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Abstract

Ferulic acid (FA), together with its polymers and derivatives, has been attracting growing
attention as a building block for advanced sustainable polymeric materials due to its re-
newable origin, intrinsic antioxidant activity, and potential for biodegradability. This re-
view aims to provide a comprehensive overview of recent progress in the synthesis and
functionalization of FA-based polymers, covering polymerization strategies, enzymatic
modifications, and grafting approaches. The physicochemical characteristics of these ma-
terials are discussed, with particular emphasis on thermal stability, antioxidant perfor-
mance, controlled release of active agents, and their impact on the mechanical and barrier
properties of polymer matrices. Furthermore, key application domains—including bio-
medicine, food packaging, and environmental engineering—are examined, highlighting
both the advantages and current limitations associated with FA utilization. Finally, per-
spectives are outlined regarding the necessity for further research to enhance bioavaila-
bility, stability, and synthetic efficiency, as well as the potential of FA-derived polymers
in the development of next-generation, functional, and environmentally sustainable ma-
terials.
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1. Introduction

Interest in the scientific and technological field related to polymers has increased sig-
nificantly in recent decades, contributing to the dynamic progress made in plastics and
polymer materials. During the 20th century, the polymer industry was heavily dependent
on petroleum-based chemistry, refinery processes, and related technologies. The boom of
the petrochemical industry in the second half of this century was of fundamental im-
portance for the development of chemical sciences, leading to exceptional growth in the
sector of organic chemistry.

Despite growing controversies regarding the negative environmental impact of fossil
fuel-based processes, the industrial sector resisted modifying raw materials and technol-
ogies until crisis conditions arose [1]. During this period, numerous discoveries were
made concerning new monomers used in polymerization reactions, which enabled syn-
thetic materials derived from renewable resources to gain an increasing position in the
global market. Thanks to their wide application in the production of everyday goods—
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such as polylactide (PLA) used in packaging [2], multilayer films made from PLA and soy
protein for biodegradable packaging [3], and thermoplastic starch (TPS) biocomposites
reinforced with nanocellulose for food packaging applications [4] —these materials have
attracted significant attention.

Scientific progress at the turn of the 19th and 20th centuries led to the systematic
replacement of natural polymers (e.g., casein-based adhesives used in aircraft plywood
production [5]) by their synthetic counterparts. This phenomenon was mainly economi-
cally driven—the cost of petroleum-derived raw materials was significantly lower than
the cost of processing biopolymers or natural fibers. Although renewable-based polymeric
materials remained present on the market, their significance was marginal due to limited
investments compared to the substantial funds directed into the petrochemical sector [6].

Currently, the polymer industry faces two fundamental barriers: the principles of
green chemistry to be met [7] and the gradual depletion of non-renewable resources. A
potential solution may be the intensification of research into the use of renewable raw
materials as an alternative to fossil resources, but more importantly the commercialization
of new sustainable solutions. Unlike fossil-based resources, renewable sources are widely
available, making them strategically attractive from the perspective of global raw material
security and environmental stewardship [8].

Bio-based polymers are derived from renewable resources, including plants (e.g.,
starch, lignin, soy protein) and microorganisms (e.g., pullulan, polyhydroxyalkanoates
(PHA), as well as agricultural and forestry by-products, which constitutes a significant
step toward the development of sustainable materials [9,10]. They can be obtained from
these resources through chemical, physicochemical, or biochemical transformations.
Thanks to the renewable origin of their components, bio-based polymers offer numerous
advantages, such as a lower carbon footprint and increased biodegradability [11,12].

Although it might be assumed that materials produced from renewable and often
biodegradable sources will also be biodegradable, this feature is not guaranteed. The
chemical structure, type of functional groups, degree of crosslinking, or the presence of
non-biodegradable segments may result in materials that do not exhibit the expected bio-
degradability [13,14], e.g., bio-ethylene (Bio-PE) or bio-polypropylene (Bio-PP) [15].

Due to the frequent parallel use of the terms “biodegradable” and “bio-based” in the
scientific literature, it is necessary to distinguish between these two types of polymers. A
biodegradable polymer is one that can undergo breakdown and degradation due to bio-
logical agents. Biodegradation, regardless of the origin of the material (biological or syn-
thetic), is the process of chemical decomposition of a substance into compounds harmless
to the environment [16] —optimally CO: and water.

This process begins with the fragmentation of high-molecular-weight polymers into
shorter, lower-molecular-weight chains [17,18], after which further degradation depends
on the activity of microorganisms. Depending on environmental conditions—whether
aerobic or anaerobic—microorganisms transform degradation products mainly into car-
bon dioxide, water, and methane [19].

According to the definition of the International Union of Pure and Applied Chemis-
try (IUPAC), bio-based polymers are those that are wholly or partly derived from biolog-
ical products obtained from biomass, including plant, animal, marine, or forestry materi-
als [20].

The most important advantage of bio-based polymers is the possibility of replacing
non-renewable resources with biologically derived raw materials, which is a key step to-
ward sustainable production and the development of a low-emission plastics industry
with a reduced carbon footprint. An additional benefit is that biodegradable bio-based
polymers account for about one quarter of the total number of bio-based polymers (de-
pending on environmental conditions). Next-generation polymers can significantly



Polymers 2025, 17, 2788 3 of 18

contribute to reducing dependence on fossil resources and at the same time provide a
potential solution to the problem of plastic waste accumulating in the environment, which
is neither collected nor processed [21,22].

One of the potential natural-origin raw materials, yet still underappreciated, is FA(3-
methoxy-4-hydroxycinnamic acid). An important source of FA, due to its high content, is
lignocellulosic biomass. This compound occurs mainly in the form of esters bound to arab-
inoxylans in plant cell walls. Particularly rich sources include plant residues generated in
agriculture and the food industry, such as corn stalks, bagasse (a by-product of sugarcane
processing), wheat, barley, and rice straw, as well as residues from sugar beet processing.
The high content of FA in such materials makes them valuable feedstocks for its indus-
trial-scale recovery using chemical, enzymatic, or microbiological methods [23,24].

It is distinguished by its antioxidant activity and ability to absorb ultraviolet radia-
tion, making it a valuable component for the design of functional polymeric materials in-
tended for specialized applications, such as films, cosmetic materials, or plastics used in
medicine [25-27]. Nevertheless, FA is characterized by limited thermal stability during
processing and relatively slow kinetics of reactions with free radicals [28].

Oligomers and polymers synthesized from FA can be produced by various tech-
niques, such as enzymatic polymerization, anionic polymerization, and controlled radical
polymerization [29-31]. Polymers derived from FA contain reactive phenolic and carbox-
ylic groups, enabling further functionalization and control of their thermomechanical
properties [32]. These materials can be modified to obtain hydrophilic properties, pH-re-
sponsive behavior allowing for controlled FA release, as well as enhanced antioxidant and
antibacterial activity [25-27,33].

In recent years, growing interest has been observed in the application of FA and its
derivatives in materials engineering, particularly in the field of polymers and biomateri-
als. This trend is confirmed by bibliometric data from the Scopus database, showing a
systematic increase in the number of publications concerning FA in the years 20042024
(Figure 1). Such growth indicates a rising awareness of the potential of this substance in
the design of innovative polymeric, biomedical, and packaging materials. The thematic
distribution of these publications is presented in Figure 2, illustrating the main research
areas in which ferulic acid has been most frequently investigated
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Figure 1. Number of scientific publications retrieved from the Scopus database using the query TI-

TLE-ABS-KEY (“ferulic acid”) AND PUBYEAR > 2003 AND PUBYEAR < 2025, limited to research

articles and reviews (accessed: August 2025).
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Figure 2. Distribution of scientific publications retrieved from the Scopus database using the query
TITLE-ABS-KEY (“ferulic acid”) AND PUBYEAR >2003 AND PUBYEAR <2025, limited to research
articles and reviews (accessed: August 2025).

FA can serve as a crosslinking agent, functional additive, or nanocomposite compo-
nent, positively affecting the mechanical properties, durability, and biological activity of
polymeric materials [34,35]. Its derivatives, such as polyferulans, are being investigated
for applications in biomedicine, biodegradable materials, food packaging, and controlled
drug release systems [34-36].

The aim of this review article is to present the current state of knowledge on the ap-
plications of FA and polyferulic acid in polymers, with particular emphasis on their prop-
erties, mechanisms of action, and potential directions of development in the context of
modern functional materials.

2. Chemical Characteristics and Sources of Raw Materials

FA is widely distributed in the plant world, where it occurs both in free form and
bound to cell wall polysaccharides, lignin, glycoproteins, or polyamines. The richest nat-
ural sources are cereal bran (wheat, rice, corn), seed husks, as well as, in smaller amounts,
certain herbs (including Angelica sinensis, Cimicifuga racemosa, and Ligusticum chuangxiong)
and vegetables (tomatoes, carrots, corn) [37,38]. In industrial practice, FA is mainly ob-
tained from agricultural and agro-industrial residues, such as by-products of beer pro-
duction (brewers spent grain), using chemical processes (alkaline or acid hydrolysis) or,
increasingly, enzymatic methods [39-41]. Enzymatic hydrolysis with the use of feruloyl
esterases, carboxylesterases, or cholesterol esterases enables efficient and environmentally
friendly release of FA from biomass, while enzyme additives such as xylanase can further
increase process efficiency—in studies, the application of enzymatic pretreatment in-
creased it from about 2.5-6 mg/g to 11.79 mg/g, i.e., nearly twofold or even fourfold com-
pared to previous methods [37,41,42].

In addition to extraction from biomass, FA can be obtained through chemical and
biotechnological synthesis. Chemical synthesis includes, among others, condensation re-
actions involving suitable phenolic precursors, but biotechnological methods, including
metabolic engineering of microorganisms such as Escherichia coli, are gaining increasing
importance. For example, by modifying biosynthetic pathways and optimizing enzyme
activities (e.g., methyltransferases, hydroxylases), it is possible to achieve high yields of
FA in fermentation on media from inexpensive raw materials such as wheat bran, glucose,
starch, or glycerol [43-45]. In addition, strategies for cofactor regeneration (e.g., S-
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adenosylmethionine, flavin adenine dinucleotide) are being developed, which signifi-
cantly increase the efficiency of biosynthesis [44].

Polyferulans, i.e., polymers of FA, can be obtained both through natural polymeriza-
tion processes in plants and through controlled chemical or enzymatic polymerization in
vitro. Oxidases, peroxidases, or suitable chemical catalysts are used for this purpose, al-
lowing for the production of materials with diverse properties and potential applications
in biomaterials and functional polymers [37,38].

3. Methods of Synthesis and Modification
Synthesis of Polymers Based on Ferulic Acid and Derivatives

Strategies for the functionalization of polymers with FA include various approaches
such as polymerization, grafting (attachment of side chains), and enzymatic modifica-
tions. Polymerization of FA derivatives, e.g., 4-vinylguaiacol, enables the production of
well-defined styrene polymers such as poly(vinylguaiacol) or poly(vinylcatechol), while
maintaining phenolic functionalities. This is achieved through controlled anionic or radi-
cal polymerization as well as appropriate protection and deprotection reactions of func-
tional groups [26,31]. The synthesis route of these polymers is illustrated in Figure 3.

COOH
. /c H, /C H
-CO, protection
—_— E— _—
OMe OMe 0
\Prol
OH OH 0
“prot
1 2 3
polymerization n n n
B
deprotection
—_—
or or
OMe OH OH
OH OH OH
4 5 6

Figure 3. Scheme of the reaction for obtaining poly(vinylguaiacol) and poly(vinylcatechol). Prot—
protective group (e.g., Si(OEt)3); 1—ferulic acid (FA); 2—4-vinylguaiacol; 3—protected bio-based
functional styrene; 4-6—FA-derived polymers (adapted from [31]).

Grafting allows precise modification of polymer surfaces, e.g., polysaccharides or
starch nanoparticles, through the attachment of synthetic polymer chains, which improves
the physicochemical properties and bioactivity of materials [46—48]. FA can be oxidized
by laccase, leading to the formation of highly reactive free radicals (Figure 4) [49]. Enzy-
matic modifications, using, among others, laccase from Agaricus bisporus, enable the at-
tachment of oxidized FA products to biopolymers such as chitosan (CTS), carboxymethyl-
cellulose, or CTS-gelatin hybrids, resulting in materials with enhanced antioxidant and
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antibacterial activity [26]. There are also reports in the literature on the use of this ap-
proach in laccase-assisted modification of lignocellulosic materials FA (Figure 5) [50].
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Figure 4. Formation of free radicals in oxidation of FA with laccase (adapted from [49]).
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Figure 5. Example of FA modification of cellulose fibers—lactonization, 36% yield (adapted from
[50]).

Among the examples of polymers functionalized with FA are polyesters, which can
be obtained through direct copolymerization of FA with diols, yielding biodegradable
materials with UV-protective and hydrophilic properties. FA-based polyanhydrides ex-
hibit controlled release of active substances and are attractive for biomedical and cosmetic
applications [25]. Styrene polymers, such as poly(vinylguaiacol) or styrene copolymers,
are obtained through both controlled polymerization and grafting methods, allowing pre-
cise tuning of their properties for specific applications [30,31,51]. Nanocomposites in
which FA or its derivatives are incorporated into polymer matrices or onto nanoparticle
surfaces exhibit improved mechanical properties, stability, and bioactivity, making them
promising materials for applications in packaging, medicine, and environmental engi-
neering, e.g., in water purification processes from heavy metals and other contaminants
[46-48,52].

The literature describes many different types of polymers obtained from FA and its
derivatives, which differ both in synthesis methods and in properties and potential
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applications. To better illustrate this diversity, Table 1 summarizes the most important
examples of FA-based polymeric materials, including their methods of preparation, key
functional features, and main application areas.

Table 1. Examples of polymers based on FA and its derivatives.

Derivative Type

Synthesis/Modification

Method Key Properties Main Applications Source

Ferulate polyesters

Biodegradable; UV-protective;
hydrophilic; elongation at break
6-434% (PLA-based, Bis-O-dihy- Packaging, biomaterials, cosmetics [25,28,35]
droferuloyl-1,4-butanediol
(BDF)-modified)

Copolymerization of FA with
diols

Ferulate polyanhydrides

Controlled release of active sub- Biomedical applications, cosmetics,

Anhydride pol izati
nhydnde polymerization stances, biodegradability drug delivery systems

[25,53]

Styrene polymers

Anionic/radical pol iza- P tion of phenoli , . .
r.uomc/ra 1eal po ymertza Treservation of PREnoic §IOUPS: gy ctional materials, elastomers [30,31,34,51]
tion, protection of groups tunable properties

Improved mechanical properties
Grafting, enzymatic modifica- (Tensile strength increased from Packaging, environmental engi-

FA-based nanocomposites tions, incorporation 5.42 to 10.78 MPa), stability, bio- neering, biomaterials [46-48,52,54]
activity, antibacterial activity
Enhanced antioxidant and anti-
E i ificati g, ial activity, bi ibil- Bi ials, ings, i
FA-modified CTS polymers nzymatic modifications (e g ba.cterla activity, bIOCO.II.lpatlbl iomaterials, C?ahngs protective 26,33,55]
laccase) ity, oxygen permeability re- films
sistance 0.1-20.6%
. . Biodegradability, biological ac- . X L.
Polyferulans (FA polymers) Chemical, enzymatic, natural tivity, potential for controlled re- Biomedical applications, packag- [36-38]

polymerization ing, drug delivery systems

lease

Table 1 summarizes the most important types of polymers obtained from FA and its
derivatives, their synthesis methods, key properties, and main application areas. The
above examples demonstrate that it is possible to obtain materials with diverse character-
istics, such as biodegradability, antioxidant activity, barrier properties, or controlled re-
lease of active substances. The use of FA in polymers allows for the design of modern
functional materials, which find applications in both biomedical fields and in the packag-
ing industry or environmental engineering. In the following subsections, selected groups
of materials and their application potential are discussed in detail.

4. Functional Properties and Applications

4.1. Physicochemical Properties of Ferulic Acid: Stability, Release, Antioxidant Activity,
Mechanical Properties

FA and its derivatives exhibit diverse physicochemical properties that are crucial for
their applications in polymers. The thermal stability of FA is limited, especially during
high-temperature processing (decomposition temperature 206245 °C [56]); however,
chemical modifications, such as conjugation with polymers (e.g., CTS or poly(anhydride-
esters)), significantly improve its resistance to degradation and enable controlled release
of the active substance without loss of its biological properties [26,54,55]. Studies on pol-
ymer films have shown that FA derivatives can be released in a controlled manner, with
the amount and rate depending on the type of polymer matrix and environmental condi-
tions [26,54,57].

FA and its oligomers are strong antioxidants, capable of neutralizing free radicals
through phenoxyl radical stabilization, and their antioxidant activity can even increase
after dimerization or conjugation with polymers such as CTS [55,58-60]. Incorporation of
FA derivatives, such as BDF, into polymers significantly improves the mechanical prop-
erties of the materials—for example, elongation at break increased from 5.2% for neat PLA
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to 431% for 40%-FA-blended PLA, depending on the concentration of the additive and the
type of polymer used [35].

Furthermore, the presence of FA conjugated with CTS in polymer matrices can influ-
ence barrier properties, e.g., increasing the oxygen permeability resistance of films (0.1-
20.6%) as measured according to ASTM D3985 at 25 °C and 0% relative humidity, with
this effect rising with higher FA-CTS content [56]. Solubility, polymorphism, and compat-
ibility with other components also play a role in designing functional polymeric materials
incorporating FA [61,62].

4.2. Applications of Ferulic Acid
4.2.1. Materials for Biomedical Applications (e.g., Drug Carriers, Skin Protection)

Polymers containing FA or polyferulic acid show great potential in biomedical appli-
cations, particularly as drug carriers and components of skin protection formulations
[28,34,36,54,63-65]. Thanks to controlled biodegradation and the ability to gradually re-
lease FA, such systems enable long-lasting antioxidant and anti-inflammatory effects,
which is especially valuable in wound healing, cancer therapy, and protection against ox-
idative stress induced by UV radiation [25,34,54,63,66]. Nanoparticles and nanofibers
based on polyferulic acid can effectively deliver anticancer drugs, such as doxorubicin or
paclitaxel, increasing their efficacy and limiting systemic toxicity, while themselves exhib-
iting anticancer activity [34,63]. Polymerized forms of FA are also used to create biocom-
patible coatings and films that improve the surface properties of biomaterials, reduce pro-
tein adsorption, and support tissue regeneration [33,64]. In skin care formulations, poly-
mers containing FA provide stable and controlled release of the active substance, protect-
ing skin cells from oxidative damage and photoaging [27,54,66]. Additionally, these sys-
tems demonstrate good biocompatibility and low cytotoxicity, as confirmed by in vitro
and in vivo studies [54,63,64].

4.2.2. Food Packaging, Biodegradable Materials, UV-Protective Films

Polymers containing FA or its derivatives are intensively studied as modern materi-
als for food packaging due to their biodegradability, antioxidant and antibacterial prop-
erties, and ability to provide UV protection [67-72]. The addition of 1% FA to biopolymers,
such as PLA or fish gelatin, significantly improves their mechanical, barrier, and thermal
properties: the tensile strength of films made of PLA and poly(butylene adipate-co-ter-
ephthalate) increased from 5.42 MPa to 10.78 MPa, while ultraviolet (UV) transmittance
at 280 nm decreased from 2.37% to approximately 1.7%, which reduces photodegradation
and extends the shelf life of packaged food [68,70,72]. Active films and laminates contain-
ing FA exhibit strong antioxidant and antibacterial properties, limiting the growth of path-
ogens such as Listeria monocytogenes, Escherichia coli, and the fungus Aspergillus niger, while
not compromising the sensory qualities of the packaged food [67-70]. Studies have re-
ported, for example, composites made of polyethylene glycol and carboxymethylcellu-
lose, in which the water vapor transmission rate decreased from approximately 1.8 x 10-10
to 1.1 x 1071 g m s71 Pa! after the incorporation of FA and natamycin, additionally pro-
tecting food from drying and microbial growth [69]. Recently Huang and co-workers
showed that synthetic lignin-like UV-blocking polymers can be obtained from FA [73].

4.2.3. Adhesives

FA has attracted increasing interest for applications in modern adhesives and coat-
ings, especially as a component of bio-based adhesive systems. Studies on photo-curable
coatings based on methacrylates have shown that increasing the FA content significantly
improves adhesion to glass and coating hardness. Specifically, pull-off adhesion meas-
ured according to [74] using @20 mm aluminum dollies ranged from 4.2 MPa to 5.5 MPa
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depending on FA content. Pendulum hardness, determined with a Kénig pendulum ac-
cording to [75], ranged from 53 a.u. to 79 a.u., with the optimal value observed for coatings
containing 0.9 wt % FA.

The gloss (20° incidence) and distinctness of image (DOI) of the coatings, measured
on white paper panels according to [76], were high, with gloss values of approximately
85-89 Gloss units (GU).

The antibacterial activity of the FA-modified coatings was assessed against Staphy-
lococcus epidermidis following [77], showing a reduction of up to 3.8 log colony forming
units (CFU)/m? after 24 h [72].

In another study, FA-based epoxy adhesives showed excellent mechanical strength —
for a 10 parts per hundred resin (phr) addition of hyperbranched FA epoxy resin, tensile
strength measured according to [78] reached 126.4 MPa, with over 88.3% of that strength
retained after recycling. Additionally, the stress relaxation time was only 45 s at 140 °C,
facilitating processing and material reuse [79].

FA is also used to modify bio-based epoxy adhesives and photo-curable systems, im-
proving not only mechanical properties but also enabling material recycling without loss
of key parameters. Studies on FA-based epoxy monomers showed that appropriate curing
strategies (thermal curing strategies —two-step curing at 150 °C for 2 h followed by 180 °C
for 2 h) allow for materials with enhanced mechanical and adhesive properties. Tensile
testing (ASTM D638) on 5B type dog-bone samples revealed a Youngs modulus of 774
MPa and a strain at break of 4.0%, while single lap shear tests [80] on aluminum, steel,
and CMC composite substrates showed shear strengths of 20 + 1 MPa, 24 + 4 MPa, and 32
+ 3 MPa, respectively, with cohesive failure observed for the CMC joints and adhesive
failure at the interface for metal substrates [81]. It is also worth noting that in soy-oil-based
adhesives, FA modification led to changes in the failure mechanism (cohesive failure
within the adhesive layer), indicating a strong influence of this compound on the adhesive
structure and properties [82].

One of the main limitations is the low thermal stability of FA itself (decomposition
temperature 206-245 °C [56]), which leads to its degradation during typical processing
operations such as extrusion or injection molding. Studies have shown that pure FA has
poor thermal stability, whereas its derivatives, such as BDF, exhibit significantly better
retention (86-93%) during processing in PLA, polyhydroxybutyrate, and polyhydroxy-
butyrate-co-hydroxyvalerate matrices [28]. In PLA-based elastomers with FA derivatives,
a significant increase in flexibility was observed —elongation at break increased from 6%
for pure PLA to 434% for BDF modifications This enhancement, measured on tensile spec-
imens prepared according to [83] is attributed to a physically connected network of inter-
actions between PLA chains (PLA-PLA), between PLA and BDF (PLA-BDF), and between
BDF molecules themselves (BDF-BDF). Such a network maintains the continuity of the
amorphous phase in the polymer blend, allowing it to transition from brittle, plastic-like
behavior to elastomeric behavior. The formation of this physical network, together with
partial phase separation at higher BDF contents (>25 wt%), explains the dramatic increase
in elongation at break from 6% for pure PLA to 434% for BDF-modified blends, as the
network provides both mobility and cohesion under tensile stress [35]. The presence of
FA can also affect the thermal properties of polymers—for example, lowering the glass
transition temperature (Tg). In systems where FA has been chemically modified to form
monoallylated monomers and used in thiol-ene photopolymerization, the addition of
more monoallylated monomer leads to a decrease in the Tg of the crosslinked network.
The mechanism of this effect is related to a decrease in the network density and a reduc-
tion in the restriction of polymer chain movement, which increases the mobility of net-
work segments and acts similarly to plasticization [84]. In high-performance FA bio-epox-
ies, Tg can reach up to 250 °C, and their mechanical properties match or exceed those of
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traditional bisphenol A-based systems [85]. Modern fully bio-based epoxy vitrimer sys-
tems derived from FA exhibit excellent recyclability and mechanical stability. Mechanical
tests conducted in accordance with ASTM D638 showed that the original FA-based epoxy
vitrimer had a tensile strength of 126.4 + 1.6 MPa, retaining 121.3 + 3.1 MPaand 113.4 +2.1
MPa after the first and second reprocessing cycles—96% and 89%, respectively, of the in-
itial strength. Even after chemical recycling, the vitrimer maintained over 88% of its orig-
inal tensile strength [79].

5. Challenges and Future Perspectives
5.1. Limitations of Current Ferulic Acid Solutions

Current applications of FA and polyferulic acid in polymers face several significant
limitations. Primarily, FA has low water solubility and limited bioavailability, which hin-
ders its effective use in polymer systems, particularly in biomedical and pharmaceutical
applications [36]. In PLA- and PHA-based polymers, FA release into polar environments
is very slow (range of 8-15% of the content present in the film), limiting its functionality
in food packaging or active materials [28]. The synthesis and functionalization of polyfer-
ulic structures often encounter performance barriers, as well as difficulties in controlling
the degree of crosslinking and the availability of functional groups, affecting the mechan-
ical and functional properties of the resulting materials. Additionally, limited enzymatic
and steric accessibility of FA in polysaccharide matrices complicates efficient crosslinking
and modification of mechanical properties [86]. Although the articles do not provide de-
tailed financial data, the described enzymatic processes require the use of enzymes, indi-
cating limitations in scalability and potential challenges for industrial applications [37,41].
Chemical synthesis methods of FA and its polymers allow for the production of larger
quantities of products but require careful control of reaction conditions and the use of
chemical reagents [30,31]. Finally, some FA degradation products may be difficult to fully
mineralize in aqueous environments, posing challenges for recycling and biodegradation
processes [87]. These limitations highlight the need for further research to improve stabil-
ity, bioavailability, and the efficiency of synthesis, functionalization, and design of new
polymers incorporating FA and its derivatives [28,36,86,87]. In the context of adhesives
and thermoplastic polymers, the use of FA and its derivatives opens up new perspectives
but also involves a series of technological challenges.

FA and its derivatives exhibit a very rapid rate of biodegradation in both aquatic and
soil environments. Under laboratory conditions, in the presence of Paraburkholderia aro-
maticivorans bacteria, 75% of FA decomposes within 3 days (at temperatures ranging
from 10 to 30 °C), and complete disappearance is observed after 6-9 days [88]. In soil, with
the participation of the fungus Phomopsis liquidambari, more than 97% of FA is degraded
within 48 h [89]. Under anaerobic conditions, FA is broken down into methane and carbon
dioxide by bacterial consortia, although the duration of this process has not been precisely
determined [90]. The incorporation of FA into biopolymers such as Poly(3-hydroxybutyr-
ate-co-3-hydroxyvalerate) (PHBV) accelerates their biodegradation —in seawater, the half-
life (tY2) of PHBV films containing FA is 63-79 days, and complete biodegradation occurs
within 162 days. For comparison, PLA under similar conditions shows a t¥2 of approxi-
mately 50-100 days, and PHA/PHBV 60-80 days [91]. This indicates that FA and its de-
rivatives degrade faster or at rates comparable to typical biopolymers, which are consid-
ered benchmarks for biodegradability.

The degradation mechanisms of FA include hydrolysis of ester and anhydride bonds
(in the case of polymers), as well as a series of enzymatic reactions: decarboxylation (FA
decarboxylase), oxidation (laccase, peroxidase), and demethylation, leading to the for-
mation of compounds such as vanillin and protocatechuic acid [89,92,93]. Microorganisms
(bacteria and fungi) and environmental conditions play a key role in these processes—
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optimal pH (6-7) and the presence of enzymes significantly accelerate the degradation
[88,89,92,93]. Under aerobic conditions, these processes occur much faster than under an-
aerobic ones, where FA undergoes mineralization to methane and CO2 [90].

5.2. Directions for Future Research and Potential New Applications of Ferulic Acid

Future research on FA and polyferulic acid in polymers should focus on the devel-
opment of new materials for pharmaceutical applications. Among others, these are mate-
rials for advanced delivery systems, such as nanoformulations and nanocapsules, which
increase bioavailability, stability, and controlled release of the active substance, especially
in pharmaceutical and biomedical applications [64,94,95]. New FA derivatives, e.g., con-
jugated with amino acids, are being developed, exhibiting improved solubility, skin per-
meability, and potential for cosmetology and dermatology [96].

Further promising research areas involve several promising areas. One of these is
FA-based vitrimers, used for the production of recyclable thermosetting materials. Studies
on bio-based epoxies and hyperbranched FA systems have demonstrated the possibility
of closed-loop recycling while retaining over 88% of mechanical strength [79,78], with the
current Technology Readiness Level (TRL) estimated at 4-5, corresponding to laboratory
validation and pilot-scale testing. Another area is nanocarriers for central nervous system
drug delivery. FA in the form of nanoparticles and polyferulic nanocapsules enables con-
trolled release of active substances, enhancing bioavailability and potential application in
the treatment of neurological diseases such as Alzheimeres and Parkinsone [34,63,97,98].
The current TRL for this application is 34, covering in vitro and preclinical studies. A
third promising direction is smart packaging with controlled release. Polymers containing
FA exhibit antioxidant, antibacterial, and UV-protective properties, which can extend the
shelf life of food products [37,67-70], with the current TRL estimated at 5-6, including
pilot-scale production and packaging trials. Focusing research on these areas will allow
more efficient exploitation of FAe potential in polymeric materials and accelerate its im-
plementation in industrial and clinical applications.

Potential applications also include treatment of neurological diseases, where FA, due
to its ability to cross the blood-brain barrier and neuroprotective properties, could be used
in therapies for disorders such as Alzheimere or Parkinsone disease [97,98]. Promising
directions also include smart packaging materials, which, due to the antioxidant and an-
tibacterial properties of FA, can extend food shelf life [37].

Further research should include optimization of enzymatic and chemical synthesis,
efficiency improvements, and sustainable scaled-up production from biomass [99]. It is
also essential to deepen knowledge about safety, toxicity, and regulatory aspects of new
formulations, especially for clinical applications [64,94]. Finally, the development of func-
tional polymers with FA may find applications in tissue engineering, controlled drug de-
livery systems, anti-aging materials, and environmental protection [36,64,95].

In the context of adhesives and thermoplastic polymers, future studies should focus
on improving the thermal resistance and stability of FA derivatives during processing, as
well as optimizing their compatibility with polymer matrices. A natural development di-
rection is the use of FA in thermoplastic materials that can serve as polymer matrices or
hot-melt adhesives. Developing new derivatives, crosslinking strategies, and active sub-
stance delivery systems could significantly expand FA applications in adhesives and ther-
moplastics, particularly for functional, biodegradable, and recyclable materials.

The following SWOT analysis (Table 2) summarizes the strengths and weaknesses,
as well as the opportunities and risks associated with the use of FA and its polymers in
polymeric materials.
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Table 2. SWOT analysis for FA.

Strengths Weaknesses
Renewable feedstocks (lignocellulose, plant residues)e Low water solubility of FA [36]
[23,24] o Challenges in controlling crosslinking degree

Biodegradability and antioxidant activity [25,28]
Potential for polymer functionalization (grafting, en- e
zymatic modification) [46-50]

and availability of functional groups [100]
Limited scalability of some enzymatic pro-
cesses [37,41]

Opportunities

Threats

Applications in pharmacy and biomaterials (con-

Challenges in scaling enzymatic processes to

i ial i 7,41
trolled release, nano-systems) [34,36,64] industrial production [37,41]

ition f hemical hemi-
. Biodegradable and UV-protective packaging materi- * Competition from chemical and petrochemi

cal polymers [30,31]

als [67-72] . Regulatory challen, nd safety requir
. Modification of adhesives and photo-curable resins meegr::saf(())ry}:afmeacizii:a ) aia::leftgo;?;n;ct
[72,73,79,81,82] b

applications [94,100,101]

To sum up SWOT, FA polymers have significant market potential due to their func-
tional properties and renewable origin. Limitations include difficulties in scaling enzy-
matic processes and challenges in controlling the properties of materials. Chemical syn-
thesis methods offer the possibility of larger-scale production, which can facilitate indus-
trial implementation, although they require careful control of the reaction conditions.

5.3. Toxicity, Safety, and Regulatory Aspects

FA exhibits a favorable safety profile in in vitro and in vivo studies, although its tox-
icity depends on dose and application method. Tests on cell lines and animal models have
shown that FA at moderate concentrations does not produce significant cytotoxic effects
and, on the contrary, protects cells exposed to environmental toxins such as deoxyniva-
lenol, lead, cadmium, or arsenic, mitigating oxidative stress, inflammation, and apoptosis
[102-105]. However, at high concentrations, FA can induce toxic effects, including hemol-
ysis of erythrocytes and negative impacts on intestinal wall integrity, suggesting the need
for dose control in supplements and food products [100,101].

In silico and in vitro studies confirm low human toxicity of FA, but potential envi-
ronmental toxicity has been reported, which should be considered when designing bio-
degradable polymer materials [100]. In pharmaceutical and biomedical applications,
growing attention is being paid to nanoformulations, which can improve the safety and
effectiveness of FA delivery while minimizing adverse effects [94].

In studies to date, oral LDso for FA in rats has been found to be approximately 2113
mg/kg body weight for females and 2445 mg/kg body weight for males [98]. However,
long-term chronic toxicity data for FA and its polymers remain limited, particularly re-
garding repeated-dose exposure, reproductive toxicity, and environmental impact of FA-
containing polymers. In silico predictions also suggest low acute toxicity (LDso = 1.43
mol/kg for rats) but do not replace long-term safety evaluations.

The registration report by the European Chemical Agency (ECHA) for 4-hydroxy-3-
methoxycinnamic acid as a registered substance indicates that in the 4-week oral test in
F344 rats, dietary administration of 2% FA (equivalent to a nominal dose of 2000
mg/kg/day) did not cause observable adverse effects, suggesting that the NOAEL is at
least 2000 mg/kg/day [106]. However, additional studies covering chronic and reproduc-
tive endpoints are needed, especially for FA when incorporated into polymeric materials,
as polymer conjugation may alter release kinetics, bioavailability, and tissue distribution.

From a regulatory perspective, FA meets pharmacokinetic criteria (compliance with
Lipinskis rule), supporting its further development as a component of drugs, supple-
ments, and biomedical materials [67]. Nevertheless, before widespread implementation,
additional toxicological studies, long-term safety assessments, and compliance with
standards for food-contact materials and clinical applications are required [94,100,101].



Polymers 2025, 17, 2788

13 of 18

References

Further research should address potential changes in toxicity resulting from polymer con-
jugation, nanoparticle formation, and controlled-release systems while establishing safety
margins and exposure limits.

Author Contributions: Conceptualization, M.L. and M.L.M.; formal analysis, M.L.M. and P.G.P,;
investigation, M.L.; data curation, P.G.P.; writing—original draft preparation, M.L.; writing—re-
view and editing, M.L. and P.G.P.; visualization, M.L.M.; supervision, P.G.P.; funding acquisition,

M.L.M. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge Warsaw University of Life Sciences—WULS for
providing facilities and access to bibliographic databases. Graphical abstract was produced by Al-
powered Canva Magic Studio™ ver. 1.116.0 (Sydney, Australia ) tools.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BDF Bis-O-dihydroferuloyl-1,4-butanediol

CFU Colony forming units

CTS Chitosan

DOl Distinctness of Image

ECHA European Chemical Agency

FA Ferulic acid

GU Gloss units

IUPAC International Union of Pure and Applied Chemistry
PHA Polyhydroxyalkanoates

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
phr Parts per hundred resin

PLA Polylactic acid

Tg Glass transition temperature

TRL Technology Readiness Level

1.  Nurdiawati, A.; Urban, F. Towards Deep Decarbonisation of Energy-Intensive Industries: A Review of Current Status, Tech-
nologies and Policies. Energies 2021, 14, 2408. https://doi.org/10.3390/en14092408.

2. Swetha, T,; Bora, A.; Mohanrasu, K.; Balaji, P.; Raja, R.; Ponnuchamy, K.; Muthusamy, G.; Arun, A. A comprehensive review on

polylactic acid (PLA)—Synthesis, processing and application in food packaging. Int. |. Biol. Macromol. 2023, 234, 123715.
https://doi.org/10.1016/j.ijpiomac.2023.123715.

3. Muller, J.; Gonzalez-Martinez, C.; Chiralt, A. Combination of Poly(lactic) Acid and Starch for Biodegradable Food Packaging.
Materials 2017, 10, 952. https://doi.org/10.3390/ma10080952.

4. Nazrin, A,; Sapuan, S.; Zuhri, M.; Ilyas, R.; Syafig, R.; Sherwani, S. Nanocellulose Reinforced Thermoplastic Starch (TPS), Pol-
ylactic Acid (PLA), and Polybutylene Succinate (PBS) for Food Packaging Applications. Front. Chem. 2020, 8, 213.

5. Truax, T.R. Gluing Wood in Aircraft Manufacture; Technical Bulletin No. 151; United States Department of Agriculture: Washing-

ton, DC, USA, 1929.

6.  Galbis, J.A.; Garcia-Martin, M.G. Monomers, Polymers and Composites from Renewable Resources; Belgacem, M.N., Gandini, A.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2008.
7.  Anastas, P.T.; Warner, ].C. Green Chemistry: Theory and Practice; Oxford University Press: New York, NY, USA, 1998.



Polymers 2025, 17, 2788 14 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nakajima, H.; Dijkstra, P.; Loos, K. The Recent Developments in Biobased Polymers toward General and Engineering Applica-
tions: Polymers That Are Upgraded from Biodegradable Polymers, Analogous to Petroleum-Derived Polymers, and Newly
Developed. Polymers 2017, 9, 523. https://doi.org/10.3390/polym9100523.

Maminski, M.L.; Toczylowska-Maminiska, R. Bio-derived adhesives and matrix polymers for composites. In Handbook of Com-
posites from Renewable Materials, Volume 1: Structure and Chemistry; Thakur, V.K,, Thakur, M.K,, Kessler, M.R., Eds.; Wiley-Scrive-
ner: Hoboken, NJ, USA, 2017; pp. 151-188.

Wypij, M,; Trzciriska-Wencel, J.; Golinska, P.; Avila—Quezada, G.; Ingle, A ; Rai, M. The strategic applications of natural polymer
nanocomposites in food packaging and agriculture: Chances, challenges, and consumerse perception. Front. Chem. 2023, 10,
1106230. https://doi.org/10.3389/fchem.2022.1106230.

Isikgor, F.H.; Becer, C.R. Lignocellulosic Biomass: A Sustainable Platform for the Production of Bio-Based Chemicals and Poly-
mers. Polym. Chem. 2015, 6, 4497-4559. https://doi.org/10.1039/C5PY00263].

Iwata, T. Biodegradable and Bio-Based Polymers: Future Prospects of Eco-Friendly Plastics. Angew. Chem. Int. Ed. 2015, 54, 3210—
3215. https://doi.org/10.1002/anie.201410770.

Garrison, T.; Murawski, A.; Quirino, R. Bio-Based Polymers with Potential for Biodegradability. Polymers 2016, 8, 262.
https://doi.org/10.3390/polym8070262.

Hottle, T.A.; Bilec, M.M.; Landis, A.E. Sustainability Assessments of Bio-Based Polymers. Polym. Degrad. Stab. 2013, 98, 1898-
1907. https://doi.org/10.1016/j.polymdegradstab.2013.06.016.

Siracusa, V.; Blanco, I. Bio-Polyethylene (Bio-PE), Bio-Polypropylene (Bio-PP) and Bio-Poly(ethylene terephthalate) (Bio-PET):
Recent Developments in Bio-Based Polymers Analogous to Petroleum-Derived Ones for Packaging and Engineering Applica-
tions. Polymers 2020, 12, 1641. https://doi.org/10.3390/polym12081641.

Luckachan, G.E; Pillai, C.K.S. Biodegradable Polymers— A Review on Recent Trends and Emerging Perspectives. J. Polym. En-
viron. 2011, 19, 637-676.

Karthika, M.; Shaji, N.; Johnson, A.; Neelakandan, M.S.; Gopakumar, D.A.; Thomas, S. Biodegradation of Green Polymeric
Composites Materials. In Bio Monomers for Green Polymeric Composite Materials; Wiley: Hoboken, NJ, USA, 2019; pp. 141-159.
Engineer, C.; Parikh, J.; Raval, A. Review on Hydrolytic Degradation Behavior of Biodegradable Polymers from Controlled
Drug Delivery Systems. Trends Biomater. Artif. Organs 2011, 25, 79-85.

Samir, A.; Ashour, F.H.; Hakim, A.A.A ; Bassyouni, M. Recent Advances in Biodegradable Polymers for Sustainable Applica-
tions. npj Mater. Degrad. 2022, 6, 68. https://doi.org/10.1038/s41529-022-00277-7.

Vert, M.; Doi, Y.; Hellwich, K.-H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo, M.; Schué, F. Terminology for Biorelated Polymers
and Applications (IUPAC Recommendations 2012). Pure Appl. Chem. 2012, 84, 377-410.

Joseph, T.M.; Unni, A.B.; Joshy, K.S.; Kar Mahapatra, D.; Haponiuk, J.; Thomas, S. Emerging Bio-Based Polymers from Lab to
Market: Current Strategies, Market Dynamics and Research Trends. C 2023, 9, 30. https://doi.org/10.3390/c9010030.

Muringayil Joseph, T.; Mariya, H.].; Haponiuk, ].T.; Thomas, S.; Esmaeili, A.; Sajadi, S.M. Electromagnetic Interference Shielding
Effectiveness of Natural and Chlorobutyl Rubber Blend Nanocomposite. J. Compos. Sci. 2022, 6, 240.
https://doi.org/10.3390/jcs6080240.

Ou, S.; Kwok, K.C. Ferulic acid: Pharmaceutical functions, preparation and applications in foods. J. Sci. Food Agric. 2004, 84,
1261-1269.

Zhao, Z.; Moghadasian, M.H. Chemistry, natural sources, dietary intake and pharmacokinetic properties of ferulic acid: A re-
view. Food Chem. 2008, 109, 691-702.

Vasantha, V.; Parthiban, A. Biorenewable functional oligomers and polymers—Direct copolymerization of ferulic acid to obtain
polymeric UV absorbers and multifunctional materials. Polymer 2020, 188, 122122. https://doi.org/10.1016/j.poly-
mer.2019.122122.

Giannakopoulou, A.; Tsapara, G.; Troganis, A.N.; Koralli, P.; Chochos, C.L.; Polydera, A.C.; Katapodis, P.; Barkoula, N.-M.;
Stamatis, H. Development of a Multi-Enzymatic Approach for the Modification of Biopolymers with Ferulic Acid. Biomolecules
2022, 12, 992. https://doi.org/10.3390/biom12070992.

Yu, W.; Uhrich, K.; Ouimet, M.; Faig, J. Ferulic Acid-Based Polymers with Glycol Functionality as a Versatile Platform for Top-
ical Applications. Biomacromolecules 2015, 16, 2911-2919.

Gallos, A.; Torrieri, E.; Khan, M.; Fadlallah, S.; Flourat, A.; Allais, F. Effect of ferulic acid derivative concentration on the release
kinetics, antioxidant capacity, and thermal behaviour of different polymeric films. Food Chem. 2023, 410, 135395.

Pollet, E.; Avérous, L.; Bazin, A. Ferulic Acid as Building Block for the Lipase-Catalyzed Synthesis of Biobased Aromatic Poly-
esters. Polymers 2021, 13, 3693. https://doi.org/10.3390/polym13213693.



Polymers 2025, 17, 2788 15 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Miiller, A.; Becker, S.; Hahn, C.; Frey, H. Anionic polymerization of ferulic acid-derived, substituted styrene monomers. Eur.
Polym. J. 2024, 211, 113004. https://doi.org/10.1016/j.eurpolymj.2024.113004.

Satoh, K.; Takeshima, H.; Kamigaito, M. Bio-Based Functional Styrene Monomers Derived from Naturally Occurring Ferulic
Acid for Poly(vinylcatechol) and Poly(vinylguaiacol) via Controlled Radical Polymerization. Macromolecules 2017, 50, 4206-4216.
Llevot, A.; Grau, E.; Carlotti, S.; Grelier, S.; Cramail, H. From Lignin-derived Aromatic Compounds to Novel Biobased Poly-
mers. Macromol. Rapid Commun. 2016, 37, 9-28. https://doi.org/10.1002/marc.201500474.

Panda, P.; Chang, Y.; Yang, ]. Preparation and characterization of ferulic acid-modified water soluble chitosan and poly (y-
glutamic acid) polyelectrolyte films through layer-by-layer assembly towards protein adsorption. Int. ]. Biol. Macromol. 2021,
171, 457-464. https://doi.org/10.1016/j.ijpiomac.2020.12.226.

Sharma, M.; Kumar, N.; Vashisth, P.; Pruthi, V. Biomedical applications of ferulic acid encapsulated electrospun nanofibers.
Biotechnol. Rep. 2015, 8, 36—44. https://doi.org/10.1016/j.btre.2015.08.008.

Crowet, J.; Allais, F.; Dauchez, M.; Gallos, A.; Raghuwanshi, V.; Michely, L.; Garnier, G.; Langlois, V.; Mention, M. Blending
Ferulic Acid Derivatives and Polylactic Acid into Biobased and Transparent Elastomeric Materials with Shape Memory Prop-
erties. Biomacromolecules 2021, 22, 1568-1578.

Singh, B.; Nandi, N.; Shukla, D.; Singh, C.; Narang, R.; Singh, A.; Kumar, B. Ferulic acid-loaded drug delivery systems for
biomedical applications. . Drug Deliv. Sci. Technol. 2022, 75, 103621. https://doi.org/10.1016/j.jddst.2022.103621.

Pruthi, V.; Kumar, N. Potential applications of ferulic acid from natural sources. Biotechnol. Rep. 2014, 4, 86-93.
https://doi.org/10.1016/j.btre.2014.09.002.

De Oliveira Silva, E.; Batista, R. Ferulic Acid and Naturally Occurring Compounds Bearing a Feruloyl Moiety: A Review on
Their Structures, Occurrence, and Potential Health Benefits. Compr. Rev. Food Sci. Food Saf. 2017, 16, 580-616.
https://doi.org/10.1111/1541-4337.12266.

Xue, D.; Gong, C.; Zhang, J.; Cao, L.; Wang, C.; Fang, D.; Liu, X. Ferulic acid production from wheat bran by integration of
enzymatic pretreatment and a cold-adapted carboxylesterase catalysis. Bioresour. Technol. 2023, 385, 129435.
https://doi.org/10.1016/j.biortech.2023.129435.

Ahmed, S.; Jabasingh, S.; Sibhatu, H.; Yimam, A. Ferulic acid production from brewery spent grains, an agro-industrial waste.
LWT 2021, 135, 110009. https://doi.org/10.1016/j.1wt.2020.110009.

Kim, K; Lee, J.; Kim, H.; Yoo, W.; Le, L.; Lee, C.; Lee, M.H.; Shin, S.; Hwang, ].; Jeon, S. Feruloyl Esterase (LaFae) from Lactoba-
cillus acidophilus: Structural Insights and Functional Characterization for Application in Ferulic Acid Production. Int. J. Mol. Sci.
2023, 24, 11170. https://doi.org/10.3390/ijms241311170.

Ng, K,; Yang, K; Ding, J.; Lim, S.; Kua, G. Expression of a Recombinant Cholesterol Esterase from Mustela putorius furo in Pichia
pastoris and Its Applicability for y-Oryzanol Hydrolysis. J. Agric. Food Chem. 2024, 72, 21702-21710.

Chen, Q.; Shang, H.; Meng, Y.; Zheng, R.; Hu, C.; Zhang, C.; Yang, Q.; Qiang, S. Engineering Caffeic Acid O-Methyltransferase
for Efficient De Novo Ferulic Acid Synthesis. Eng. Life Sci. 2025, 25, 70018. https://doi.org/10.1002/elsc.70018.

Yan, Y.; Wang, J.; Zhang, X.; Zhou, Z,; Li, W.; Yuan, Q.; Li, X; Shen, X,; Wu, J.; Sun, X. Targeting cofactors regeneration in
methylation and hydroxylation for high level production of Ferulic acid. Metab. Eng. 2022, 73, 247-255.
https://doi.org/10.1016/j.ymben.2022.08.007.

Lv, H.; Zhang, Y.; Liu, H.; Shao, J.; Wang, Y. Ferulic acid production by metabolically engineered Escherichia coli. Bioresour.
Bioprocess. 2021, 8, 70. https://doi.org/10.1186/s40643-021-00423-0.

Rossi, F.; Zarepour, A.; Iftekhar, S.; Zarrabi, A.; Ashrafizadeh, M.; Agarwal, T.; Pizzetti, F.; Mohammadinejad, R.; Makvandi, P.;
Padil, V.; et al. Functionalization of polymers and nanomaterials for water treatment, food packaging, textile and biomedical
applications: A review. Environ. Chem. Lett. 2020, 19, 583-611. https://doi.org/10.1007/s10311-020-01089-4.

Li, Y,;Hu, Y.; Xu, F. Versatile Functionalization of Polysaccharides via Polymer Grafts: From Design to Biomedical Applications.
Acc. Chem. Res. 2017, 50, 281-292.

Cunningham, M.; Smeets, N.; Garcia-Valdez, O.; Cazotti, ].; Dubé, M.; Fritz, A. Graft modification of starch nanoparticles using
nitroxide-mediated polymerization and the grafting to approach. Biomacromolecules 2020, 21, 4492-4501.

Carunchio, F.; Crescenzi, C.; Girelli, A.M.; Messina, A.; Tarola, A.M. Oxidation of ferulic acid by laccase: Identification of the
products and inhibitory effects of some dipeptides. Talanta 2021, 55, 189-200, doi.org/10.1016/50039-9140(01)00417-9.

Rencoret, J.; Aracri, E.; Gutiérrez, A.; del Rio, ].C.; Torres, A.L.; Vidal, T.; Martinez, A.T. Structural insights on laccase biografting
of ferulic acid onto lignocellulosic fibers. Biochem. Eng. |. 2014, 86, 16-23. https://doi.org/10.1016/.bej.2014.02.013.



Polymers 2025, 17, 2788 16 of 18

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ashby, R.; Goktas, M.; Aykag, C.; Hazer, B. Synthesis of Poly(styrene)-g-Poly(oleic acid) Graft Copolymers via Reversible Ad-
dition/Fragmentation Transfer (RAFT) Polymerization Using a Poly Oleic Acid Macro-RAFT Agent. |. Polym. Environ. 2024, 32,
2629-2643. https://doi.org/10.1007/s10924-023-03144-x.

Mei, W.; LaNasa, J.; Zofchak, E.; Hickey, R. Polymerization-Induced Nanostructural Transitions Driven by In Situ Polymer
Grafting. ACS Macro Lett. 2018, 7, 822-827.

Carbone-Howell, A.; Griffin, J.; Stebbins, N.; Ouimet, M.; Wu, W.; Uhrich, K.; Di, R. Biodegradable ferulic acid-containing
poly(anhydride-ester): Degradation products with controlled release and sustained antioxidant activity. Biomacromolecules 2013,
14, 854-861.

Villanueva, M.P.; Gioia, C,; Sisti, L.; Marti, L.; Llorens-Chiralt, R.; Verstichel, S.; Celli, A. Valorization of Ferulic Acid from Agro-
Industrial by-Products for Application in Agriculture. Polymers 2022, 14, 2874. https://doi.org/10.3390/polym14142874.
Mancuso, A.; Paolino, D.; Cristiano, M.; Pandolfo, R.; Greco, M.; Fresta, M. Improvement of Ferulic Acid Antioxidant Activity
by Multiple Emulsions: In Vitro and In Vivo Evaluation. Nanomaterials 2021, 11, 425. https://doi.org/10.3390/nan011020425.
Akashi, M.; Yoksan, R.; Woranuch, S. Ferulic acid-coupled chitosan: Thermal stability and utilization as an antioxidant for
biodegradable active packaging film. Carbohydr. Polym. 2015, 115, 744-751.

Liu, Y.; Xu, W.; Chen, Q.; Zheng, M.; Yang, Z.; Zhang, G. The Antioxidant Properties, Metabolism, Application and Mechanism
of Ferulic Acid in Medicine, Food, Cosmetics, Livestock and Poultry. Antioxidants 2024, 13, 853. https://doi.org/10.3390/an-
tiox13070853.

Kolodziejeczak, A.; Zdunska, K.; Dana, A.; Rotsztejn, H. Antioxidant Properties of Ferulic Acid and Its Possible Application. Ski.
Pharmacol. Physiol. 2018, 31, 322-336.

Lu, F,; Jia, Y.; He, Y. The structure-antioxidant activity relationship of dehydrodiferulates. Food Chem. 2018, 269, 480—485.
Jiang, Y.; Fang, K.; Li, J.; He, W.; Li, K. Preparation, characterization and physicochemical properties of cassava starch-ferulic
acid complexes by mechanical activation. Int. . Biol. Macromol. 2020, 160, 482-488. https://doi.org/10.1016/j.ijpiomac.2020.05.213.
Oh, J.; Sohn, Y. Characterization of physicochemical properties of ferulic acid. Arch. Pharmacal Res. 2003, 26, 1002-1008.
https://doi.org/10.1007/BF02994749.

Wu, J; Huang, J.; Zhang, J.; Wang, L.; Zheng, Y.; You, X.; Guan, S. Poly(Ferulic Acid) with an Anticancer Effect as a Drug
Nanocarrier for Enhanced Colon Cancer Therapy. Adv. Funct. Mater. 2019, 29, 1808646. https://doi.org/10.1002/adfm.201808646.
Bonaccorso, A.; Musumeci, T.; Puglisi, G.; Anfuso, C.; Romeo, A.; Pignatello, R.; Corvo, S.; Lupo, G.; Carbone, C. Ferulic Acid-

Loaded Polymeric Nanoparticles for Potential Ocular Delivery. Pharmaceutics 2021, 13, 687. https://doi.org/10.3390/pharmaceu-
tics13050687.

Rani, U.; Rani, A.; Thakur, R. Brief review of trans-ferulic acid-loaded polymeric nanoformulations: Pharmacological applica-
tions and future perspectives. Polym. Bull. 2024, 81, 16329-16354. https://doi.org/10.1007/s00289-024-05488-3.

Ami¢, A.; Dimitri¢ Markovié, J.M.; Markovi¢, Z.; Milenkovi¢, D.; Milanovig, 7. Antonijevi¢, M.; Mastilak Cagardova; D.;
Rodriguez-Guerra Pedregal, J. Theoretical Study of Radical Inactivation, LOX Inhibition, and Iron Chelation: The Role of Ferulic
Acid in Skin Protection against UVA Induced Oxidative Stress. Antioxidants 2021, 10, 1303. https://doi.org/10.3390/an-
tiox10081303.

Chiralt, A.; Vargas, M.; Hernandez-Garcia, E. Active Starch-Polyester Bilayer Films with Surface-Incorporated Ferulic Acid.
Membranes 2022, 12, 976. https://doi.org/10.3390/membranes12100976.

Jaiswal, S.; Duffy, B.; Sharma, S. Ferulic acid incorporated active films based on poly(lactide)/poly(butylene adipate-co-tereph-
thalate) blend for food packaging. Food Packag. Shelf Life 2020, 24, 100491. https://doi.org/10.1016/j.fps].2020.100491.

Aly-Aldin, M.; Abdin, M.; Naeem, M. Enhancing the bioavailability and antioxidant activity of natamycin E235-ferulic acid
loaded polyethylene glycol/carboxy methyl cellulose films as anti-microbial packaging for food application. Int. ]. Biol. Macro-
mol. 2024, 266, 131249. https://doi.org/10.1016/j.ijbiomac.2024.131249.

Priyadarshi, R.; Tammina, S.; Bhattacharya, T.; Rhim, J.; Ezati, P.; Khan, A. Biopolymer-based UV protection functional films
for food packaging. Food Hydrocoll. 2023, 142, 108771. https://doi.org/10.1016/j.foodhyd.2023.108771.

Atarés, L.; Chiralt, A.; Ordofiez, R. Biodegradable active materials containing phenolic acids for food packaging applications.
Compr. Rev. Food Sci. Food Saf. 2022, 21, 3910-3930. https://doi.org/10.1111/1541-4337.13011.

Jamilah, B.; Hean, G.; Lyn, H.; Adilah, Z.; Nabilah, B.; Hanani, Z. Enhancing the physicochemical and functional properties of
gelatin/graphene oxide/cinnamon bark oil nanocomposite packaging films using ferulic acid. Food Packag. Shelf Life 2022, 34,
100960. https://doi.org/10.1016/j.fps1.2022.100960.



Polymers 2025, 17, 2788 17 of 18

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Kowalczyk, A.; Kraskiewicz, A.; Markowska-Szczupak, A.; Kowalczyk, K. Antimicrobial Coatings Based on a Photoreactive
(Meth)acrylate Syrup and Ferulic Acid—The Effectiveness against Staphylococcus epidermidis. Polymers 2024, 16, 2452.
https://doi.org/10.3390/polym16172452.

Huang, Q.; Jiang, F.; Shuai, L.; Zhao, C. Synthetic lignin derived from ferulic acid for UV-blocking sunscreen. Int. ]. Biol. Macro-
mol. 2024, 283, 137694.

ISO 4624:2023; Paints and Varnishes—Pull-Off Test for Adhesion. International Organization for Standardization: Geneva, Swit-
zerland, 2023

ISO 1522:2022; Paints and Varnishes —Pendulum Damping Test. International Organization for Standardization: Geneva, Swit-
zerland, 2022

ISO 2813:2014; Paints and Varnishes —Determination of Gloss Value at 20°, 60° and 85°. International Organization for Stand-
ardization: Geneva, Switzerland, 2014

ASTM E2149-20; Standard Test Method for Determining the Antimicrobial Activity of Antimicrobial Agents under Dynamic
Contact Conditions. ASTM International: West Conshohocken, PA, USA, 2020.

ASTM D638-14. Standard Test Method for Tensile Properties of Plastics; ASTM International: West Conshohocken, PA, USA,
2014

Zhong, L.; Hao, Y.; Zhang, ].; Wei, F.; Li, T.; Miao, M.; Zhang, D. Closed-Loop Recyclable Fully Bio-Based Epoxy Vitrimers from
Ferulic Acid-Derived Hyperbranched Epoxy Resin. Macromolecules 2022, 55, 595-607.

ASTM D1002-05(2021). Standard Test Method for Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal Spec-
imens by Tension Loading (Metal-to-Metal); ASTM International: West Conshohocken, PA, USA, 2021

Pezzana, L.; Malmstrom, E.; Johansson, M.; Casalegno, V.; Sangermano, M. Multiple approaches to exploit ferulic acid bio-
based epoxy monomer for green thermoset. Ind. Crops Prod. 2024, 212, 118304. https://doi.org/10.1016/j.indcrop.2024.118304.
Liu, X,; Zang, Q.; Sun, S.; Li, J. Improving adhesion and antiaging properties of soybean oils-based pressure sensitive adhesives
by phenolic acids grafting. Ind. Crops Prod. 2022, 189, 115760.

ISO 527-2:2012. Plastics —Determination of tensile properties—Part 2: Test conditions for moulding and extrusion plastics; In-
ternational Organization for Standardization: Geneva, Switzerland, 2012

Pezzana, L.; Mousa, M.; Malmstrom, E.; Johansson, M.; Sangermano, M. Bio-based monomers for UV-curable coatings: Allyla-
tion of ferulic acid and investigation of photocured thiol-ene network. Prog. Org. Coat. 2021, 150, 105986.

Ye, J.; Ma, S.; Wang, B.; Chen, Q.; Huang, K.; Xu, X; Li, Q.; Wang, S.; Lu, N.; Zhu, J. High-performance bio-based epoxies from
ferulic acid and furfuryl alcohol: Synthesis and properties. Green Chem. 2021, 23, 1772-1781.

Waldron, K.; Faulds, C.; Smith, A.; Robertson, J. Peroxidase-mediated oxidative cross-linking and its potential to modify me-
chanical properties in water-soluble polysaccharide extracts and cereal grain residues. ]. Agric. Food Chem. 2008, 56, 1720-1726.
https://doi.org/10.1021/JF072445D.

Flores, N.; Garrido, J.; Sirés, I; Brillas, E.; Centellas, F.; Cabot, P.; Rodriguez, R. Degradation of trans-ferulic acid in acidic aque-
ous medium by anodic oxidation, electro-Fenton and photoelectro-Fenton. ]. Hazard. Mater. 2016, 319, 3-12.
https://doi.org/10.1016/j.jhazmat.2015.11.040.

Margesin, R.; Volgger, G.; Wagner, A.O.; Zhang, D.; Poyntner, C. Biodegradation of lignin monomers and bioconversion of
ferulic acid to vanillic acid by Paraburkholderia aromaticivorans AR20-38 isolated from Alpine forest soil. Appl. Microbiol. Biotech-
nol. 2021, 105, 2967-2977. https://doi.org/10.1007/s00253-021-11215-z.

Xie, X.-G.; Dai, C.-C. Degradation of a model pollutant ferulic acid by the endophytic fungus Phomopsis liquidambari. Bioresour.
Technol. 2015, 179, 35-42. https://doi.org/10.1016/j.biortech.2014.11.112.

Healy, ].B.; Young, L.Y.; Reinhard, M. Methanogenic decomposition of ferulic acid, a model lignin derivative. Sci. Total Environ.
1980, 39, 436—444. https://doi.org/10.1128/aem.39.2.436-444.1980.

La Fuente Arias, C.I; Gonzdlez-Martinez, C.; Chiralt, A. Biodegradation behavior of poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) containing phenolic compounds in seawater in laboratory testing conditions. Sci. Total Environ. 2024, 944, 173920.
https://doi.org/10.1016/j.scitotenv.2024.173920.

Patil, P.D.; Yadav, G.D. Comparative studies of white-rot fungal strains (Trametes hirsuta MTCC-1171 and Phanerochaete chryso-
sporium NCIM-1106) for effective degradation and bioconversion of ferulic acid. ACS Omega. 2018, 3, 14858-14868.
https://doi.org/10.1021/acsomega.8b01614.

Chai, L.; Zhang, H.; Yang, W.C.; Zhu, Y.H.; Yang, Z.H.; Zheng, Y.; Chen, Y.H. Biodegradation of ferulic acid by a newly isolated
strain of Cupriavidus sp. B-8. |. Cent. South Univ. 2013, 20, 1964-1970. https://doi.org/10.1007/s11771-013-1696-3.



Polymers 2025, 17, 2788 18 of 18

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Sanshita; Monika; Chakraborty, S.; Odeku, O.A.; Singh, I. Ferulic acide therapeutic odyssey: Nano formulations, pre-clinical
investigations, and patent perspective. Expert Opin. Drug Deliv. 2024, 21, 479-493.

Nasr, M.; Hamzawy, M.; Rahsed, L.; El-Gogary, R. Ferulic acid nanocapsules as a promising treatment modality for colorectal
cancer: Preparation and in vitro/in vivo appraisal. Life Sci. 2022, 298, 120500. https://doi.org/10.1016/j.1fs.2022.120500.

Pinheiro, L.; Nowak, A.; Piotrowska, K; éwiqtek, E.; Kucharski, L..; Kucharska, E.; Klimowicz, A.; Duchnik, W.; Janus, E.;
Peruzynska, M.; et al. New Ferulic Acid and Amino Acid Derivatives with Increased Cosmeceutical and Pharmaceutical Poten-
tial. Pharmaceutics 2022, 15, 117. https://doi.org/10.3390/pharmaceutics15010117.

Machaczka, M.; Stompor-Goracy, M. Recent Advances in Biological Activity, New Formulations and Prodrugs of Ferulic Acid.
Int. ]. Mol. Sci. 2021, 22, 12889. https://doi.org/10.3390/ijms222312889.

Gandham, R.; Thapliyal, S.; Kumari, P.; Handu, S.; Bisht, M.; Srivastava, P.; Arya, P.; Singh, T. A Review on Potential Footprints
of Ferulic Acid for Treatment of Neurological Disorders. Neurochem. Res. 2021, 46, 1043-1057. https://doi.org/10.1007/s11064-
021-03257-6.

Yuan, X; Liu, S.; Gu, T.; Soomro, L.; Li, Z.; Xin, F.; Wei, X,; Bao, Y.; Wang, Y.; Wen, B.; et al. Directed evolution of feruloyl
esterase from Lactobacillus acidophilus and its application for ferulic acid production. Bioresour. Technol. 2021, 332, 124967.
https://doi.org/10.1016/j.biortech.2021.124967.

Nunes, M.; Sousa, A.; Filho, A.; Janior, J.; De Souza, F.; De Fatima Formiga Melo Diniz, M.; Pessba, H.; 5S4, R In silico and in

vitro toxicity assessment of ferulic acid and nicotinamide: Analysis using admet tools and effects on bacteria, erythrocytes, and
sun protection. Obs. Econ. Latinoam. 2024, 22, e8026. https://doi.org/10.55905/0elv22n12-012.

Truzzi, F.; Valerii, M.; Tibaldi, C.; Zhang, Y.; Abduazizova, V.; Spisni, E.; Dinelli, G. Are Supplements Safe? Effects of Gallic and
Ferulic Acids on In Vitro Cell Models. Nutrients 2020, 12, 1591. https://doi.org/10.3390/nu12061591.

Meng, X.; Yu, W.; Duan, N.; Wang, Z.; Shen, Y.; Wu, S. Protective Effects of Ferulic Acid on Deoxynivalenol-Induced Toxicity
in IPEC-J2 Cells. Toxins 2022, 14, 275. https://doi.org/10.3390/toxins14040275.

Kelainy, E.; Laila, I.; Ibrahim, S. The effect of ferulic acid against lead-induced oxidative stress and DNA damage in kidney and
testes of rats. Environ. Sci. Pollut. Res. 2019, 26, 31675-31684. https://doi.org/10.1007/s11356-019-06099-6.

Guvvala, P.; Ravindra, J.; Selvaraju, S.; Arangasamy, A.; Venkata, K. Ellagic and ferulic acids protect arsenic-induced male

reproductive toxicity via regulating Nfe2l2, Ppargcla and StAR expressions in testis. Toxicology 2019, 413, 1-12.
https://doi.org/10.1016/j.tox.2018.11.012.

Singh Tuli, H.; Kumar, A.; Ramniwas, S.; Coudhary, R.; Aggarwal, D.; Kumar, M.; Sharma, U.; Chaturvedi Parashar, N.; Haque,
S.; Sak, K. Ferulic Acid: A Natural Phenol That Inhibits Neoplastic Events through Modulation of Oncogenic Signaling. Mole-
cules 2022, 27, 7653. https://doi.org/10.3390/molecules27217653.

European Chemicals Agency (ECHA). Registration Dossier: 4-Hydroxy-3-methoxycinnamic Acid. ECHA. Available online:
https://echa.europa.eu/da/registration-dossier/-/registered-dossier/18980/7/2/1 (accessed on 8 October 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



