeredo et al. 2019 ; Gullo et al. 2018 ; Huang et al. 2024 ,
025 ; Infante-Neta et al. 2024 ; Wang et al. 2025 ; Xing et al. 2026 ).
t the same time, both raise specific safety considerations linked
o variability in composition, processing conditions, and poten-
ial impurities, making them suitable models for a systematic
valuation (Pandey et al. 2025 ; Wang et al. 2025 ). 

C is a natural polymer biosynthesized by Komagataeibacter
pp. through microbial fermentation of carbohydrate substrates
Gullo et al. 2017 , 2018 ; Njieukam et al. 2024 ). Compared to
lant-derived cellulose, BC is highly pure and characterized
y a nanofibrillar structure with advantageous mechanical and
arrier properties. Its production involves fermentation, followed
y recovery and purification steps, typically including alkaline
r enzymatic treatments, and possible modification processes to
ailor its functionality. These stages may introduce variability
n composition and potential impurities, making BC a relevant
odel for safety assessment in bio-based FCMs (Sumini et al.
025 ; Gullo et al. 2017 ). 

isin is a ribosomally synthesized antimicrobial peptide pro-
uced by L. lactis subsp. lactis , widely used as a food preservative
nd increasingly considered for active packaging applications.
t is produced through microbial fermentation in nutrient-rich
ubstrates, followed by recovery and purification steps such
s precipitation or chromatographic processes. During produc-
ion and processing, changes in composition, formation of by-
roducts, and the presence of impurities may occur, highlighting
he importance of a thorough safety evaluation when used in
CMs (Bukvicki et al. 2020 ; Maresca and Mauriello 2022 ). 

verall, the use of these agri-industrial residues as microbial
ubstrates represents a sustainable strategy to reduce environ-
ental impact and production costs, especially when combined
ith innovative recovery technologies such as enzymatic hydrol-
sis and membrane-based separation (Papaioannou et al. 2022 ;
harma et al. 2022 ; Signorello et al. 2025 ). 

owever, although bio-based FCMs are generally associated with
 lower carbon footprint compared to fossil-derived materials, it
hould be noted that some processing steps required to obtain
uitable material properties (e.g., chemical treatments such as
lkali or acid processing) may have a significant environmental
mpact. Therefore, the overall sustainability of these materials
hould be evaluated considering the entire production process,
ather than the origin of the raw materials alone. 

his general description provides the technical background
or the SLR carried out in this work, aimed at identifying
otential substances of concern at different stages: (i) substrate
omposition, (ii) microbial fermentation, and (iii) downstream
urification and recovery. 

.2 Systematic Literature Review 

he SLR was performed following the main principles of the
referred Reporting Items for Systematic Reviews and Meta-
nalyses (PRISMA) guidelines (Carrera-Rivera et al. 2022 ;
cCarthy et al. 2018 ; Page et al. 2021 ), in order to ensure trans-
of 35
parency and reproducibility of the search and selection process.
Research questions were formulated using relevant keywords,
focusing on key process steps of interest. For the bio-based FCMs
subject of this work, the following process steps of interest were
identified: natural carbon sources, microorganisms, microbial
growth/fermentation, and recovery. 

Research questions were identified according to the EFSA
guidance document for systematic reviews concerning
safety/assessments (European Food Safety Authority ( EFSA)
2010 ) and its implementation (O’Connor et al. 2012 ). The
approach followed the “PICO” method (acronyms of Population,
Intervention, Comparator, and Outcome), which aims to develop
precise and answerable research questions. The selected research
questions are provided in Table 1 . 

Q3 and Q4 were merged due to the continuity between microbial
fermentation and the subsequent recovery processes. Koma-
gataeibacter sucrofermentans and Komagataeibacter xylinus syn-
thesize BC as extracellular fibrils that aggregate to form a
structured network (pellicle) at the air–liquid interface or within
the medium, whereas L. lactis subsp. lactis produces nisin as a
soluble peptide that is released directly into the culture medium.

These biopolymers are thus influenced not only by
growth/fermentation conditions but also by the presence of
microbial metabolites, reaction by-products, and potential
contaminants. 

Following the microbial process using agri-food by-products such
as whey, BSG, wine marc and lees, and olive pomace as substrates,
the recovery and purification steps are essential to isolate BC
and nisin while removing unwanted residues, processing by-
products, and, if applicable, viable microbial cells. Given that
the safety of the final biopolymer is directly linked to both its
production and recovery, combining Q3 and Q4 allows for a more
comprehensive risk evaluation. This approach ensures that all
relevant impurities, degradation products, and microbial viability
concerns are assessed in a single, integrated step. 

2.3 Literature Search Strategy and Eligibility 
Criteria 

All the retrieved documents were obtained using a specific search
string, based on the selected questions. The search string was
formulated by applying the following process: 

∙ Identification of specific keywords, considering the research
question. 

∙ Identification of synonyms. 

∙ Use of “AND” and “OR” Boolean operators, based on prede-
fined and selected keywords. 

All the applied criteria for selecting the studies are given in
Table 2 . No time restrictions were applied to the literature search.

Documents failing to meet the criteria indicated in Table 2 were
excluded. The selected documents were downloaded in EndNote
Comprehensive Reviews in Food Science and Food Safety, 2026
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TABLE 1 Research questions (Qs) and search structure for each of the selected process steps. 

Process step of interest Research question Search structure 

Q1 . 
Natural carbon source 

What are the possible toxic, hazardous constituents, 
contaminants, pesticide residues present in cheese 
whey, brewer’s spent grain, wine marc, wine lees, 

olive pomace? 

Natural products 
AND 

Toxic constituents 

Q2 . 
Microorganisms 

What are the possible toxic, adverse effects of 
Komagataeibacter sucrofermentans or 

Komagataeibacter xylinus/Lactococcus lactis subsp. 
lactis ? 

Microorganism 

AND 

Adverse effects 

Q3 . 
Microbial process 

What are the possible contaminants, impurities, 
residues, metabolites, and reaction/degradation 

products present or produced during the 
growth/fermentation process with Komagataeibacter 

sucrofermentans or Komagataeibacter 
xylinus / Lactococcus lactis subsp. lactis to produce 

bacterial cellulose/nisin? 

Bacterial cellulose AND Production 
AND Contaminants/Nisin AND 

Production AND Contaminants 

Q4 . 
Recovery 

What are the impurities, residues, and reaction 
products present in bacterial cellulose/nisin after 

purification processes? Are living cells present in the 
produced substance? 

TABLE 2 Criteria for selecting studies related to report characteristics. 

Database (platform) Scopus (Elsevier; scopus.com) 
Web of Science (Clarivate): 

Science Citation Index Expanded 
Book Citation Index—Science 

Conference Abstracts 
Proceedings—Science 
Emerging Citation Index 

Current Chemical Resources 
Index Chemicus 

Language In English 
Publication type In Primary studies (i.e., studies generating 

new data). 
Reports from national/international risk 
assessment bodies and published reviews 
will be used to identify relevant references. 

Conference abstracts or posters. 
Reports from EU and outside EU (non-EU) 

countries. 
Out Letters to the editor 

Expert opinions 
Editorials 
Theses 
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ormat and organized in a Microsoft Excel sheet format for data
anagement; duplicate data were removed. 

 refinement step was applied at this stage, consisting of
he removal of duplicates, verification of record consistency
cross databases, and preliminary filtering based on predefined
nclusion criteria (e.g., relevance to the research questions
nd study scope). This step was performed prior to the title
omprehensive Reviews in Food Science and Food Safety, 2026
and abstract screening to ensure a consistent and harmonized
dataset. 

The screening of the literature took place from February 2024
until April 2024 using the predefined search strings in Sco-
pus and Web of Science. In the retrieved scientific papers,
a title and abstract (tiab) screening was performed, focusing
on eligibility (relevance). Following the initial step of “tiab,”
5 of 35
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FIGURE 2 The preferred reporting items for systematic literature review, following the PRISMA methodology. 
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 full text search was performed to verify and conclude on
rticle eligibility and final inclusion (Figure 2 ). Finally, all
he included articles were screened, and data extraction was
erformed, focusing on the identification and presence of com-
ounds of interest and of potential effect (toxic or allergenic)
n the final bio-based FCM. All key findings were collated and
ummarized to synthesize the current status of the selected
ompounds. 

 Results and Discussion 

ccording to the EFSA Technical Report, the safety assessment
f chemical mixtures of natural origin should identify potential
ubstances of concern, starting from the natural carbon sources
erived from agro-industrial waste to the final materials and
rticles, at each step of the manufacturing process. The steps
ollowing the recovery process, including the use of these sub-
tances in manufacturing final bio-based food contact articles,
ere beyond the scope of this work. In this study, those principles
ere applied to BC and nisin. A SLR was carried out to identify
ubstances of potential concern that can potentially migrate
rom FCMs into food. This includes both intentionally added
ubstances (IAS) and nonintentionally added substances (NIAS).
otential allergenicity was also included in the literature review,
onsidering the nature of the bio-based material and its potential
ffects. 

 flow diagram following the PRISMA methodology, illustrating
he article selection process and the number of selected articles
or the SLR, is shown in Figure 2 . 
of 35
3.1 Natural Carbon Sources for Bacterial 
Cellulose and Nisin 

A total of 1910 articles were initially identified on the selected
natural carbon sources (i.e., cheese whey [CW], BSG, olive
pomace, wine marc, and lees). Following the screening process,
24 articles were deemed relevant for inclusion. The subsequent
sections provide a detailed analysis of each natural carbon
source considered, where the selected articles are reviewed to
examine the chemical composition, including the presence of key
compounds and contaminants. 

In addition to the presence of potential contaminants, these agri-
food by-products can be characterized by a rich composition of
fermentable carbon sources and nutrients that support microbial
growth. For example, whey contains lactose and proteins, BSG
provides polysaccharides and amino acids, while wine marc and
olive pomace contain residual sugars, organic acids, and phenolic
compounds (Balmaseda et al. 2026 ; Brugnoli et al. 2023a ; Gottardi
et al. 2023 ; Haring et al. 2026 ; Uribe-Velázquez et al. 2026 ). These
components can affect the biosynthesis of BC and nisin, linking
the valorization of these substrates to their functional use within
circular bio-based production systems. 

3.1.1 Cheese Whey 

Sweet whey is a by-product of cheese production. It is composed
of approximately 94% water and constitutes about 80%–90% of
milk’s volume, containing most water-soluble milk components
(Gottardi et al. 2023 ; Pereira et al. 2016 ; Tsermoula et al. 2021 ). It
Comprehensive Reviews in Food Science and Food Safety, 2026
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ontains about 50% of the total milk solids, with lactose being the
redominant fraction, followed by proteins, minerals, nonprotein
itrogen, and other minor compounds (Panghal et al. 2018 ). 

hey streams can contain chemical impurities that are intro-
uced at different stages of the dairy supply chain, especially
t the primary production level. These contaminants, including
esticides, plasticizers, and antibiotics, can enter the processing
treams of whey and potentially accumulate in the final products,
specially in processes such as powder production, if adequate
recautions are not taken (McCarthy et al. 2018 ; Shelver et al.
018 ). Thus, all the chemical compounds identified through the
iterature search, that may potentially be present in dairy products
nd whey are reported in Table 3 . 

he risk of contamination of dairy products and whey might
lso extend to cleaning-in-place (CIP) practices used in the main-
enance of equipment in industry and agriculture. Residues of
isinfectants such as quaternary ammonium compounds (QACs)
nd chlorine-based disinfectants, such as hypochlorite (ClO − )
nd chlorine dioxide (ClO2 ), as well as biopesticides and oxidized
norganic disinfection by-products (oxiDBPs) can remain and
ose a health risk to consumers (McCarthy et al. 2018 ). Strict
dherence to CIP protocols is critical, as whey derived from
xiDBP-contaminated milk can contain a significant proportion
60%–85%) of the contaminants present in the original milk
Cardador et al. 2017 ; Li et al. 2021 ). 

urther to the occurrence of potential contaminants, whey is
lso susceptible to the formation of harmful Maillard reaction
roducts (MRPs) during thermal processing. Various compounds
uch as lactulosyl-lysine (furosine), furfurals and advanced glyca-
ion end products (AGEs) can be formed during heat treatment,
osing potential health risks associated with chronic diseases (Li
t al. 2021 ). Studies have shown that harmful MRPs are present in
ll types of dairy products, including raw milk, albeit to varying
egrees. Among processed dairy products, whey (obtained from
ovine milk), cheese and condensed milk have the highest
oncentrations of these compounds. Interestingly, pasteurized
ilk and hard cheese have lower furosine levels, while whey
owder and concentrated milk tend to have significantly higher
oncentrations. This discrepancy may be due to the higher lactose
ontent in whey, which favors glycosylation reactions, as well
s the two-step heat treatment required for concentrated milk
pulverizing and dissolving), which may further promote the
ormation of MRPs (Li et al. 2021 ). In addition, whey can also
e contaminated by various mycotoxins such as aflatoxin M1
AFM1 ), which originates from lactating animals that have been
ed with feed contaminated with aflatoxin B1 (AFB1 ). When
nimals eat such contaminated feed, they excrete AFM1 into
he milk. AFM1 , which has acute toxic effects similar to AFB1 ,
as been identified as a hepatic carcinogen, albeit with lower
otency compared to AFB1 . Long-term studies in trout and rats
ave revealed its carcinogenic properties, albeit with a potency
f 2%–10% compared to AFB1 . AFM1 has been classified by the
nternational Agency for Research on Cancer (IARC) as a possible
uman carcinogen (Group 2B). The presence of AFM1 in dairy
roducts, including cheese, raises significant health concerns.
n cheese production, the partitioning between curds and whey
sually results in AFM1 being retained, with about 40%–60% w/v
emaining in the whey. AFM1 tends to bind with the protein
omprehensive Reviews in Food Science and Food Safety, 2026
fraction of the milk through hydrophobic interactions, resulting
in higher concentrations in the cheese compared to the original
milk. Studies have shown that whey contains approximately 40%
less AFM1 than the milk used for cheese production, emphasizing
the potential for AFM1 contamination in whey-derived products
(Pietri et al. 2016 ). In addition to mycotoxins, the presence of
heavy metals such as total mercury (THg) in whey protein
raises further concerns about product safety. In a study by
Aquino et al. ( 2017 ), the THg content in 19 different brands of
whey protein was analyzed. This highlighted the importance of
monitoring and controlling potential contaminants throughout
the dairy processing chain to protect the health and well-being
of consumers. In this study, population exposure was assessed
using the hazard quotient (HQ) for mercury, which is based on
the provisional tolerable weekly intake of mercury recommended
by the Food and Agriculture Organization (FAO) and the World
Health Organization (WHO). The HQ analysis showed that the
consumption of whey protein does not pose a significant risk, as
the HQ values are consistently below 1. Therefore, whey protein
can be considered a healthy and safe dietary option in terms of
mercury contamination (Aquino et al. 2017 ). 

3.1.2 Brewer’s Spent Grain 

BSG, the main by-product of the brewing process, has a rich com-
position with a protein content of 15%–30% and carbohydrates up
to 73%. Despite its nutritional value, BSG is often undervalued
due to its high moisture content, which makes it difficult to
store and transport. BSG can be used as a growth substrate for
microorganisms. The latter is reported to be applied for the pro-
duction of biopolymers such as BC, offering an alternative way of
reusing a common by-product of the brewing industry. However,
the use of BSG is not without its challenges and considerations.
The cultivation of barley and hops is often subject to attacks
from bacteria, fungi, viruses, and pests that can affect the quality
and yield of the crop. In particular, barley grains, which are rich
in starch and storage proteins, serve as an attractive nutrient
source for insects and microbial pathogens, especially during
germination when amino acids, fermentable carbohydrates, and
other degradation products of reserve polymers accumulate in
the starchy endosperm (Pérez-Lucas et al. 2023 ). Thus, all the
identified chemical compounds that can potentially be present in
BSG are provided in Table 4 . Pests and diseases threaten cereal
crops, necessitating effective weed control and pest management
to ensure optimal crop health and productivity. Fungi, viruses
and nematodes are considered to be the main causes of barley
diseases, with fungi such as Penicillium and Aspergillus species
posing additional risks during storage due to the production of
mycotoxins, such as AFB1 , deoxynivalenol (DON), zearalenone
(ZEA), and ochratoxin A (OTA). Mycotoxins AFB1 and OTA are
categorized as possibly carcinogenic to humans by the IARC
(Lopes et al. 2023 ). 

Pesticides are widely used in crop growth and storage, but
there is a shift toward integrated pest management to reduce
environmental and health risks. Prudent pesticide use remains
essential to maximize yields and ensure crop quality, especially
in barley and hops. During the malting process, residues of
pesticides applied to barley may persist and potentially transfer
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o downstream products such as wort and beer, albeit at varying
evels depending on processing conditions. Pesticide residues
resent in brewing by-products, including BSG and spent hops,
ight raise concerns regarding their potential impact on food
afety and human health. Studies highlight the need for rigorous
onitoring and mitigation of pesticide residues in brewing to
nsure product safety and quality (Hakme et al. 2024 ; Navarro
t al. 2005 , 2011 ; Pérez-Lucas et al. 2023 ). 

greeing with Navarro et al. ( 2011 ), at the end of the mashing
tage, the remaining percentages of three fungicides (myclobu-
anil, nuarimol, and propiconazole) were below 10% of the
mount verified in malt, with propiconazole showing the greatest
eduction (to 4% w/w). Contrarily, the residual amounts on
pent grain were comparatively high (38%, 42%, and 26% for
yclobutanil, propiconazole, and nuarimol, respectively, all the
ompounds having logarithm of the octanol–w ater partition
oefficient [log KOW] > 2). Comparable behavior was noted for
trazine and terbuthylazine during mashing, when 55% w/w and
0% w/w, respectively, were retained on spent grains (Hack et al.
997 ). As a general rule, adsorption affinity is directly related
o their polarities: the more polar the pesticide, the lower the
dsorbed amount observed. It is important to point out that malt
nd adjuncts maceration generates a high amount of suspended
atter, which could adsorb residues and, if the detected levels
llow it, the spent grains are commonly used as animal feeds,
hich implies a commercial practice for this by-product. The
esidual amounts of dinitroaniline herbicides nearly disappear
fter mashing ( < 1% of the initial amount in sweet wort), while
he remaining percentages of organophosphorus insecticides,
enitrothion and malathion, in sweet wort were greater, at 4% and
%, respectively (Navarro et al. 2005 ). Contrarily, the recovered
mounts on spent grain were quite high (21%, 17%, 30%, and
0% for pendimethalin, trifluralin, fenitrothion, and malathion,
espectively). Other water-soluble pesticides, such as glyphosate
organophosphorus) and pirimicarb (carbamate), were found in
weet wort in amounts higher than 80%, while no residues of
yrethroid compounds (fenvalerate, deltamethrin, permethrin,
nd flucythrinate) were detected in sweet wort because they were
etained on the spent grains. For oxamyl, dichlorvos, parathion-
ethyl, chlorpyrifos, dichlofuanid, and captafol, noticeable losses
ere observed, possibly due to evaporation, thermal degradation,
nd/or chemical reactions with some wort components during
ashing (Navarro et al. 2005 ). Azole fungicides (cyproconazole,
iniconazole, epoxiconazole, flutriafol, myclobutanil, propicona-
ole, tebuconazole, and triadimenol) were recovered from the
weet wort in proportions varying from 3% to 36% for diniconazole
nd triadimenol, respectively, while about 40%–50% of the initial
ass on malt was found in spent grains (Navarro et al. 2005 ). 

tudies to assess mycotoxin contamination in BSG and brewer’s
pent yeast (BSY) from EU breweries found traces of aflatoxins
AFs), with only one sample of BSG and BSY testing positive
or AF contamination, in particular AFB1 , at concentrations of
.4 µg/kg and 0.2 µg/kg, respectively (Benešová et al. 2012 ). Con-
ersely, BSG samples of Argentinian origin showed higher levels
f AFB1 contamination, ranging from 11.76 µg/kg to 257.0 µg/kg,
ith prevalence rates of up to 57% (Gerbaldo et al. 2011 ). In
ddition, surveys revealed varying levels of AF contamination in
SG destined for pig feed, with concentrations of up to 50.4 µg/kg
nd prevalence rates of 31.3% (Asurmendi et al. 2013 ). In addition,
omprehensive Reviews in Food Science and Food Safety, 2026
studies have detected fumonisins (FBs) in BSG samples, with
concentrations ranging from 19 µg/kg to 145 µg/kg, emphasizing
the importance of comprehensive monitoring of mycotoxins in
brewing by-products (Gonzalez Pereyra et al. 2011 ). For FBs, a
survey assessing their presence in BSG from Brazil, intended for
incorporation into dairy cattle feed, reported concerning findings.
Approximately 72.5% of all samples (total of 80) were found
to be contaminated with FBs, with an average concentration
of 226.5 µg/kg and the minimum-maximum concentrations to
be 50.30 µg/kg and 908.47 µg/kg, respectively (Batatinha et al.
2007 ). This finding underscores the importance of monitoring
mycotoxin contamination in brewing by-products to prevent
potential health risks to livestock consuming contaminated feed.

Furthermore, investigations into the presence of DON and ZEA
in Brazilian BSG and BSY revealed notable contamination levels.
BSG samples exhibited an average concentration of 1068.0 µg/kg
for DON and 1429.0 µg/kg for ZEA, highlighting the signifi-
cance of assessing mycotoxin levels in brewing by-products for
human and animal health. These findings emphasize the need
for stringent quality control measures to mitigate mycotoxin
contamination risks associated with brewing by-products (Lopes
et al. 2023 ; Piacentini et al. 2019 ). 

Additionally, an investigation of contamination with OTA in
Brazilian malt BSG reported no detectable contamination in the
samples studied (Pires et al. 2019 ). While this is reassuring, it
again highlights the importance of continued monitoring and
control measures to ensure the safety and quality of brewing by-
products utilized in various applications, including potentially
the use for manufacturing FCMs. 

In the context of sustainable beer production, a comprehensive
assessment of potential hazards such as pesticide residues is
essential. Hakme et al. ( 2024 ) investigated the fate of pesticides
during the brewing process and showed that, on average, 58%
w/w of pesticide residues are found in brewing by-products,
with the highest fraction (53% w/w) found in the spent grain
(Hakme et al. 2024 ). in particular, nonpolar pesticides tended to
remain adsorbed on the spent grain during the brewing process,
while polar pesticides such as glyphosate and mepiquat showed
different behavior, with the majority ( > 80% w/w) migrating into
the beer. A significant proportion of pesticide residues that were
originally introduced to the brewery from rye were found in
the spent grain. For fenpropimorph and spiroxamine, a recovery
percentage greater than 90% w/w was observed in the spent grain.
The concentration of chlorpyrifos-methyl, kresoxym-methyl, and
fluquinconazole in the spent grain was observed to be between
60% w/w and 70% w/w of their original concentration. This
suggests that a significant amount of these pesticide residues
was retained in the spent grain during the brewing process. A
fraction of less than 50% w/w was observed for azoxystrobin,
deltamethrin, and flutriafol in spent grain. The concentration
of glyphosate and mepiquat was even lower, with only 17%
w/w and 31% w/w, respectively, retained in the spent grain.
When considering the initial concentrations of pesticide residues
found in barley, it was observed that 78% w/w of propiconazole
and 75% w/w of prothioconazole-desthio ended up in the spent
grain. A ratio between 60% w/w and 70% w/w was observed
for boscalid, epoxiconazole, propiconazole, and tebuconazole in
the spent grain. A lower fraction of 55% w/w was observed in
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pent grain for azoxystrobin (Hakme et al. 2024 ). These results
nderline the importance of monitoring pesticide residues in
oth final products and by-products to ensure consumer safety
nd the environmental sustainability of beer production, or the
ustainable use of these by-products for manufacturing FCMs. 

n conclusion, evaluating the composition and contamination
evels of BSG is crucial for its safe and sustainable use in various
pplications. 

.1.3 Wine Marc and Lees 

n the context of exploring natural carbon sources for the
roduction of biopolymers through microbial fermentation, wine
arc and lees emerge as potential substrates. However, their
pplication requires careful consideration due to the presence of
ontaminants and toxins that may affect the safety of resulting
iopolymer-based FCMs. 

inery by-products, including grape pomaces, have come under
crutiny due to the presence of mycotoxins, particularly OTA.
 study conducted in the Douro Demarcated Region, Portugal,
y Ribeiro and Alves ( 2008 ) implemented an analytical method-
logy for OTA quantification in grape pomaces. The method
nvolved solvent extraction followed by high-performance liquid
hromatography (HPLC) with fluorescence detection, revealing
TA concentrations not exceeding 0.4 µg kg − 1 in samples from 12
ut of 13 sites. Although the detected levels were below regulated
hresholds, the study underscores the necessity of establishing
egulatory frameworks for winery by-products, especially those
ntended for alternative uses like animal feed or biopolymer
roduction. 

he vinification process introduces the potential for pesticide
esidues in grape-derived products. Monitoring during the 2007
intage, as described by Čuš et al. ( 2010 ), revealed residues of
arious pesticides in grapes, must, lees, and wine. Persistent
esticides such as boscalid and phosalone were detected, albeit
ignificantly diminished through the processing stages. The
oncentrations of pesticides detected in the wine marc and lees
s 0.09 ± 0.04 mg/kg for boscalid in white grapes and 0.06 ±
.01 mg/kg in red grapes, 0.43 ± 0.03 mg/kg in white grapes
or cyprodinil, 0.21 ± 0.01 mg/kg in white grapes and 0.04 ±
.00 mg/kg for red grapes for dimethomorph, 0.63 ± 0.03 mg/kg
n white grapes for phosalone, 0.01 ± 0.00 mg/kg in red grapes
or fenhexamid, 1.09 ± 0.05 mg/kg for procymidone, 0.90 ±
.03 mg/kg for pyrimethanil in white grapes, 0.04 ± 0.00 mg/kg
or tubonazole in white grapes. These findings emphasize the
mportance of thorough assessment and mitigation strategies
uring vinification to ensure the safety of the final products.
mong the pesticides detected in the lees, fenhexamid and
rocymidone were prominently present. Fenhexamid was found
t concentrations exceeding 0.20 mg per kg of lees, indicating its
ignificant accumulation in this vinification by-product. Procymi-
one was also detected at relatively high concentrations in the
ees, highlighting its affinity toward this substrate. Additionally,
ther pesticides were detected in the lees, including boscalid,
yprodinil, dimethomorph, phosalone, and pyrimethanil. These
esticides exhibited varying concentrations in the lees, with some
8 of 35
exceeding regulatory limits for safety in food products. The study
of Čuš et al. ( 2010 ) highlighted the efficacy of certain vinification
processes, such as pressing and separation of lees from wine
after alcoholic fermentation, in significantly reducing pesticide
residues. This observation underscores the importance of these
processing steps in mitigating the potential transfer of pesticides
from grape-derived products to the final wine. Furthermore,
the analysis of Pinot Gris grapes revealed specific pesticide
residues detected in the wine after racking and storage, with
boscalid, dimethomorph, and procymidone being prominent.
The concentrations of these residues in the final wine were found
to be significant, albeit within regulatory limits (Čuš et al. 2010 ). 

Concluding for wine marc and less, regulatory standards,
analytical methodologies, and risk mitigation strategies estab-
lished for winery by-products can inform safety assessments for
biopolymer-based FCMs derived from such substrates. Among
the identified chemical components potentially present in this
particular waste stream, also environmental contaminants such
as trace metals and organic pollutants pose concerns (e.g.,
originating from soil, water, or agricultural inputs), cannot be
excluded. Moreover, potential contamination of wine marc and
lees by mycotoxins (Ribeiro and Alves 2008 ), pesticide residues,
and other undesirable chemicals cannot be excluded, as already
reported (see Table 5 ). Their suitability as growth substrates for
microorganisms, especially for microbial biopolymer production,
must be carefully assessed and evaluated. 

3.1.4 Olive Pomace 

In the realm of microbial fermentation for biopolymer production
utilizing agro-industrial by-products, olive pomace emerges as
a promising substrate for the growth of the microorganisms.
Olive pomace is a by-product resulting from olive oil extrac-
tion. Throughout history, agricultural practices, including olive
cultivation, have grappled with challenges posed by pests and
weeds, leading to the application of various pesticides for crop
protection. However, the indiscriminate use of pesticides has
sparked concerns regarding their residues in food products,
particularly in essential commodities like olive oil. The presence
of pesticides or residues or contaminants in olive oil, or in olive
pomace, can potentially pose health risks to consumers (Schmidt
et al. 2023 ; Waqas et al. 2021 ). 

Furthermore, olive products are vulnerable to contamination
by mycotoxins, which are secondary metabolites produced by
filamentous fungi. Mycotoxins, such as AFs and ZEA, have been
found to contaminate olive pomace oil (Abdolmaleki et al. 2021 ).
Hence, contamination of olive pomace with mycotoxins, might
of importance regarding food safety and necessitating thorough
monitoring and control measures. 

In the assessment of contaminants in olive products, polycyclic
aromatic hydrocarbons (PAHs) represent another significant
class of concern reported in the literature. Guillén et al. ( 2004 )
conducted a study to investigate the occurrence of PAHs in olive
pomace oil, aiming to determine the contamination degree and
evaluate if any specific purification steps are necessary during
its manufacture. The study applied gas chromatography–mass
Comprehensive Reviews in Food Science and Food Safety, 2026
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pectrometry (GC–MS) for the analysis and identified a very high
umber (71) of PAHs, with a wide range of molecular weights
nd aromatic ring numbers in five samples (OP1 , OP2 , OP3 , OP4 ,
P5 ), highlighting the risk of certain PAHs being present at
ow concentration (280.35–831.75 µg/kg) levels in olive pomace
Guillén et al. 2004 ). Moreda et al. ( 2004 ) developed a method
or the determination of high molecular mass PAHs in refined
live pomace and other vegetable oils. Their method involved
olid-phase extraction (SPE) followed by high-performance liquid
hromatography with fluorescence detection (HPLC-FLD). The
tudy reported satisfactory recoveries ( > 80%) and detection limits
anging from 0.01 to 0.2 µg/kg for various PAHs in different
egetable oils, including olive pomace oil (Moreda et al. 2004 ; see
able 6 ). 

n summary, the utilization of olive pomace as a substrate for
icrobial exploitation to produce biopolymers underscores the
ecessity for comprehensive safety assessments to address poten-
ial contaminant residues, including pesticides, mycotoxins, and
AHs. Understanding the interplay between olive oil polyphe-
olic compounds and contaminants is crucial for ensuring the
afety and quality of olive-derived products. Future research
fforts should concentrate on developing effective strategies for
ontaminant mitigation and elucidating the intricate interactions
etween polyphenolic compounds and contaminants in olive
roducts. 

esearch on by-products involves the development of sensitive
ethodologies to detect contaminants at low levels and the cre-
tion of efficient procedures to minimize hazardous substances
n the final products. Understanding how processing steps impact
he presence or degradation of new contaminants is also crucial.
imilarly, challenges arise during the extraction of biopolymers
rom these by-products, as the extraction processes may inad-
ertently coextract contaminants or other compounds alongside
ubstances of interest. Therefore, it is essential to evaluate the
resence, bioactivity, and occurrence of hazardous substances to
nsure the safety of the final biopolymer products. Overall, a
omprehensive understanding of contaminant risks in food by-
roducts, such as olive pomace, among others, is essential for
eveloping safe and sustainable valorization strategies without
ompromising human health or the environment. However, tech-
ological limitations arise, including the diverse compositions
f by-products complicating the purification and recovery of
olymers, and challenges in maintaining sustainability due to the
ariability in agricultural waste production throughout the year. 

.2 Microorganisms for the Production of 
acterial Cellulose and Nisin 

.2.1 Microorganisms for the Production of Bacterial 
ellulose 

 total of 106 publications were reviewed to assess the safety of
. sucrofermentans and K. xylinus . This process led to the final
election of two articles, one EFSA Scientific Opinion, and one
FSA Statement for K. sucrofermentans , and one article for K.
ylinus . 
0 of 35
3.2.1.1 Komagataeibacter sucrofermentans. K. sucrofer-
mentans , formerly referred to as Acetobacter xylinus subsp.
sucrofermentans and later as Gluconacetobacter sucrofermentans ,
has undergone several taxonomic reclassifications. Cleenwerck
et al. ( 2010 ) analyzed strains within the genus Gluconacetobac-
ter , including Gluconacetobacter xylinus LMG 18788, previously
regarded as the type strain of Acetobacter xylinus subsp. sucrofer-
mentans . Their study demonstrated that this strain represents a
distinct species, thus supporting its reclassification as Gluconace-
tobacter sucrofermentans . This clarification is relevant because
it ensures that safety assessments are applied to the correct
taxonomic entity and that data reported under previous names
can still be validly considered while avoiding misinterpretation. 

Safety assessments of K. sucrofermentans have been conducted
with a focus on its potential implications for food and feed safety.
Notably, EFSA has evaluated the safety of this microorganism
as part of its QPS process ( EFSA Panel on Biological Hazards
(BIOHAZ) et al. 2019 , 2020 ). During this approach, experts assess
the taxonomic identity of the microorganism, the related body
of knowledge and potential safety concerns. The assessment
revealed no reported safety issues associated with the use of K.
sucrofermentans , and no antimicrobial resistance aspects have
been documented for this species. Consequently, K. sucrofermen-
tans (formerly A. xylinus subsp. sucrofermentans ) was proposed
for the QPS list with the qualification “QPS applies for production
purposes only.” According to the EFSA Technical Report on
natural compounds, this indicates that there is no safety concern
for the microorganism itself, unless the biomass or carbon source
used introduces potentially toxic contaminants. 

3.2.1.2 Komagataeibacter xylinus. K. xylinus has also been
investigated with regard to its potential applications, particularly
in biotechnology and health sciences. In a study by Lavasani
et al. ( 2019 ), the safety and probiotic properties of a particular
strain K.X.1 were evaluated for possible use in the management
of obesity and diabetes. The strain showed a high glucose
conversion rate and significant survival in acidic pH and bile
salt environments, indicating its suitability as a probiotic. Safety
assessments in rats included daily monitoring of general health,
food and water intake, body weight (bw), and the occurrence of
diarrhea or vomiting, as well as histopathological examination of
liver, intestine, and spleen tissues. Bacterial translocation from
the gut to distant organs was also assessed. No adverse clinical
signs, differences in feed or water consumption, weight changes,
bacterial translocation, inflammation, degeneration, or necrosis
were observed in the treated rats compared to controls. 

Based on the reviewed literature, no major toxic or adverse
effects were reported for K. sucrofermentans and K. xylinus in
the contexts studied. For K. sucrofermentans , EFSA evaluations
indicate no safety concerns under the QPS qualification “for
production purposes only,” while for K. xylinus , animal studies
showed no adverse clinical or histopathological effects. These
findings support their potential use in BC production, but caution
is warranted due to the limited number of studies and the
variability in strains and production conditions. Further research
would be valuable to comprehensively assess potential safety
concerns, particularly for human applications and under diverse
fermentation conditions. 
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.2.2 Microorganisms for the Production of Nisin 

 total of 1024 articles were analyzed to assess the safety of L.
actis subsp. lactis , leading to the selection of two EFSA Scientific
pinions, which consider three articles to evaluate the safety
oncerns. 

.2.2.1 Lactococcus lactis Subsp. lactis . EFSA conducted
wo scientific opinions to assess the safety concerns associated
ith L. lactis ( EFSA Panel on Biological Hazards (BIOHAZ) et al.
017 , 2019 ). In the EFSA Panel on Biological Hazards ( EFSA
anel on Biological Hazards (BIOHAZ) et al. 2019 ) 173 references
ere considered for the QPS assessment, from which 6 articles
ere selected for further analysis based on their potential to
aise safety concerns. After reviewing the abstracts, four papers
ere identified that might raise safety concerns. However, further
nalysis revealed that one paper (Kato et al. 2018 ) did not address
ny safety issues, while the remaining three did (Chen et al. 2018 ;
aboré et al. 2018 ; Shimizu et al. 2019 ). 

n two of the selected papers (Chen et al. 2018 ; Kaboré et al. 2018 ),
henotypical methods were used to identify the etiological agent,
hich are known to be unreliable for this species. Moreover,
he other two studies (Chen et al. 2018 ; Shimizu et al. 2019 )
escribed cases in which clear predisposing conditions were
dentified. For example, Shimizu et al. ( 2019 ) reported a case of
. lactis cholangitis in a patient with cholangiocarcinoma, which
bstructed bile evacuation, and a bilioduodenal catheter was
nserted. This predisposing condition may have been the source
f the infection. Similarly, Kaboré et al. ( 2018 ) described the
icrobiota of 125 cases of endodontitis, where L. lactis was present
s part of a polymicrobial community in five cases, suggesting oral
olonization rather than being the causative agent of infection. 

he overall assessment concluded that there are no significant
afety concerns regarding the use of L. lacti s in food and feed
pplications, provided it adheres to the conditions outlined in
he QPS framework. EFSA supports its continued use with no
dditional risk to consumer health. While rare instances of L.
actis presence have been reported in clinical settings, these cases
re typically linked to predisposing health conditions, and under
ormal circumstances, the microorganism poses a low risk of
dverse effects. Consequently, the QPS recommendation for L.
actis remains valid, based on the limited evidence of infections
nd the absence of broader safety concerns in the literature. 

.3 Biotechnological Process and Recovery Steps 

.3.1 Bacterial Cellulose 

o assess the microbial and recovery processes for BC production,
 total of 230 scientific articles were screened, which resulted in
he final selection of 14 articles. 

.3.1.1 Biotechnological Process. In specific culture con-
itions (temperature, pH, and nutrient availability), BC is pro-
uced at the cytoplasmic membrane and exuded as nanofibrils,
hich aggregate into microfibrils and further assemble into
ibbon-shaped fibrils (Cielecka et al. 2019 ). Numerous studies
ave focused on using agro-industrial wastes as alternative
omprehensive Reviews in Food Science and Food Safety, 2026
culture media, which not only reduce production costs but also
align with circular economy principles (Azeredo et al. 2019 ). 

For food-related applications, BC has been studied as thickening
and gelling agent, stabilizer, water-binding additive and also as
a packaging material. Its production typically involves fermen-
tation followed by recovery of the pellicle and purification steps
(Shahmohammadi Jebel and Almasi 2016 ). The safety of BC for
potential use in food applications and as FCMs in food packaging
and coatings formulation was evaluated in several studies. BC is
currently produced and marketed on a large scale and has a long
history of use in Asian countries under the trade name “Nata de
coco,” and was exported to Europe, the United States, and the
Middle East between 2006 and 2013. It can be produced from a
variety of Komagataeibacter strains and has generally recognized
as safe (GRAS) status in the United States since 1992 (Dourado
et al. 2017 ). BC was demonstrated GRAS in the United States as
a food ingredient through the independent conclusion process
under 21 Code of Federal Regulations (CFR) 182.1 using scientific
procedures in accordance with 201 (s) (21 USC Section 321 (s)) of
the Federal Food, Drug and Cosmetic Act. A GRAS affirmation
petition was filed on the basis of the GRAS determination of
BC on December 11, 1991, which was accepted by the Food
and Drug Administration (FDA) in 1992 (U.S. Food and Drug
Administration 1992 ). GRAS status in the United States is granted
based on a self-determination process, where scientific data and
evidence are provided to support that a substance is safe for its
intended use in food. The FDA reviews the information and, if no
concerns arise, the substance is recognized as safe for use in food.
In contrast, the inclusion of K. sucrofermentans in the EFSA’s QPS
list reflects a different regulatory approach. QPS status is granted
by EFSA for microorganisms intentionally added to food, based
on a comprehensive assessment of available scientific data that
suggest no safety concerns under specific conditions. The QPS list
applies to the microorganism itself, not to the substance produced
by it. Furthermore, an application for the authorization of a
BC aqueous suspension ( HydroFibre ) was submitted to the Food
Safety Authority of Ireland (FSAI) by Satisfibre S.A. of Portugal in
accordance with Article 4 of the novel food Regulation (EC) No
258/97. This application was accepted by the FSAI on December
19th of 2016. 

HydroFibre , produced with K. sucrofermentans , is chemically
identical to plant cellulose and consists of ribbon-shaped
microfibrils in a hydrated paste (5% cellulose, 95% water), free
from lignin and pectin. It is intended for use in various foods (e.g.,
composite foods, meat, dairy, juices, ice cream, bakery products)
at 2%–20% inclusion levels. Safety assessments relied on data for
microcrystalline cellulose (MCC) due to compositional similarity.
Estimated intakes of BC from HydroFibre are 397 mg/kg bw/day
on average and 902 mg/kg bw/day in high intake scenarios, well
below the established ADI of 7 g/kg bw/day. The margins of safety
are 16-fold for toddlers and eightfold for combined exposure with
MCC (E460) in children. 

In 2017, a review of the toxicological and dietetic aspects of
BC in animal models concluded that BC from Komagataeibacter
is safe for food applications (Dourado et al. 2017 ). Studies on
acute and subacute oral toxicity in various animal models further
support this conclusion. Available toxicological data, including
in vitro tests, indicate that BC is not genotoxic, carcinogenic,
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umor-promoting, pyrogenic, or a developmental or reproductive
oxicant (Jagannath et al. 2010 ; Pinto et al. 2016 ). In addition, the
ata available support the general conclusion that BC is nontoxic
n ingestion, skin contact or on inhalation, or elicit any other
nflammatory or oxidative stress responses at the cellular level
Napavichayanun et al. 2018 ). 

 comprehensive review by Girard et al. ( 2024 ) highlights
otential impurities in nanocellulose (NC)-based biomaterials
nd emphasizes their impact on biosafety in medical and
harmaceutical applications. Two main sources of impurities
re identified: endogenous, from the cellulosic raw materials
nd bacterial synthesis (proteins, metabolic by-products such as
cetic acid, lipopolysaccharides, and residual compounds from
he fermentation medium), and exogenous, introduced during
rocessing and handling (microbial contaminants, endotoxins,
hemical residues, or additives like pH regulators and plant
ebris). While high purity is critical for medical applications to
void immune responses or inflammation, food, agricultural, or
extile applications can tolerate lower levels. The purification
nd recovery process of BC—typically involving physical extrac-
ion, washing, and chemical or enzymatic treatments—aims to
emove or reduce both endogenous and exogenous impurities,
lthough residual traces may remain depending on the method
sed. 

iu et al. ( 2018 ) studied the levels of potentially immunogenic
ontaminants, such as endotoxin and (1,3)- β-D-glucan, in four
epresentative types of NCs, including wood-based NCs and
C. The high contamination levels of these contaminants in
C are primarily attributed to insufficient production control,
articularly in the process of nata de coco. Compared to wood-
erived NCs, BC exhibits nearly 3 times higher (1,3)- β-D-glucan
ontamination, which leachable endotoxin levels in unpurified
C (Nata de coco) reaching up to 450 EU/g BC (Liu et al.
018 ). Additionally, heavy metals such as lead (Pb), cadmium
Cd), mercury (Hg), arsenic (As), and copper (Cu) have been
etected within the BC matrix, likely originating from envi-
onmental contamination or from natural carbon sources used
s fermentation substrates. Although BC is generally regarded
s biocompatible and nontoxic, its source, preparation meth-
ds, and chemical modifications significantly influence its final
roperties and toxicological profile. To ensure safety in food,
iomedical, and pharmaceutical applications, strict aseptic mea-
ures must be implemented throughout production, storage,
nd processing to minimize contamination risks (Li et al.
024 ). 

igaleva et al. ( 2019 ) illustrated the development of a novel
ethod for simultaneous purification and sterilization of BC
ilms through a high-pressure process, including supercritical
onditions with carbon dioxide (CO2 ). In the process, the BC films
produced by G. hansenii ) were exposed to supercritical CO2 in the
resence of Milli-Q water, promoting the dissolution of CO2 and
he formation of carbonic acid. For comparison, the authors also
mployed three conventional methods for bacterial cell removal:
% solutions of sodium dodecyl sulfate (SDS), sodium bicarbonate
NaHCO3 ), and radioimmunoprecipitation assay (RIPA) buffer.
C films were immersed in these solutions for 3 days, with the
4 of 35
solutions replaced every 24 h. After treatment, the films were
washed thoroughly with distilled water (at least 20 times over 5
days) until the pH of the washing solution reached neutral (pH
7.0), after which they were stored in water at 5◦C. To assess the
effectiveness of all these treatments, the processed BC samples
were subjected to various analytical techniques, including atomic
force microscopy (AFM), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), and infrared (IR)
spectrometry. The results revealed that the conventional methods
(5% solutions of SDS, NaHCO3 , and RIPA buffer) often fail to com-
pletely remove cells and endotoxins, leaving traces of washing
compounds in the samples. Additionally, the high-pressure CO2 
processing successfully destroyed the outer lipopolysaccharide
membranes of the bacterial cells, but the cells still retained their
shape and dimensions. Although the high-pressure CO2 method
reduced endotoxin levels, the remaining endotoxins were still
above the FDA-recommended safety threshold of 0.025 EU/mg,
making BC unsuitable for medical applications (Pigaleva et al.
2019 ). 

Furthermore, in another study, the efficacy of different alkaline
rinsing methods in removing bacteria and bacterial metabolites
from cellulose matrices produced by three strains of K. xylinus was
evaluated. SEM analysis also revealed that rinsing with sodium
hydroxide (NaOH) did not result in the complete removal of K.
xylinus cells. Although the microbial cells did not survive this
strong alkaline treatment, some bacterial structures remained
intact in the cellulose matrix. These residual structures could
trigger immune responses, inflammation, or cytotoxicity, as sup-
ported by experiments showing effects on fibroblasts, osteoblasts,
and macrophage oxidative stress. Higher NaOH concentrations
increased macrophage activation and reactive oxygen species
(ROS) production. The study highlights that even if the bacteria
are nonviable, their components can affect biocompatibility.
An optimized rinsing protocol is therefore needed to mini-
mize bacterial residues while preserving cellulose properties,
with important implications for biomedical applications such as
wound dressings. The study did not report on the removal of
heavy metals, which remains a consideration for material safety
(Junka et al. 2017 ). 

Gromovykh et al. ( 2019 ) evaluated three washing methods for
removing bacterial cells: 5% of SDS, RIPA, and RIPA with
nucleases. AFM confirmed the removal of bacterial cells by all
methods. Quantitative analysis revealed a significant reduction
in deoxyribonucleic acid (DNA) content with RIPA buffer and
nucleases compared to the nonwashed matrix. Live/Dead assay
demonstrated BC’s adhesive nature and ability to maintain cell
viability. Overall, washing with 5% SDS and RIPA is effective,
but the addition of nucleases is required to minimize residual
bacterial DNA (Gromovykh et al. 2019 ; see Table 7 ). 

In response to legislation, scientific developments, and public
concerns, toxicity-testing methods have been implemented to
generate information on the potential hazards or risks posed to
humans by the use of several agents. Due to primary concerns on
the toxicity, cancer and reproductive development of human food
substances, their placement on the market is often dependent on
Regulatory approval. 
Comprehensive Reviews in Food Science and Food Safety, 2026
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.3.2 Nisin 

isin is highly effective against several pathogenic Gram-positive
acteria, including Staphylococcus aureus (Wang et al. 2020 ),
isteria monocytogenes (Zhao et al. 2020 ), and Clostridium tyrobu-
yricum (Ávila et al. 2020 ). It also demonstrates activity against
ome Gram-negative pathogens such as Salmonella enterica , and
seudomonas fluorescens (Liang et al. 2020 ; Novickij et al. 2020 ) in
ombination with other hurdles. Pure nisin or nisin preparations
an be obtained by culturing nisin-producing strains of L. lactis
ubsp. lactis , followed by suitable extraction and purification
ethods. Advances in purification processes have led to the
dentification of several types of nisin have been identified (A,
, and Q), each exhibiting distinct biological activities (Khelissa
t al. 2021 ). 

oreover, it is important to highlight that nisin, when produced
x situ, cannot be regarded as a “natural” preservative when
sed in concentrations higher than those naturally found in
oods fermented with nisin-producing strains. When used for
ood preservation purposes, nisin can be directly added to food
roducts (Aasen et al. 2000 ) or incorporated in packaging films
Dıblan and Kaya 2018 ) in different amount and products in
elation to country existing regulations. The effect of direct
ddition of free nisin in dairy products is widely studied from a
esearch point of view. Pinto et al. ( 2011 ) added nisin during Serro
heese manufacturing process against Staphylococcus aureus
ontamination. Pinto et al. ( 2011 ) observed that nisin did not
ffect the physicochemical and mechanical characteristics of the
btained cheese. In the same way, Yoon and Kim ( 2022 ) studied
he inactivation of Listeria monocytogenes after adding nisin to
he whole, low fat and skim milk. Their results showed that the
nti- Listeria activity of nisin was dependent on fat contents in
ilk substrate. The anti- Listeria activity was moderate in whole
ilk, whereas remarkable in low-fat and skim milk samples.
he reaction between nisin and the listerial cell membrane was
aused by hydrophobic interaction between amino acid residues
f nisin and the fatty acids of the membrane phospholipids.
lso, several researchers combined nisin with other antimicro-
ial agents such as essential oil (Siroli et al. 2016 ), chitosan
ilms (Cé et al. 2012 ) or with other antimicrobial treatments
uch as high-pressure processing (Marcos Muntal et al. 2013 ).
he second strategy for nisin use as a food preservative is
ts incorporation into polymeric films. The advantage of using
acteriocins in films, instead of their direct addition into food
atrices, is associated with the increased stability of nisin and the
ontrol of its release (Barbosa et al. 2013 ). Nevertheless, as free
isin application, the effectiveness of antimicrobial packaging
s dependent on the type of food packed, the film-forming
olymer, and the type and concentration of antimicrobial that
ill determine the release rate and therefore, the antimicrobial
fficiency (Marcos Muntal et al. 2013 ). For example, Barbosa et al.
 2013 ) formulated cellulose films containing nisin to improve
he safety of minimally processed mangoes. Many studies have
emonstrated the antimicrobial potential of polymeric gels, films,
r plastic polymers containing nisin, but very few studies have
eported the antimicrobial potential of immobilized living cells,
otentially bacteriocin producers, on selected pathogenic bacteria
Brachkova et al. 2010 ; Concha-Meyer et al. 2011 ; Gialamas et al.
010 ; Millette et al. 2004 ). 
omprehensive Reviews in Food Science and Food Safety, 2026
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Nisin is a food additive (preservative), thus does not require
toxicological data for its assessment to be used to manufacture
plastic FCMs, but only data on its identity, uses and potential
migration. However, it was decided to keep the search and related
questions 3 and 4 to better understand the data available on
potential substances of concern coming from or eliminated from
the microbial fermentation and the recovery. 

Out of 666 publications reviewed, only three met the selection
criteria, including two EFSA opinions and one study addressing
the economic and environmental aspects of nisin production
from agri-food by-products. Nisin is produced through microbial
fermentation followed by recovery and purification steps, which
may involve the use of chemical agents (e.g., hydrochloric acid
[HCl] or ammonium sulfate), potentially leading to residual
substances of concern. 

Traditionally, nisin is produced through microbial fermentation
in the late exponential growth phase of L. lactis , commonly
used as a starter culture in dairy products. However, the current
production process is associated with high costs compared to
chemical-based alternatives, limiting its market competitiveness.
The study of Arias et al. ( 2021 ) explores the economic feasibility
and environmental impacts of biotechnological coproduction of
nisin and lactic acid using three food-associated industrial agro-
food by-products: CW, sugar beet pulp (SBP), and corn stover
(CS). 

During the production of nisin from by-products of the agri-food
industry, several chemical compounds are used that may be of
concern and that may later be present in the final product, such as
HCl for the acidification step or ammonium sulfate ((NH4 )2 SO4 )
for the precipitation step. Furthermore, in the context of devel-
oping sustainable packaging, the incorporation of nisin into BC
using cocultivation techniques is considered by Huang et al.
( 2024 ). Through cocultivation of K. xylinus and L. lactis subsp.
lactis , BC/nisin films with enhanced antibacterial activity and
mechanical properties are successfully produced. Cocultivation
is a fermentation strategy employed in biotechnology to reduce
costs, allowing the simultaneous cultivation of microorganisms,
such as BC-producing strains and those contributing functional
components. This approach aims to produce functional cellulose
efficiently. Microbial cocultivation can boost yields and create
new compounds but requires different growth conditions and
media. 

The EFSA evaluated nisin’s safety and antimicrobial resistance
implications in October 2006 (European Food Safety Authority
( EFSA) 2006 ). Nisin, a food preservative authorized by Directive
95/2/EC, is used in products like ripened and processed cheese,
puddings, clotted cream, and mascarpone. Despite concerns
about antimicrobial resistance, the EFSA panel did not find
any evidence to warrant changing the acceptable daily intake
(ADI) of 0.13 mg/kg bw, as previously established. The panel
highlighted that nisin’s longstanding use and its inactivation by
digestive enzymes ensure its safety. The potential for resistance to
therapeutic antibiotics from nisin-resistant mutants was deemed
low due to distinct differences in their antimicrobial mechanisms.
Later in October 2006, the EFSA’s Scientific Panel on Food
Additives reviewed nisin’s safety in a new food category, liquid
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ggs, and evaluated a modified production process (European
ood Safety Authority ( EFSA) 2006 ). The modified process
nvolved fermenting a sugar medium instead of milk, resulting
n purer nisin with fewer residues. The panel confirmed that this
ew production method did not alter the previously established
DI (0.13 mg/kg bw). Additionally, this method mitigated risks
or individuals with milk allergies. The panel found no safety
oncerns regarding the use of nisin in liquid eggs at a concen-
ration of up to 6.25 mg/L. In October 2017, EFSA reassessed
isin’s safety in light of new toxicological data and proposed its
se in un-ripened cheese and heat-treated meat products ( EFSA
anel on Food Additives and Nutrient Sources Added to Food
ANS) et al. 2017 ). Previously evaluated in 2006, nisin’s ADI was
.13 mg/kg bw. However, a new toxicity study, in which rats
ere administered nisin A for 90 days, identified a no observed
dverse effect level (NOAEL) of 225 mg/kg bw/day. Based on this
tudy, EFSA recalculated an ADI of 1 mg/kg bw/day, applying
 default uncertainty factor of 200. EFSA’s exposure estimates,
erived from the EFSA Comprehensive Database, showed that
verall exposure to nisin remained below the new ADI for
ll population groups. Consequently, the panel concluded that
xtending nisin’s use to unripened cheese (up to 12 mg/kg) and
eat-treated meat products (up to 25 mg/kg) posed no safety
oncerns. EFSA’s comprehensive evaluations over the years have
onsistently affirmed the safety of nisin (E234) as a food additive,
ven with new data and expanded uses. The adjustments in
DI and considerations for new food categories and production
ethods reflect ongoing vigilance in ensuring public health
afety. Moreover, being authorized as a food additive, the safety
ssessment of nisin for use in manufacturing plastic FCMs only
equires data on its identity, intended use, migration, migration of
ts impurities, breakdown, and reaction products; no toxicological
ata are required ( European Food Safety Authority (EFSA) et al.
023 ). 

.4 Allergenicity 

io-based polymers, derived from renewable biological sources
uch as plants, animals, and microorganisms, are increasingly
sed due to their sustainability and reduced environmental
mpact compared to petroleum-based polymers. However, poten-
ial allergenicity must be considered in their development and
pplication. 

ure cellulose is generally considered nonallergenic due to its
nert nature and absence of proteins, which are the primary cause
f allergic reactions. Nevertheless, allergenic risks may arise from
mpurities or additives introduced during production. In the
ontext of this study, BC is produced from agri-food by-products
uch as whey, BSG, wine marc and lees, and olive pomace. These
ubstrates may contain allergenic proteins (e.g., dairy proteins,
east-derived compounds, or plant allergens), which could persist
s residues if not adequately removed during fermentation and
urification processes (Mossburger and Scherf 2024 ; Romão et al.
022 ). 

vidence from the literature also highlights that cellulose deriva-
ives may act as hidden allergens in specific cases. For example,
ownsend et al. ( 2021 ) reported a rare case of anaphylaxis
ssociated with carboxymethyl cellulose (CMC, E466), used as
8 of 35
a food and pharmaceutical additive. This case illustrates the
importance of considering not only intrinsic allergenicity but also
the role of processing-derived modifications and impurities, as
well as the challenges associated with ingredient identification
due to variable nomenclature. 

Nisin is GRAS by regulatory authorities, with limited evidence
of allergenicity ( EFSA Panel on Food Additives and Nutrient
Sources Added to Food (ANS) et al. 2017 ; European Food
Safety Authority ( EFSA) 2006 ). However, potential immune
responses or cross-reactivity with other proteins cannot be
entirely excluded, although such effects are not well documented
(Musiejuk and Kafarski 2023 ). 

In addition to intrinsic and process-related factors, allergen
migration from bio-based FCMs represents an emerging concern.
Recent studies have demonstrated that FCMs derived from
allergenic raw materials (e.g., wheat or rye) can release allergens
such as gluten into food under specific conditions, with migration
levels influenced by factors such as contact time, temperature,
and pH (Mossburger and Scherf 2024 ). Although the materials
considered in this study differ from cereal-based FCMs, similar
concerns may arise if allergenic substrates are used during
fermentation. 

In particular, agri-food by-products such as CW may introduce
allergens like casein and β-lactoglobulin (Monaci et al. 2024 ; Xie
et al. 2024 ), while cereal-derived residues may contain gluten. If
not adequately controlled, these components may persist in the
final material and potentially migrate into food. 

Overall, the allergenic risk associated with bio-based FCMs
is primarily linked to residual contaminants from substrates
and processing steps rather than to the materials themselves.
Therefore, appropriate control strategies should be implemented
throughout the production chain, including careful selection
and characterization of substrates, optimization of fermentation
conditions, and effective purification processes to minimize
residual allergens. In addition, clear labeling and consideration
of regulatory gaps related to allergen declaration for FCMs
are important to ensure consumer protection, particularly for
sensitive populations. 

4 Conclusion 

This SLR examined the potential risks associated with the
use of bio-based FCMs derived from microbiological processes
aimed at the valorization of agricultural wastes, focusing on
two representative case studies: BC and nisin. The importance
of a rigorous safety assessment for these innovative materi-
als is emphasized, particularly in the context of the circular
economy and the increasing demand for sustainable packaging
solutions. 

BC, produced by Komagataeibacter spp., offers significant advan-
tages due to its renewable and biodegradable nature. However,
this study highlights the need to carefully characterize the
natural carbon sources used as substrates. The QPS status of
the microorganisms should also be considered. In addition,
metabolites and fermentation by-products must be evaluated.
Comprehensive Reviews in Food Science and Food Safety, 2026
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rea
otential impurities, including contaminants originating from
gricultural practices, should be assessed. Finally, the migration
f these substances into food needs to be investigated. A full safety
ssessment covering all these aspects was beyond the scope of this
tudy. 

egarding nisin, an antimicrobial additive produced by L. lac-
is subsp. lactis , this review highlights different but equally
mportant challenges. Particular attention should be given to the
roduction process, possible chemical changes during process-
ng, and the presence of impurities and reaction products. In
ddition, migration behavior and interactions with packaging
atrices should be considered. Compared to BC, the assessment
f nisin benefits from existing regulatory evaluations as a food
dditive. However, its application in FCMs still requires specific
onsiderations. 

verall, the findings emphasize the importance of adopting a
omprehensive and structured approach to the safety assessment
f bio-based FCMs derived from agro-industrial by-products. The
FSA Technical Report provides a valuable framework for the
valuation of materials derived from mixtures of natural origin. A
ey aspect is that substances of natural origin cannot be assumed
o be safe a priori. Their compositional complexity requires
etailed characterization of all components that may migrate into
ood. 

 major outcome of this study is the recognition of the rele-
ance of NIAS. These substances may originate from substrates,
icrobial metabolism, or processing steps. Their identification
emains challenging due to the complexity and variability of
io-based systems. From a regulatory perspective, NIAS repre-
ent a significant gap, requiring advanced analytical approaches
nd case-by-case assessment. Addressing this issue is essential
or ensuring a comprehensive safety evaluation of bio-based
CMs. 

 Future Perspective 

uture research should address aspects that were beyond the
cope of the present study, particularly the implementation of
ull safety assessments covering all stages of the production
hain. 

n particular, further work is needed to improve the identification
nd characterization of NIAS, including the development of
dvanced analytical methods for the detection and quantification
f impurities and degradation products. Strategies for monitoring
hese substances throughout the material lifecycle should also be
eveloped. 

oreover, interdisciplinary collaboration among experts in
hemistry, toxicology, microbiology, and materials science will be
ssential to support a comprehensive and integrated safety eval-
ation. Increasing awareness among producers and consumers
egarding potential risks and best practices for the safe use of bio-
ased FCMs will also play a key role in facilitating their safe and
ffective implementation. 
omprehensive Reviews in Food Science and Food Safety, 2026
Nomenclature 

ADI acceptable daily intake 

AFs aflatoxins 

AFB1 aflatoxin B1 

AFM atomic force microscopy 

AFM1 aflatoxin M1 

AGEs advanced glycation end products 

ANS EFSA Panel on Food Additives and Nutri-
ent Sources added to Food 

BC bacterial cellulose 

BIOHAZ EFSA Panel on Biological Hazards 

BSG brewer’s spent grain 

BSY brewer’s spent yeast 

bw body weight 

CFR Code of Federal Regulations 

CIP cleaning-in-place 

CMC carboxymethyl cellulose 

COVID-19 Coronavirus disease 2019 

CS corn stover 

CW cheese whey 

DHA dehydroalanine 

DHB dehydrobutyrine 

DNA deoxyribonucleic acid 

DON deoxynivalenol 

EC European Community 

EDS energy-dispersive X-ray spectroscopy 

EFSA European Food Safety Authority 

EU European Union 

EU (endotoxin units) endotoxin units 

FAO Food and Agriculture Organization of the
United Nations 

FCMs food contact materials 

FDA (US) Food and Drug Administration 

FSAI Food Safety Authority of Ireland 

GC–MS gas chromatography–mass spectrometry 

GRAS generally recognized as safe 

HPLC high-performance liquid chromatogra-
phy 

HPLC–FLD high-performance liquid chromatogra-
phy with fluorescence detection 

HQ hazard quotient 

IARC International Agency for Research on
Cancer 

IAS intentionally added substances 

IR infrared (spectrometry) 

MCC microcrystalline cellulose 

MRPs Maillard reaction products 

NCs nanocelluloses 
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IAS nonintentionally added substances 

OAEL no observed adverse effect level 

TA ochratoxin A 

AHs polycyclic aromatic hydrocarbons 

ICO population, intervention, comparator,
and outcome 

RISMA Preferred Reporting Items for Systematic
Reviews and Meta-Analyses 

ACs quaternary ammonium compounds 

PS qualified presumption of safety 

IPA radioimmunoprecipitation assay 

OS reactive oxygen species 

BP sugar beet pulp 

cCO2 supercritical carbon dioxide 

DS sodium dodecyl sulfate 

EM scanning electron microscopy 

LR systematic literature review 

PE solid-phase extraction 

Hg total mercury 

iab title and abstract 

HO World Health Organization 

EA zearalenone 
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