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Nanotechnology has revolutionized materials science, particularly through the incorporation of metallic
nanoparticles into biopolymers, enhancing their physicochemical, mechanical, and biological properties
for diverse applications. Polysaccharide-based biopolymers, such as chitosan, alginate, pectin, and
cellulose, play a crucial role in antimicrobial applications due to their unique structural and functional
properties. Their combination with metallic nanoparticles further enhances their antimicrobial
effectiveness, making them promising materials for biomedical, environmental, and food applications.
However, their inherent limitations, including poor mechanical strength and high permeability,
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improvements in antimicrobial activity, thermal stability, and mechanical performance. Green synthesis
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stability and biocompatibility. This review provides a comprehensive analysis of the synthesis,
characterization, and functionalization of polysaccharide-based biopolymer—nanoparticle composites,

highlighting their advantages,

challenges,

and diverse applications. The development of these

multifunctional materials offers promising solutions for critical challenges in healthcare, environmental
sustainability, and food safety. Future research should focus on optimizing large-scale production,
ensuring nanoparticle safety, and expanding the applications of biopolymer—nanoparticle composites
through innovative synthesis and crosslinking techniques.

1. Introduction

The growing demand for sustainable and functional materials
has catalyzed extensive research into carbohydrate-based
biopolymers, particularly polysaccharides such as chitosan,
alginate, pectin, and cellulose. These polysaccharides exhibit
unique structural and functional properties that enable their
interaction with metallic nanoparticles, leading to enhanced
antimicrobial performance. These biopolymers, defined as
polymeric materials based on polysaccharides such as alginate,
chitosan, pectin, cellulose, starch, and lignin, exhibit favorable
properties such as biocompatibility, biodegradability, low
immunogenicity, and non-toxicity.”” Derived from natural
sources, including marine algae (e.g., Laminaria, Fucus), crus-
tacean exoskeletons (e.g., shrimp, crab), fungi (e.g., Aspergillus
niger), and terrestrial plants and crops (e.g, corn, wheat, potato,
cassava, apple, citrus fruits), these materials offer versatility and
a wide range of applications across industries. Biopolymers can
be classified into natural or semi-synthetic categories, as illus-
trated in classification schemes such as those described by
Baranwal et al® Despite their advantageous properties,
biopolymers face intrinsic limitations, including poor
mechanical strength, susceptibility to microbial degradation,

Miguel Adolfo Egusquiza Hua-
mani is an undergraduate
student of Chemistry at the
National University of Engi-
neering (UNI), Lima, Peru. He is
an active member of the Bi-
oinorganic Chemistry in Medi-
cine, Environment and
Technology (BIOMET) research
group and a founder member of
the UNI ACS Student Chapter.
His research focuses on the
transformation  of  biomass
wastes into advanced biopoly-
mers designed for high impact applications in environmental
applications, specifically in the removal of metallic contaminants
in aqueous systems, and their biological properties against fungal
organisms and bioindicators.

Miguel Adolfo Egusquiza Huamani

35808 | RSC Adv, 2025, 15, 35807-35843

and in some cases, high permeability to gases or water vapor,
which can compromise their barrier properties in packaging or
biomedical applications.””

Among biopolymers, chitosan and alginate hold prominent
positions due to their unique properties and diverse applica-
tions. Chitosan, a derivative of chitin obtained through deace-
tylation, is abundant in the exoskeletons of crustaceans and the
cell walls of fungi. Its structure, featuring primary amine and
hydroxyl groups, allows for chemical modification without
altering its degree of polymerization. Chitosan has demon-
strated excellent antimicrobial properties against both Gram-
positive and Gram-negative bacteria, which depend primarily
on its molecular weight and degree of deacetylation (DD) (Table
1). This cationic polysaccharide disrupts microbial cell
membranes through electrostatic interactions, making it
a highly effective material for antimicrobial applications." Its
low toxicity, biodegradability, and biocompatibility make chi-
tosan an ideal candidate for biomedical uses, including wound
dressings, surgical sutures, drug and gene delivery systems, and
artificial tissue scaffolds." Furthermore, chitosan's versatility
extends to its use as a matrix for nanoparticles, enhancing
properties such as mechanical strength, wettability, tear resis-
tance, tensile strength, and elongation capacity, critical for
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Table 1 Sources, extraction methods, physicochemical properties and characterization of chitosan obtained on current research

Molecular Deacetylation

Sources Species Extraction methods  weight (kDa) degree (%)  Key characteristics Ref.
Deep-sea Solenocera hextii Chemical extraction  263.95 75.5 High water and fat binding capacity 16
mud shrimp

Snail shell Archachatina marginata Chemical extraction 220 94.71 High removal of methylene blue 17
Pink shrimp shell Parapenaeus longirostris Chemical extraction 310 81.50 Smooth surface and nanofiber structure 18
Insect exoskeleton Hermetia illucens Chemical extraction 35 90 Crystallite size 3 nm, and good film 19

capacity

Cockroach Eupolyphaga sinensis Chemical extraction = 127.79 96.57 Antibacterial nanofiber 20
exoskeleton

Fish Prochilodus magdalenae Chemical extraction  107.18-240.3 94.91 High viscosity and antibacterial effect 21
Shrimp shell — Chemical extraction 280 88.2 Adsorbent microsphere 22
Crayfish shell Parastacus pugnax Chemical extraction = 589.43 91.55 Antimicrobial and antioxidant activity 23
Shrimp shell Litopenaeus vannamei  Biological extraction 246.4 74.9 High antioxidant and antibacterial 24

activity

Shrimp shell — Biological extraction 144 86.2 Antioxidant and antimicrobial activity 25
Shrimp shell Litopenaeus vannamei  Biological extraction = 71.31 78 Low deacetylation degree 26
Shrimp shell Penaeus vannamei Biological extraction  394.52 90.75 Improvement in viscosity and solubility 27
Shrimp shell — Ultrasonic extraction 4.94 87.73 Green process 28
Shrimp shell — Ultrasound extraction 55.66 94.03 Low particle size 29
Shrimp shell Metapenaeus monoceros Microwave extraction 14.125 86.7 Low crystallinity, low viscosity 30

applications like tissue engineering and advanced wound
healing."”**

Alginate, another polysaccharide biopolymer, is primarily
sourced from brown algae or microbial cultures and is
composed of B-p-mannuronate and a-L-guluronate blocks. Its
gel-forming capabilities, biocompatibility, biodegradability,
and lack of immunogenicity make alginate an invaluable
material for a wide array of biomedical applications. These
include tissue engineering scaffolds, controlled drug release
systems, wound dressings, and 3D bioprinting, among
others.*** Beyond biomedicine, alginate finds extensive appli-
cations in biotechnology, packaging, aquaculture, cosmetics,
and the food industry, underscoring its versatility. Its ability to
form hydrogels under mild conditions has been exploited in
regenerative medicine for promoting tissue healing and re-
epithelialization.*

To address the limitations of unmodified biopolymers,
researchers have turned to nanotechnology. Nanoparticles
exhibit an exceptionally high surface area-to-volume ratio,
meaning that a substantial proportion of their atoms or mole-
cules are located at the surface, where they can participate in
chemical, physical, or biological interactions. This property is
critical for enhancing reactivity, catalytic efficiency, and inter-
facial bonding when incorporated into polymeric matrices.**?
In biopolymer-based nanocomposites, nanoparticles can be
integrated via various approaches, including doping, alloying,
heterostructure fabrication, core-shell architecture, cluster
formation, or in situ synthesis, each offering distinct advantages
in nanoparticle dispersion, interface stability, and functional
performance.*® Nanoparticles such as AgNPs, CuONPs, and
ZnONPs exhibit unique properties, including high surface area,
potent antimicrobial activity, and catalytic functions. When
incorporated into biopolymer matrices, these nanoparticles
form nanocomposites with enhanced mechanical, thermal, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

antimicrobial properties.’” For instance, chitosan-AgNP nano-
composites synthesized using green methods, such as tea
polyphenols as reducing agents, have demonstrated potent
antibacterial activity against pathogens like Escherichia coli and
Staphylococcus aureus.®®* Similarly, alginate-based nano-
composites with nanoparticles like CuONPs and ZnONPs have
shown improved food preservation properties, extended shelf
life and mitigating fungal contamination.”® The synergistic
integration of biopolymers and NPs is not limited to biomedical
applications. In environmental contexts, nanocomposites such
as graphene oxide-chitosan with iron oxide nanoparticles have
shown exceptional heavy metal adsorption capacities for water
purification, offering a sustainable solution for addressing
pollution.*** Green synthesis methods have gained promi-
nence for producing these materials, emphasizing the reduc-
tion of toxic reagents and the incorporation of plant-derived
compounds as stabilizing and reducing agents.*

This review provides a comprehensive analysis of recent
advancements in biopolymer-nanoparticle composites, with
a focus on their synthesis, characterization, and diverse appli-
cations as antimicrobial materials. By evaluating their benefits,
limitations, and prospects, this work seeks to illuminate the
potential of these multifunctional materials in addressing
critical challenges in healthcare, environmental protection, and
food safety.

2. Review methodology

A systematic literature review was conducted to evaluate scien-
tific research on the synthesis of modified and unmodified
polymer composites, as well as their various applications. The
inclusion criteria focused on peer-reviewed journal articles and
review articles published in English between 2018 and 2024.
Conference proceedings and thesis were excluded from the

RSC Adv, 2025, 15, 35807-35843 | 35809
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Fig. 1 Keyword co-occurrence map of publications related to antimicrobial activity of polysaccharide-based biopolymer—nanoparticle

composites (2015-2024), generated with VOSviewer.

analysis. The literature search was conducted using scientific
databases such as Elsevier (Web of Science), SpringerLink,
Scientific Reports, and other indexed sources. The following
search query was used to retrieve relevant publications:

TS = (antimicrobial* OR antibacteria* OR antifungal*) AND
(polysaccharide® OR biopolymer* OR chitosan OR alginate OR
cellulose) AND (nanoparticle* OR nanocomposite* OR AgNP* OR
Zn0) AND PY = (2018-2024) AND DT = (Article OR Review OR
Book OR Book Chapter).

Articles that met the inclusion criteria were exported and
analyzed using VOSviewer 1.6.20 (https://www.vosviewer.com,
accessed June 10, 2025). Bibliometric mapping allowed for the
extraction and visualization of metadata, including co-
occurring keywords, publication sources, and citation
networks. In the resulting maps, node size represents the rela-
tive importance of keywords, while node proximity reflects the
strength of the association between terms, as shown in Fig. 1.

3. Synthesis and characterization of
biopolymers

3.1. Chitosan

Chitosan (CS) is a cationic polysaccharide derived from the
deacetylation of chitin, which is the second most abundant
biopolymer in nature.?® It consists of B-(1 — 4)-2-acetamido-b-
glucose and B-(1 — 4)-2-amido-p-glucose units, with the latter
being predominant, comprising approximately 70% of its
structure.” This biopolymer is primarily isolated from the

35810 | RSC Adv, 2025, 15, 35807-35843

exoskeleton of various crustaceans, such as shrimp, crab, krill
and crayfish.?®**** CS can also be obtained from alternative
sources, including the exoskeleton of insects, mollusk shells,
fish scales and certain fungi.'”***>** CS is a highly versatile
polysaccharide due to the reactivity of the functional groups (-
OH and -NH,) distributed along its polymeric chain, enabling
interactions with a broad range of molecules, ions, metal
surfaces, and cell membranes.*® Due to its modified carbohy-
drate structure, CS exhibits distinct properties such as non-
toxicity, antimicrobial activity, and antioxidant capacity.”” CS
is widely recognized for its extensive applications in the phar-
maceutical, biomedical, and food industries, attributed to its
biodegradability, biocompatibility, and excellent antibacterial,
antifungal, and antioxidant properties (Table 1).*®

3.1.1. Chitosan extraction methods. The extraction of CS
from natural resources begins with a demineralization process
aimed at removing inorganic salts, such as calcium carbonate
(CaCO;) present in the raw material.” This step typically
employs strong acids, including hydrochloric acid (HCI) and
sulfuric acid (H,SO,). However, recent investigations have
focused on more sustainable alternatives, such as acetic acid
(CH3COOH), providing an eco-friendly approach.*® The subse-
quent deproteinization step eliminates proteins associated with
chitin, usually through alkaline treatment with sodium
hydroxide (NaOH). In certain cases, a bleaching process is
performed to remove residual pigments using oxidizing agents
such as hydrogen peroxide (H,O,) and sodium hypochlorite
(NaClO), or organic solvents like acetone (CH3;COCH3;),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depending on the characteristic of the raw material.**** The
final step, deacetylation hydrolyzes the acetamide groups (-
NHCOOCHS3;) present in chitin in a highly alkaline medium.**
Fig. 2a shows a general extraction of CS from the exoskeleton of
a crustacean involving steps previously mentioned. Key
parameters, such as temperature, base concentration, and
particle size, significantly influence the DD, a critical factor
affecting chitosan's solubility, viscosity, crystallinity, hydro-
phobicity, and biological activity.****

The biological extraction of CS represents a sustainable
alternative to traditional chemical methods, which typically
involve extreme temperature conditions and aggressive chem-
ical agents such as HCl and NaOH.** Previous works highlighted
that this method takes advantage of enzymes and microorgan-
isms, such as bacteria and fungi, to decompose the raw material
catalyze the deacetylation and degradation of chitin under mild
conditions.”® Thus, reducing the environmental impact and
increasing the efficiency of CS extraction and its industrial
applications. The use of proteases as biological tools during the
deproteinization stage has proven to be highly efficient in
preserving the natural structure of chitin, obtaining CS with DD
higher than 90%.*”

The application of ultrasound and microwave technology in
the CS extraction has emerged as an eco-friendly alternative to
traditional methods that produce hazardous waste, limiting the
sustainability of the process.* Ultrasonic irradiation uses high
frequency waves to generate microbubbles that collapse and
release thermal and mechanical energy significantly improving
the CS extraction.”® Previous studies have confirmed that this

View Article Online
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method reduces reaction time, minimizes reagent consumption
and temperature, while at the same time improving its physi-
cochemical properties.

In recent years, various strategies have been developed to
optimize the extraction of CS, since the traditional extraction
method presents drawbacks due to prolonged reaction times,
high energy consumption, and the use of hazardous chemical
reagents.”®> Among these approaches, microwave-assisted
extraction has emerged as a highly efficient technique,
enabling the direct transfer of energy to the raw material's
surface, thereby markedly reducing both extraction time and
solvent usage.*® Moreover, this method is characterized by lower
energy consumption and shorter reaction durations while also
improving the chemical properties of CS. Due to these advan-
tages, microwave-assisted extraction has gained recognition as
a sustainable and efficient alternative for CS extraction.”” The
study of Erwais et al. reported that applying microwaves at
power levels of 875 and 1250 W for reaction times of 10, 15, and
20 min resulted in CS with a high DD (86.7%). However, this
method also yielded CS with a low MW (14.125 kDa) and crys-
tallinity index (46.57%).*

3.1.2. Characterization of the extracted chitosan. Raswee-
fali et al. evaluated the effect of deacetylation time on the
properties of CS derived from deep-sea mud shrimp (Solenocera
hextii). The chemical extraction involved demineralization with
1 mol L " HCI at room temperature for 1 h and deproteinization
with 1 mol L™! NaOH at 90 °C for 1 h. During deacetylation,
a 45% NaOH solution at 100 °C was applied, varying reaction
times to 1.5, 3.0 and 6.0 h (CS-1.5, CS-3.0 and CS-6.0). The DD
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(a) General chitosan extraction process from crustacean exoskeleton (Parastacus pugnax) reproduced from ref. 23 copyright © 2021

under the terms and conditions of CC BY license; (b) SEM images showing the surface morphology of chitosan due to the effect of deacetylation
time; (c) FBC and WBC of extracted chitosan from deep-sea mud shrimp. Reproduced with permission from ref. 16 copyright © 2021 Elsevier Ltd.
All rights reserved; (d) XRD of chemically extracted chitosan (CEC) and enzymatic extracted chitosan (EEC) reproduced with permission from ref.
3 copyright © 2023 Elsevier B.V. All rights reserved. (e) Comparison of FTIR spectra of commercial chitosan, ultrasonically extracted chitosan, and
chitin reproduce from ref. 28 copyright © 2021 Elsevier Ltd. All rights reserved.
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increased with reaction time, reaching 75.5 (CS-1.5), 85 (CS-3),
and 87% (CS-6). Scanning electron microscopy (SEM) analysis
(Fig. 2b) revealed changes in surface morphology, with reduced
porosity, and increased smoothness, closely resemble
commercial chitosan (CS-C). Fig. 2c¢ shows that in both analyses
of water binding capacity (WBC) and fat binding capacity (FBC),
the CS extracted from deep-sea mud shrimp presented higher
values compared to commercial chitosan (WBC: 812.67, FBC:
676.2%), being CS-3 the one with the highest values (WBC:
1270, FBC: 819.17%), making it suitable for food and medicinal
applications.®

Recent studies that have varied the parameters of the
deacetylation process have reported the successful production
of CS with enhanced antimicrobial and antioxidant proper-
ties.”® For instance, Ramirez et al. investigated the effect of
different NaOH concentrations (2, 4 and 6 wt%) during the
extraction of chitin from fish scale (Prochilodus magdalenae).
They reported an exceptionally high DD (94.91, 100.06 and
100.99%), accompanied by a significant increase in bactericidal
activity against Staphylococcus aureus and Escherichia coli,
compared to commercial CS. This behavior was attributed to its
low molecular weight (MW) of 107.18 kDa, which facilitates
penetration through bacterial cell walls. Fourier transform
infrared spectroscopy (FTIR) analysis revealed a decrease in the
intensity of the -OH band in the extracted CS, which is associ-
ated with the presence of intermolecular hydrogen bonds
characteristic of the B-chitosan structure. Furthermore, SEM
images show a fibrillar structure for the 2 wt% NaOH-treated CS
exhibiting a less smooth surface. These results highlight fish
waste as a promising source for CS production with a high
degree of deacetylation, low molecular weight and improved
bactericidal property, expanding its potential in biomedical and
environmental applications.

In the work by Cesar Burgos et al. crayfish exoskeletons are
used as raw material to evaluate the physicochemical and bio-
logical properties of the resulting CS. They conducted the
following processes, demineralization with 4 mol L™" HCI for
9 h, depigmentation with acetone for 18 h, deproteinization
using 4 mol L™! NaOH at 80 °C for 7 h and finally a deacetyla-
tion under drastic conditions NaOH 60 wt% at 120 °C for 9 h.
The main characteristics of the CS were a moderate MW of
589.43 kDa and a DD of 91.55, which imparted enhanced
solubility and improved capabilities for film and nanofiber
formation with potential applications in biomedicine.” X-ray
diffraction (XRD) and SEM analyses revealed CS has a lower
crystallinity compared to its commercial counterpart; however,
it demonstrated a denser and less porous structure. Its antiox-
idant capacity was evidenced by the inhibition of reactive
oxygen species (ROS) at various concentrations (0-10 mg mL ™),
ranging from 0 to 44.57%, which surpassed the performance of
commercial CS (0-29.58%). Furthermore, it exhibited signifi-
cant antibacterial potential against E. coli, S. typhimurium, L.
monocytogenes and E. faecalis with a minimum bactericidal
concentration (MBC) lower than commercial CS.

The work of Rakshit et al. explored the conversion of CS from
chitin, previously obtained from shrimp shell (Litopenaeus
vannamei) by lactic acid treatment with the bacterium Bacillus

35812 | RSC Adv, 2025, 15, 35807-35843
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coagulans L2 and the protease Alcaligenes faecalis S3. CS
extraction was performed using the bacterium Alcaligenes fae-
calis C4, reaching an optimum enzymatic activity of 40.69 U
mL~". The CS obtained presented outstanding characteristics,
such as a DD of 74.9% and molecular weight (MW) of 246.4 kDa.
FTIR and XRD analyses confirmed the presence of the a-
chitosan structure with its characteristic functional groups
and a low crystallinity index (21.16%) in enzymatically extracted
CS (EEC) compared to chemically extracted chitosan (CEC), as
shown in Fig. 2d. Previous studies performed with chitin from
the same source reported similar values for DD (78%); however,
a lower molecular mass (71.31 kDa) was obtained.*® Regarding
its biological properties, CS showed better antioxidant activity
of 65.49% against 2,2-difenil-1-picrilhidrazilo (DPPH) radical at
a concentration of 10 mg mL ™', On the other hand, it presented
antibacterial activity against S. mutans, E. faecalis, E. coli and
Vibrio sp. whose minimum inhibitory concentration (MIC)
values were 0.675, 1.75, 0.33 and 0.75 mg mL ™", respectively.?
Wardhono et al. employed a reactor under constant ultra-
sonic irradiation with low frequency to evaluate the effects of
time (<120 min) on the DD over a temperature range of 30 to
70 °C. They reported that the increase in DD is directly
proportional to both the temperature and irradiation time,
achieving 87.73%. FTIR analysis reveals a significant decrease
in the intensity of the bands at 3260 and 3105 cm ™' in CS
extracted via ultrasound, indicating that this extraction method
directly affects the amine bonds (N-H) along the CS structure
(Fig. 2e). The increase in the DD is further confirmed by the
marked reduction of the band at 1660 cm™*, associated with the
carbonyl bond (C=O0) of hydrolyzed acetamido groups.?®
According to the study by Dong et al. microwave-assisted
extraction of CS from the exoskeleton of white shrimp
(Penaeus vannamei) directly influences its self-aggregation
behavior in solution, conductivity, and solubility. Additionally,
this method achieves a high DD (90.75%) as the number of
microwave heating cycles increases. To evaluate its effect on CS
properties, microwave heating at 250 W for 5 min was applied in
multiple cycles throughout the deacetylation process. The
extracted CS was characterized using FTIR spectroscopy, which
revealed distinctive O-H and N-H bonds vibrations at
3263 cm Y, 3421 em ™Y, and 3358 em ™7, indicative of intermo-
lecular interactions in polysaccharides. The degree of deacety-
lation was determined based on the absorbance of the amide III
band, yielding values ranging from 84.9% to 90.75%. These
findings confirm that microwave-assisted extraction signifi-
cantly enhances the efficiency of the chitin deacetylation
process. SEM analysis revealed a porous microfibril structure.
However, an increase in the number of microwave heating
cycles led to a substantial reduction in surface porosity, attrib-
utable to the reorganization of hydrogen bonds.*® MW is a key
parameter of CS that determinates its physicochemical and
biological properties, as well as its potential applications.*” In
this work, MW was determined using the empirical Mark-
Houwink-Sakurada equation. Increasing the number of
microwave treatment cycles resulted in a significant decrease in
MW of CS from 394.52 kDa to 67.88 kDa after four cycles. This
effect is attributed to the molecular vibration induced by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Molecular structure of sodium alginate, their components: a-L-guluronate (G) and B-b-mannuronate (M) and diad structures GG, MM

and GM-blocks modified from ref. 2 copyright © 2021 published by Elsevier Ltd under the terms of Creative Commons CC-BY license. (b)
Graphical description of the egg-box model for alginate gelation. Reproduced from ref. 60 copyright © 2023 The Authors. Published by Elsevier
Ltd.; (c) illustrative scheme of possible junction points for alginate gelation and LMP, reproduced from ref. 61 copyright © 2020 Elsevier Ltd. All

rights reserved.

microwave heating, which increases the contact area of chitin
with the alkaline solution, favoring the hydrolysis of the B-1,4-
glycosidic bonds. In addition, this decrease in MW was
consistent with previous work involving microwave-assisted
extraction of CS.*

3.2. Alginate

Alginate is a linear polysaccharide widely distributed in the cell
walls of brown algae (Phaeophyceae) and certain bacteria, where
it plays a crucial structural role by providing flexibility and
mechanical strength. This anionic biopolymer consists of -b-
mannuronate (M) and o-1-guluronate (G) units, arranged in
different proportions and sequences, which largely determine
its physicochemical properties and industrial applications.” The
structural composition of alginate can vary significantly
depending on the algal species, environmental conditions,
seasonality, and the extraction methods used® (Fig. 3a).

One of the most significant attributes of alginate is its ability
to form gels in the presence of divalent cations, such as Ca*",
through a cross-linking process that results in the egg-box
structure.® In this model, divalent cations lodge into the cavi-
ties formed by two adjacent polymer chains containing GG
blocks in helical conformations, enabling the formation of
a stable three-dimensional network® (Fig. 3b).

The gelation capacity of alginate depends on numerous
factors, including the proportion of M and G blocks, polymer
chain length, and the type and concentration of the cross-
linking agent. Generally, a high M/G ratio (>1) is associated
with the formation of soft and elastic gels, while a low M/G ratio

© 2025 The Author(s). Published by the Royal Society of Chemistry

(<1) and a higher content of G blocks favor the formation of
strong and rigid gels.* Additionally, alginate exhibits different
affinities for various divalent cations in the following order:
Pb>" > cu®* > cd* > Ba®" > sr** > Ca®* > Mg”".** However,
calcium is the most used cation due to its compatibility with
biomedical and food applications.

Fig. 3c illustrates the steps of Ca-alginate-hydrogels forma-
tion through alginate and low methoxy pectin (LMP) cross-
linking sites, which can be formed in the presence of G-rich
blocks (GG) and, to a lesser extent, MG junctions. Due to its gel-
forming ability and properties as a thickener, gelling agent,
emulsifier, and stabilizer, alginate is widely used across various
industries. In the food sector, it is employed as a texturizing
agent and in the stabilization of emulsions. In the pharma-
ceutical and biomedical industries, alginate has established
itself as a key polymer for drug encapsulation and controlled
release of bioactive compounds.®* Its biocompatibility and
biodegradability have driven its application in tissue engi-
neering and drug delivery systems. Moreover, its bioactive
properties, including antioxidant, antimicrobial, and anti-
inflammatory activities, have generated growing interest in
health sciences and biotechnology.”

3.2.1. Conventional alginate extraction methods. Alginate
extraction is a mass transfer process in which the solvent
diffuses into the matrix, enabling the dissolution and isolation
of bioactive compounds.®® Extraction strategies include pre-
treatments, cell disruption techniques, and both conventional
and emerging methods, aiming to optimize the yield and
quality of the biopolymer (Table 2 and Fig. 4a). The process
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Table 2 Research studies are conducted to optimize alginate extraction conditions using different extraction methods
Molecular weight

Sources Extraction methods (kDa) M/G ratio Key characteristics Ref.

Laminaria ochroleuca Chemical extraction 66-134 0.89-1.38 Moderate viscosity — molecular weight 63

Saccorhiza polyschides Chemical extraction 53-73 1.62-2.14 Low molecular weight - viscosity 63

Halopteris scoparia Chemical extraction 252 0.35 High molecular weight, significant anti- 7
inflammatory and anticoagulant capacity

Cystoseira schiffneri Chemical extraction 123-449 0.024-0.093  Antioxidant activity, high molecular 67
weight

Cystoseira crinita Chemical extraction 73.1 1.018 Low molecular weight, yield (20.18%), 65
well-defined anti-inflammatory effects

Ascophyllum nodosum Ultrasound assisted extraction  133-428 — High viscosity — high molecular weight, 2
high purity

Nizimuddinia zanardini Ultrasound assisted extraction 360 — High antioxidant and emulsifying 68
capacity

Sargassum angustifolium  Enzyme extraction 357 0.54 High molecular weight - antioxidant 65
property, good biological properties

Fucus vesiculosus Enzyme assisted extraction 847 — Higher molecular weight, low yield 69
(9.60%), high purity (low content of
protein and phenolic compounds)

Saccharina latissima Ultra-high-pressure extraction  257.3 1.6 High molecular weight, high antioxidant 59
capacity, good chelating agent

Saccharina latissimi Microwave assisted extraction  419-458 — High molecular weight, yield (20-24%), 64
surface more smoothed and
homogeneous

-------------------------- cA
a) b)

Pre-treatment No - pre-treatment

Extraction techniques

v Y

Conventional process Novel technologies ‘

Extraction Process

Purifications techniques

Applications

Fig. 4

AN CTP
’ G
e

=

&

Cell wall structure of
brown algae

18 s a9 axe a3 s s

d)

3500 3000 2500 2000 1500 1000 500

L8 ppm

(a) Overview of the alginate extraction processes and potential applications adapted from ref. 60 copyright © 2023 Elsevier Ltd. (b)

Scheme of classification of extraction treatments assisted by novel technologies adapted from ref. 60 copyright © 2023 Elsevier Ltd. (c) FTIR
spectra of commercial sodium alginate (CA) and alginates extracted from the blades L. ochroleuca (BLO), stipes of L. ochroleuca (SLO), blades of
S. polyschides (BSP), and stipes of S. polyschides (SPS) adapted from ref. 63 copyright © 2022 under the terms and conditions of the CC BY
license and (d) *H NMR spectra of purified alginate showing monads, diads and triads, purple represents food grade alginate, red represents
unbleached extracted alginate, and blue represents bleached extracted alginate, reproduced with permission from ref. 66 copyright © 2020

Elsevier Ltd. All rights reserved.
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typically begins with washing brown macroalgae with distilled
water to remove salts, sand, and impurities. Two types of pre-
treatments are then applied: the first facilitates cell wall
disruption and enhances mass transfer, while the second
prevents the co-extraction of bioactive compounds with similar
solubility.®® The conventional method for alginate extraction
involves a pre-extraction step with mildly acidic solutions, fol-
lowed by alkaline extraction, solid-liquid separation, precipi-
tation, drying, and particle size reduction.> However, there is no
standardized protocol, leading to multiple variations in indus-
trial and scientific applications. These differences influence the
molecular weight, mannuronic-to-guluronic acid ratio, and key
technological properties such as purity, viscosity, and
functionality.

One of the most widely used approaches is chemical
extraction, which includes acid pre-treatment to remove
unwanted compounds (e.g., polyphenols and fucoidans), fol-
lowed by alkaline extraction, where alginic acid is converted
into sodium alginate. Precipitation and purification are then
conducted using alcohol or calcium solutions, yielding alginate
powder after drying and milling. This method produces algi-
nates with moderate purity and viscosity, suitable for industrial
applications in food, textile, and pharmaceutical sectors.®**

3.2.2. Emerging alginate extraction methods. The
increasing demand for more sustainable processes has driven
the development of environmentally friendly extraction tech-
nologies (Fig. 4b). Innovative methods such as microwave-
assisted extraction, ultrasound, high-pressure processing,
pressurized fluid extraction, and enzyme-assisted extraction
have been explored to improve process efficiency, reduce envi-
ronmental impact, and enhance economic feasibility.>*** It is
essential to note that extraction efficiency depends not only on
process parameters but also on intrinsic factors such as the
species and origin of the algae. This underscores the need to
tailor extraction methods to specific biomass sources to opti-
mize alginate recovery and quality.

Ultrasound-assisted extraction (UAE) is an emerging tech-
nique that utilizes ultrasonic waves to facilitate alginate release
from cell walls, significantly reducing extraction time while
preserving the structure of functional groups. This method
yields alginates with higher molecular weight and viscosity,
suitable for biomedical and cosmetic applications. Similarly,
high-pressure processing (HPP) employs extreme pressure
conditions to break algae cells and release alginate, enhancing
process efficiency and producing alginates with high purity and
molecular weight, ideal for industrial applications requiring
improved rheological properties.®®

Finally, enzymatic extraction of alginate is an efficient and
sustainable alternative to conventional methods, as it enables
the selective degradation of the macroalgal cell wall using
specific enzymes, minimizing phenolic compounds and
preserving the biopolymer's structure. Recent studies have
optimized this process through technologies such as ultra-
sound and acid pretreatment, increasing yield and reducing
extraction time.*> Additionally, Bojorges, et al. highlighted how
enzymatic treatments improve process efficiency and the
quality of the extracted alginate. The combination of these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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approaches promotes a more sustainable extraction process
and a product with enhanced properties for biomedical and
biotechnological applications. The selection of the extraction
method depends on the desired final application and the
required properties, while advancements in these technologies
promise to expand the applications of this versatile biopolymer
in industries such as food, pharmaceuticals, and biomedicine.*
The combination of these approaches promotes a more
sustainable extraction process and a product with enhanced
properties for biomedical and biotechnological applications.
The selection of the extraction method depends on the desired
final application and the required properties, while advance-
ments in these technologies promise to expand the applications
of this versatile biopolymer in industries such as food, phar-
maceuticals, and biomedicine.

3.2.3. Characterization of alginate. The most common
characterization techniques include FTIR and proton nuclear
magnetic resonance (‘H NMR) analysis. The FTIR spectra of
commercial alginate (CA) and sodium alginates extracted from
L. ochroleuca (BLO) and S. polyschides (BSP) are presented in
Fig. 4c. Despite differences in band intensity, all spectra
exhibited a high degree of similarity. In the 3600-1600 cm "
region, broad peaks centered at 3453 cm™ ' and 3438 cm ™" were
observed in all spectra, attributed to O-H stretching vibrations
with hydrogen bonding. Weak signals at 3016 cm ™" in the blade
spectra, and at 3033 cm™ ' and 2937 cm ™" in the stipe spectra of
BLO and BSP, respectively, were assigned to C-H stretching
vibrations. Asymmetric stretching of carboxylate O-C-O vibra-
tions was detected around 1600 cm ™" in all spectra, indicating
a similar structure among the extracted alginates. The bands at
1404 cm™! were attributed to C-OH deformation vibrations,
with contributions from the symmetric O-C-O stretching of
carboxylate groups.®® These peaks are characteristic of sodium
alginates with an M/G ratio greater than 1, indicating a high
content of mannuronic acid units. The composition of alginate
in terms of its guluronic and mannuronic acid residues (G
and M blocks) is a key property that significantly influences its
gelling capacity. "H NMR spectroscopy is the primary technique
used to investigate the sequence of these uronic acids. Fig. 4d
shows the anomeric protons and other protons at different
carbon positions within the uronic acid sequence. The chemical
shifts of the characteristic protons of the alginate extracted
from S. natans (bleached and unbleached) and the commercial
food-grade alginate exhibit a strong correlation, confirming the
nature of the extracted product. The block structure and M/G
ratio were determined following the ASTM F2259-10 stan-
dard.®® Gel permeation chromatography (GPC) evaluates
molecular weight, influencing viscosity and the ability of algi-
nate to form films, while thermal analysis via Thermogravi-
metric Analysis (TGA) and Differential Scanning Calorimetry
(DSC) examines thermal stability and degradation properties,
critical for biomedical and food applications.”

Ultrasound-assisted extraction from Ascophyllum nodosum
produces alginate with a molecular weight between 133-428
kDa and high viscosity, making it suitable for applications
requiring high strength, such as the food sector and cell
encapsulation.” Similarly, alginate extracted from Nizimuddinia
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zanardini exhibits a molecular weight of 360 kDa and is notable
for its antioxidant and emulsifying capacities, valuable for
cosmetic and food formulations.®® For Laminaria ochroleuca,
chemical extraction yields alginate with a molecular weight
between 66-134 kDa and a moderate M/G ratio (0.89-1.38),
offering moderate viscosity ideal for gelling applications with
good handling properties.®* Meanwhile, Halopteris scoparia
produces alginate with a high molecular weight of 252 kDa,
featuring anti-inflammatory and anticoagulant properties,
making it an ideal candidate for tissue engineering and thera-
peutic applications.”*”

Ultra-high-pressure and microwave extraction from Saccha-
rina latissima produces alginates with molecular weights
between 419-458 kDa and high surface homogeneity, making
them suitable for controlled-release and cell support applica-
tions.” On the other hand, enzymatically extracted alginate
from Fucus vesiculosus exhibits a molecular weight of 847 kDa,
with high purity and low protein and phenolic compound
content, characteristics ideal for medical devices and
cosmetics.® Finally, alginates from Cystoseira schiffneri and
Cystoseira barbata have molecular weights ranging from 123-
449 kDa and a low M/G ratio, contributing to their high anti-
oxidant activity and emulsifying capacity, valuable in the food
industry.®*®” Each extraction method and algal species signifi-
cantly influence the final properties of alginate, determining its
applicability in various industrial fields. High molecular weight
and purity alginates excel in biomedical and food applications
requiring specific properties like high viscosity, antioxidant
capacity, or biocompatibility, while lower molecular weight
alginates are suited for formulating flexible materials and
controlled release systems.

3.3. Pectin

Pectin is a polysaccharide-based carbohydrate polymer found in
the primary cell walls and middle lamella of plants, primarily
composed of galacturonic acid (Gal-A) in three structural forms:
rhamnogalacturonan I, rhamnogalacturonan II, and homo-
galacturonan. Depending on the degree of esterification (DE),
pectin is classified as low methoxyl pectin (DE < 50%) and high
methoxyl pectin (DE > 50%), as illustrated in Fig. 5a. Low m-
ethoxyl pectin gelation, explained by the “egg-box model,”
requires calcium ions (Ca**), while high methoxyl pectin forms
gels under acidic conditions and with high sugar content.
Electrostatic interactions, hydrogen bonds, and van der Waals
forces stabilize low methoxyl pectin gels, whereas high m-
ethoxyl pectin involves esterification of carboxylic groups,
reducing hydrophilicity and hydrogen bonding.”® Owing to its
tunable structure and to processing-dependent properties such
as molecular weight, degree of esterification, and rheology-
pectin is a workhorse polysaccharide used across the food
sector (gelling, stabilizing, thickening) and biomedicine (drug
delivery, wound healing, tissue engineering); extraction and
purification ultimately determine application fit.”* Conse-
quently, pectin remains central to biopolymer technology and
an active focus within carbohydrate polymer research.”” By
modifying the chemical structure of pectin, researchers have
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enhanced its mechanical strength, water retention capacity, and
functional interactions with bioactive compounds. The
increasing demand for eco-friendly materials has also driven
the development of pectin-based hydrogels, films, and nano-

composites, reinforcing their role as a multifunctional
polysaccharide.
3.3.1. Methods of pectin extraction. Advancements in

extraction methods have transitioned from using ethanol or
inorganic acid aqueous solutions to more eco-friendly solvents
like hot water and citric acid.” Novel techniques, such as
ultrasound-assisted, microwave-assisted, enzymatic, subcritical
water, and pulsed electric field extractions (Fig. 5a), have
emerged.””® These unconventional methods reduce extraction
time and temperature while achieving competitive efficiency
tailored to various applications.” For instance, ultrasound
extraction yields pectin with moderate molecular weight and
high active functional group content, ideal for thermal stability
and antioxidant activity. Enzymatic extraction produces pectin
with lower phenolic compound content and excellent emulsi-
fying properties, suitable for food and biomedical applications.
Subcritical water extraction creates homogeneous pectin with
outstanding stability, optimal for encapsulation and controlled
release. Microwave-assisted extraction has demonstrated yields
of up to 21.5% in minimal time, enhancing pectin's physico-
chemical properties by altering cell structure and improving
solvent penetration.®”*7%”

3.3.2. Characterization of pectin. Fig. 5b highlights the
FTIR analysis to determine pectin's suitability for specific
applications. This spectrum identifies key functional groups
such as -OH, -COO, and -C=O0, which influence gelation
properties. 'H NMR evaluates pectin's chemical structure,
Fig. 5c¢, particularly galacturonic acid content and esterification
degree, directly impacting gel-forming ability and behavior
under varying pH conditions. Fig. 5d shows the HPLC analysis,
which provides molecular weight distribution data and chem-
ical composition, influencing viscosity and film-forming
capacity. Thermal analyses, such as TGA and DSC, assess
thermal stability and degradation properties, essential for
applications involving high temperatures and pharmaceutical
US€.75‘78

The unique properties of pectin vary significantly depending
on its source and extraction method, as shown in Table 3.
Subcritical water extraction from Flos magnoliae yields pectin
with a molecular weight of 99.20-278.69 kDa and high gal-
acturonic acid content, conferring excellent antioxidant activity
suitable for food and pharmaceutical applications requiring
antioxidant protection.® Ultrasound extraction from Citrus
limetta peels produces pectin with a high molecular weight
(541.61 kDa) and moderate esterification degree, imparting
superior thermal and antioxidant properties, which are essen-
tial for cosmetic and food formulations where stability is crit-
ical. As depicted in Fig. 5e, the pectic extracted by UAE exhibits
shaper peaks compared to commercial pectin; however, both
display similar crystalline and amorphous portions.” Enzy-
matic extraction from sugar beet pulp generates pectin with
a lower molecular weight (115-132 kDa) and good emulsifying
capacity, making it ideal for controlled interactions in food and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) A comparative diagram of extraction of pectin from agro-industrial biomass using conventional heating reflux extraction (HRE) and

microwave assisted extraction (MAE) techniques, optimization procedure and characterization, reproduced from ref. 70 copyright © 2023
Elsevier Ltd. All rights reserved. (b) FTIR spectra of watermelon rind pectin (WRP) extracted at mild and harsh conditions in comparison with
commercial apple pectin (AP) and citrus, reproduced from ref. 73 copyright © 2021. License MDPI, under the terms and conditions of the (CC BY).
(c) *H NMR spectrum of pectin extracted from coffee husk; (d) composition of Arabica coffee husk determined by high-performance liquid
chromatography (HPLC) reproduced from ref. 8 copyright © 2023. License MDPI, under the terms and conditions of the CC BY license. (e) XRD
patterns of commercial pectin (CP) and ultrasound extracted citrus pectin (UAEP). Reproduce from ref. 74 copyright © 2022 Elsevier Ltd. All rights

reserved.

pharmaceutical products requiring sustained release.” Chem-
ical extraction from watermelon rind results in pectin with a low
molecular weight (106.1 kDa) and a highly branched structure,
enhancing protein interaction for edible films and biomaterial
production.” Ultrasound extraction from pineapple peels
provides pectin with high thermal stability and excellent gel-
forming properties, advantageous for applications that require
firm gels at varying temperatures, such as in food and tissue
engineering products.” Subcritical water extraction from apple
residues yields pectin with a wide molecular weight range (9.8-
697.6 kDa) and adjustable antioxidant capacity, suitable for
bioactive compound encapsulation and pharmaceutical
matrices.”® Lastly, enzymatic extraction from coffee husks
produces pectin with an extremely high molecular weight (1040
kDa) and a compact structure, making it ideal for applications
involving controlled release and high solution stability.” The
extraction method and source of pectin significantly influence
its properties, such as molecular weight, esterification degree,
and compound interaction capacity, directly affecting its
applicability. High molecular weight and homogeneous struc-
ture pectin excel in food and pharmaceutical applications
requiring stable gels and antioxidant capacity. In contrast, low
molecular weight pectin is more effective for controlled-release
applications. Optimizing synthesis and characterization

© 2025 The Author(s). Published by the Royal Society of Chemistry

methods enables the development of materials tailored to
specific industrial demands.

3.4. Cellulose

Cellulose is a polysaccharide-based carbohydrate polymer and
the most abundant biopolymer in nature. It consists of linear
chains of repeating B-p-glucose units linked by B-(1 — 4)-
glycosidic bonds, forming the primary structural component of
plant cell walls.* As a well-characterized carbohydrate polymer,
cellulose plays a crucial role in structural support, water reten-
tion, and mechanical properties in biological systems. In
addition to plant-derived sources, cellulose can be obtained
from bacterial sources such as Acetobacter xylinum, which
produces cellulose with high purity, crystallinity, and excellent
water retention capacity. This bacterial cellulose is particularly
valuable for biomedical, tissue engineering, and pharmaceu-
tical applications due to its superior physicochemical
properties.®*

Given its carbohydrate polymer nature, cellulose has unique
physicochemical characteristics that make it essential in
diverse industrial applications. Its high crystallinity, biode-
gradability, and chemical reactivity enables its use in food
packaging, pharmaceuticals, textiles, and biomaterials.*> The
extraction and modification of cellulose significantly impact on

RSC Adv, 2025, 15, 35807-35843 | 35817
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its molecular structure, crystallinity index, and mechanical
strength, which determine its suitability for various functional
applications.®® To fully leverage cellulose as a functional
carbohydrate polymer, understanding its extraction methods
and characterization techniques is crucial. The following
sections discuss the most relevant techniques to obtain high-
purity polysaccharide-based cellulose and how its properties
are analyzed for advanced material applications.

3.4.1. Methods of cellulose extraction. The extraction and
synthesis methods directly influence the final structure and
functionality of cellulose, affecting its degree of polymerization,
crystallinity, and molecular weight. The recovery of high-purity
cellulose requires the efficient removal of hemicellulose, lignin,
and other non-cellulosic materials, with each method present-
ing specific advantages and limitations (Fig. 6a).

3.4.2. Conventional extraction methods for cellulose. Some
conventional extraction methods such as acid hydrolysis ach-
ieve high crystallinity but may lead to cellulose degradation.
Acid hydrolysis facilitates the decomposition of hemicellulose
and cellulose in the presence of acidic catalysts such as HCI,
HNO3;, and H,S0,, enabling efficient isolation.?” The efficiency
of this process is highly dependent on acid concentration,
reaction temperature, and duration, as prolonged hydrolysis
can lead to complete cellulose breakdown, disrupting its crys-
tallinity.®® Typically, wheat straw undergoes reflux in acetic acid,
followed by bleaching with NaClO, and a NaOH buffer at 70 °C.
Subsequently, the extracted cellulose is subjected to hydrolysis
using strong acids for 24 h, enhancing its purity and crystal-
linity.* Despite its efficiency in cellulose recovery, this method
poses challenges such as equipment corrosion and high puri-
fication costs.”

As an alternative, solid acids have been proposed to reduce
corrosivity and operational risks.** Another conventional
extraction method is alkaline treatment using NaOH enables
the selective solubilization of lignin, thereby facilitating cellu-
lose extraction in a shorter time and with reduced chemical
harshness.”* The application of 17.5% NaOH for 2 h at 25 °C has
been demonstrated to effectively remove soluble components,
including lignin.?> Subsequently, the cellulose is bleached with
H,0,. Following acid hydrolysis, a second alkaline treatment
with 2% NaOH at 80 °C for 2 h is performed, followed by an
additional NaClO, bleaching step.” This method effectively
removes residual phenolic compounds and proteins, yielding
cellulose with a purity of 84.67%.%* Alkaline hydrolysis allows
for efficient extraction with minimal structural damage,
offering a more sustainable approach.

3.4.3. Eco-friendly and advanced extraction methods.
Meanwhile, solvent-based extraction is emerging as a promising
alternative for obtaining high-purity cellulose with reduced
environmental impact. The use of solvents facilitates the effi-
cient hydrolysis of hemicellulose and lignin, yielding cellulose
with high purity and recovery rates. Combinations of poly-
ethylene glycol (PEG) with salts and aqueous HCI have been
shown to be effective, achieving cellulose recovery rates between
48.9% and 55.5%, with minimal hemicellulose (1.2-3.2%) and
lignin (0.97-3.47%) content.®® This method enhances the
dissolution of non-cellulosic components and enables the
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regeneration of cellulose in a highly crystalline and pure.”®
Although considered a cleaner alternative to acid hydrolysis,
some solvents may require post-treatment removal to prevent
residual contamination.®

Innovative methods for cellulose extraction emerged due to
the limitations of conventional cellulose extraction techniques.
These alternative approaches are designed to enhance efficiency
and sustainability while minimizing equipment degradation
and purification costs (see Fig. 6a). One such approach is
microwave-assisted extraction, which utilizes microwave energy
to heat solvents uniformly, enhancing thermal efficiency and
reducing reaction times.”® A study demonstrated that subjecting
wheat straw to acid pretreatment at 80 °C, followed by micro-
wave digestion with NaOH (1-5%) at 100 °C for 20 min, led to
a 67% reduction in reaction time, yielding cellulose with
90.66% purity and a crystallinity index of 42.50-60.56%.%
Additionally, fractionation and mechanical fibrillation have
been employed to produce lignocellulosic nanofibrils (LCNFs)
with reduced lignin and ash content, making them suitable for
biodegradable composites and packaging materials.””

Another promising technique is organosolv fractionation,
which efficiently separates cellulose, hemicellulose, and lignin
using organic solvents such as 1,4-dioxane, methanol, ethanol,
and acetone.®” This method offers high selectivity in isolating
cellulose while maintaining its structural integrity. Moreover,
steam explosion and microfluidization have been explored as
energy-efficient alternatives, requiring 70% less energy than
traditional milling methods, while simultaneously enhancing
cellulose crystallinity and purity.”® The TEMPO (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl oxidation process, an advanced
chemical modification technique, introduces carboxyl (-COOH)
groups to the cellulose surface, thereby improving water di-
spersibility and mechanical stability, making it highly suitable
for nanocellulose applications. Furthermore, enzymatic hydro-
lysis has emerged as a biological and eco-friendly approach,
wherein specific cellulolytic enzymes selectively degrade amor-
phous cellulose, yielding cellulose nanocrystals (CNCs) with
high crystallinity.®* This enzymatic process also allows for
biomass recycling, making it a sustainable alternative for
cellulose extraction. Collectively, these novel methodologies
represent a significant advancement over conventional
processes, optimizing cellulose yield, purity, and crystallinity
while reducing chemical usage and environmental impact.

The chemical structure of cellulose, hemicellulose, and
lignin is illustrated in Fig. 6b. The intricate multilevel archi-
tecture of cellulose consists of bundles or aggregates of ultrafine
fibrils, where multiple cellulose chains are embedded within
the superfine fibril structure. Table 4 highlights how cellulose
properties vary based on source and extraction method, directly
influencing its industrial applications. Plant-derived cellulose
(crystallinity 40-70%) is widely used in paper and textiles, while
bacterial cellulose (crystallinity >80%) is preferred in biomedi-
cine due to its strong, porous films ideal for wound dressings
and tissue regeneration." Nanocellulose, produced through
high-energy methods, offers high aspect ratio and mechanical
strength, making it suitable for composites and functional
coatings.**
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Enzymatically hydrolyzed cellulose (100-250 kDa) enhances
dispersion and thermal stability, making it ideal for pharma-
ceuticals and food formulations requiring controlled release.
Ultrasound and enzymatic hydrolysis improve both extraction
efficiency and cellulose properties, optimizing performance for
specific applications.® Crystallinity dictates cellulose function-
ality: high-crystallinity cellulose provides mechanical strength
and thermal stability, ideal for advanced engineering, while
low-crystallinity cellulose is suited for flexible, absorbent
products like diapers and hygiene items. Additionally, nano-
cellulose shows high potential in electronics, enabling flexible
devices and high-performance batteries. Selecting the appro-
priate extraction and characterization methods is crucial to
optimizing cellulose properties for targeted industrial
applications.®'*

For characterization, American Society for Testing Materials
(ASTM) standards were employed to determine the chemical
composition of treated and untreated fibers. The quantification
of a-cellulose, lignin, and holocellulose was performed
following ASTM D1103-55T, ASTM D1106-56, and ASTM D1104-
56, respectively.** FTIR analysis (Fig. 6¢) was conducted to
assess the presence of cellulose, hemicellulose, and lignin
before and after treatment. The extracted cellulose exhibited
characteristic absorption bands, where peaks at 1644 cm ™" and
895 cm ! corresponded to -OH bending of absorbed water and
asymmetric ring stretching of cellulose, respectively. The
disappearance of bands at 1735 cm ™' and 1248 cm ™' confirmed
the removal of lignin and hemicellulose, consistent with

35820 | RSC Adv,, 2025, 15, 35807-35843

previous studies.**'®® XRD analysis revealed that the peak at
22.5° indicated the presence of type I cellulose polymorph,
suggesting that the treatment did not alter cellulose poly-
morphism. An increase in crystallinity was observed, attributed
to the efficient removal of non-cellulosic components.'™ As
shown in Fig. 6d, TGA was used to evaluate the thermal stability
of the extracted cellulose. Due to the chemical differences
between cellulose, hemicellulose, and lignin, their degradation
occurred at distinct temperatures.'®

For dewaxed wheat straw (DWS), thermal degradation
occurred in three stages: onset at 180 °C (hemicellulose and
cellulose degradation), second stage at 254 °C (overlapping
degradation of cellulose and lignin), and maximum degrada-
tion peak at 304 °C. For cellulose isolated via Acidified Sodium
Chlorite (ASC) treatment (DWS,s¢), degradation began at 310 °
C, with a decomposition temperature of 385 °C. In contrast, for
cellulose extracted through Alkaline Hydrogen Peroxide (AHP)
treatment (DWS,pp), degradation started at 304 °C and
completed at 360 °C. The enhanced thermal stability of treated
fibers was attributed to the removal of lignin and hemicellulose,
which improved the structural organization of the material.'*
SEM micrographs (Fig. 6e) confirmed morphological differ-
ences in the extracted cellulose, highlighting the impact of
chemical treatments on wheat straw fibers. The reduction in
fiber volume and diameter observed in SEM images was
consistent with previous studies.'® The physical appearance of
DWS changed after the AHP treatment, the extracted fibers
acquired a pure white color, indicating the effective removal of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lignin and hemicellulose. The physical appearance of DWS
changed after the AHP treatment, the extracted fibers acquired
a pure white color, indicating the effective removal of lignin and
hemicellulose.®®

4. Antimicrobial activity of the
biopolymers

The antimicrobial activity of biopolymers can be enhanced
through chemical modification and the incorporation of
bioactive agents, such as essential oils or organic extracts.'®
These systems have demonstrated efficacy against both Gram-
positive and Gram-negative bacteria due to their ability to
interact with microbial membranes, resulting in cell wall
disruption and lysis.'® Table 5 summarizes the potential of
biopolymer-based materials to inhibit the growth of many
different bacteria.

4.1. Cellulose-based nanocomposites

The antimicrobial efficacy of cellulose is improved when
employed as a carrier matrix for essential oils, particularly in its
nanostructured form such as nanocellulose and nanofibers.'*®
Abral et al. developed bacterial nanocellulose (BNC) via Aceto-
bacter xylinum fermentation followed by mechanical homoge-
nization and ultrasonication. The resulting nanofibers were
incorporated into a composite matrix composed of chitosan
and tapioca starch to fabricate biofilms with varying BNC
loadings of 10, 15, and 20 mL. Mechanical performance
improved significantly, particularly in elongation at break,
which reached 43.7, 20.9, and 21.0%, respectively. Antimicro-
bial activity was evaluated against Staphylococcus aureus,
Bacillus subtilis, Escherichia coli, and Pseudomonas aeruginosa.
Films containing 20 mL BNC exhibited the highest inhibition
zones 14.5, 10.6, 10.3, and 13.4 mm, respectively. These effects
are attributed to the synergistic mechanisms between the
nanocellulose structure, which increases surface reactivity, and
the chitosan matrix, known for its intrinsic antimicrobial
properties.”* Among the various essential oils explored for their
antimicrobial efficacy, cinnamon essential oil (CEO) has
attracted significant attention due to its chemical bioactive
constituent, cinnamaldehyde, which interferes with critical
cellular processes.’” This feature enables CEO to act more
effectively against pathogens with complex membrane struc-
tures, as demonstrated by Stasiak-Roézanska et al. In their study,
bacterial cellulose (BC) was impregnated with a range of
essential oils, and CEO-loaded BC composites exhibited the
highest antimicrobial activity against multiple Cronobacter
species. Notably, inhibition zone diameters of 34.62 mm for
Cronobacter muytjensii, 29.05 mm for Cronobacter condimenti,
and 32.10 mm for Cronobacter malonaticus were recorded,
confirming the potent antibacterial nature of cinnamon-cellu-
lose nanocomposites.*”

4.2. Chitosan-based nanocomposite

The intrinsic antimicrobial activity of chitosan can be signifi-
cantly enhanced through the incorporation of functional
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bioactive agents."* For instance, chitosan films enriched with
Cinnamodendron dinisii essential oil encapsulated in zein
exhibited a remarkable ability to extend the shelf life of ground
beef by reducing spoilage reactions during refrigerated
storage."*® Similarly, chitosan and polyvinyl alcohol (PVA) films
containing essential ginger oil effectively inhibited the growth
of S. aureus, E. coli, and P. fluorescens, thereby prolonging the
preservation of sea bass fillets."” Fig. 7a-d illustrates the anti-
bacterial activity assessment (A and B) and inhibition zone
measurement (C and D) of films based on pectin, pectin/CH,
and CH, incorporated with noni fruit extract at varying
concentrations. These films were evaluated against Gram-
negative bacteria (E. coli and S. typhimurium) and Gram-
positive bacteria (S. aureus and L. monocytogenes). Lowercase
letters (a-g) indicate statistically significant differences (p <
0.05) in the inhibition zone among different film types against
the tested bacteria, while uppercase letters (A, B) denote
significant differences (p < 0.05) in the inhibition zone of the
same films when tested against different bacterial strains.
Negative control (NC) consisted of distilled water, while positive
control (PC) used tetracyclines at 5 mg mL .11

4.3. Alginate-based nanocomposites

Although alginate inherently lacks pronounced antimicrobial
properties, its bioactivity can be significantly enhanced through
the incorporation of bioactive agents. Fig. 7e presents the
inhibition zone (ZOI) assessment of the prepared SA/Cur and
SA/Cur-PLA hydrogel beads against Gram-negative (E. coli, P.
aeruginosa) and Gram-positive (S. aureus, S. pyogenes) bacteria at
different concentrations (5-250 pg mL™ "), ampicillin as a stan-
dard used as positive control; no statistical comparison was
performed. The results showed that SA/Cur-PLA beads exhibi-
ted higher antibacterial activity at higher concentrations (250 pug
mL "), whereas no effect was observed at lower concentrations
(5 ng mL ™), possibly due to limited curcumin availability. ZOI
increased with bead concentration, reaching values comparable
to those of standard ampicillin, suggesting that both SA/Cur
and SA/Cur-PLA possess antimicrobial properties.'*® Recent
studies have demonstrated that the integration of antimicrobial
microcrystalline cellulose (AMCC) and probiotic strains into
edible alginate films improves their effectiveness against path-
ogens, while also providing mechanical stability and reducing
water vapor permeability.’® These films have proven particu-
larly effective in preserving ultrafiltered (UF) cheeses, ensuring
the viability of probiotic bacteria for more than 45 days. On the
other hand, bacterial cellulose, despite lacking intrinsic anti-
microbial activity, has been used as a reinforcement in
biopolymer matrices. When combined with ginger essential oil,
bacterial cellulose nanofibers have enhanced the antimicrobial
properties of chitosan/PVA-based films, demonstrating efficacy
against E. coli and S. aureus in fish packaging.'*?

4.4. Pectin-based nanocomposites

Pectin is a biopolymer capable of forming biodegradable films,
but its antimicrobial activity is relatively low compared to other
polymers. Nevertheless, its combination with essential oils and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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antimicrobial nanoparticles has proven effective in inhibiting
bacterial growth and extending the shelf life of fresh fruits and
vegetables.” Its ability to modulate moisture and protect
bioactive compounds makes it a viable option for preserving
perishable products. Lin et al. reported that the incorporation of
Morinda citrifolia fruit extract significantly enhances the anti-
microbial performance of pectin-based films against both
Gram-negative and Gram-positive bacteria. The inhibition
zones ranged from 9.21 to 11.00 mm against Escherichia coli,
8.68 to 10.56 mm against Salmonella typhimurium, 8.47 to
11.42 mm for Staphylococcus aureus, and 9.30 to 12.64 mm in
the case of Listeria monocytogenes. The film formulated with
10% extract exhibited the strongest inhibitory effect, a result
attributed to its higher concentration of phenolic content,
which is known to interfere with bacterial membrane integrity
and induce oxidative stress.'**

One of the main challenges in incorporating plant-derived
extracts into polymeric matrices such as pectin is their limited
solubility in aqueous environments, which often compromises
dispersion uniformity and bioactive efficacy.”” A promising
strategy to overcome this limitation involves the use of Picker-
ing emulsions, which enable the encapsulation and controlled
delivery of hydrophobic compounds.**® In this context, Wu et al.
demonstrated that chayote tuber starch can be effectively
functionalized using a Pickering emulsion system and loaded
with cinnamon essential oil in a pectin matrix. The resulting
films exhibited strong antimicrobial activity against Staphylo-
coccus aureus and Escherichia coli, with inhibition zones

35824 | RSC Adv, 2025, 15, 35807-35843

between 20 and 40 mm, depending on the concentration of
zein-pectin nanoparticle-stabilized cinnamon essential oil
Pickering emulsion (ZPCO), as illustrated in Fig. 7f. In addition
to their antibacterial performance, the films also showed
a remarkable enhancement in antioxidant capacity, with DPPH
radical scavenging activity increasing from 9% to 60% as the
ZPCO content was elevated."®

5. Modified biopolymers with
nanoparticles

To enhance the antimicrobial properties of CS films,
researchers typically incorporate metallic nanoparticles, chiefly
silver (AgNPs),****?”1?% and copper- or zinc-oxide nanoparticles
(CuONPs and ZnONPs)."***® Conventional syntheses employ
reducing agents such as NaBH,, NaOH,* and sodium citrate;
however, these reagents are toxic, costly, or demand harsh
conditions, which has driven a shift toward greener alterna-
tives."*>"*> In green routes, bio-molecules (anthocyanins, flavo-
noids) derived from plants**® and bacteria'** simultaneously
reduce and stabilize the metal ions. Nanoparticles obtained
from biomass sources: shells, leaves, flowers, roots, conse-
quently exhibit broad antibacterial, antifungal, and antiviral
activities.'***® The four main pathways for metal-ion reduction-
plant extracts, bacterial cultures, fungal metabolites and agro-
industrial wastes, are summarized in Fig. 8."**7** These routes
provide both reducing and stabilizing molecules, enabling the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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one-step formation of Ag, CuO and ZnO nanoparticles under
mild conditions.

Regarding the antimicrobial mechanism of nanoparticles,
AgNPs deliver potent, reactive oxygen species (ROS)-mediated
killing of Pseudomonas aeruginosa, Bacillus subtilis, and Staph-
ylococcus aureus, along with antioxidant, antipathogenic, and
anticholinesterase activities.”® The underlying steps (Ag"
binding to the anionic membrane, ROS generation, protein
denaturation, and DNA disruption) are illustrated in Fig. 8.'47'4®
This broad-spectrum efficacy is largely attributed to their ability
to catalyze the generation of ROS and to release Ag' ions in
a sustained manner. These Ag" ions initially interact with the
negatively charged microbial cell membrane through
coulombic attraction, facilitating their subsequent penetration
into the cytoplasm. Once inside the cell, Ag" ions react with
protein sulfhydryl groups, leading to protein denaturation,
inhibition of essential enzymatic activities, and disruption of
DNA synthesis. Collectively, these mechanisms result in severe
structural and functional cellular damage, ultimately compro-
mising membrane integrity and causing cell death (Fig. 9).'*°

Zhou et al. emphasize that AgNPs offer significant advan-
tages over silver ions, mainly due to their controlled and pro-
longed release.*” However, they caution against the risks of
toxicity at higher doses.’****” To address this issue, they
proposed the synthesis of an innovative biocomposite
composed of a lipopeptide (iturin) with antifungal activity,
integrated into a porous CS sponge (see Table 6). This material
demonstrated enormous potential as a wound-healing dressing
in vivo. The synthesis involved mixing CS with an iturin-AgNP
solution at concentrations of 0, 5, 10, and 20 pug mL ™. These
concentrations influenced the sponge’'s porosity, water absorp-
tion capacity, and morphology. Antibacterial activity was

© 2025 The Author(s). Published by the Royal Society of Chemistry

particularly notable at a concentration of 10 ug mL ™", showing
effectiveness against E. coli and S. aureus. Additionally, wound
healing tests revealed that this concentration caused no
considerable damage to major organs nor left residues.
Compared to traditional gauze, the CS sponge dressings
exhibited superior physicochemical properties, including
higher absorption capacity, appropriate size, and greater ease of
use. These attributes resulted in greater efficiency and lower
toxicity compared to currently available commercial options.*

Similarly, in the work of Zhang and Jiang tea polyphenols
(TP) were used to reduce silver ions on chitosan polymer, it is
worth notice that TP not only serves as reducing agent, but also
as crosslinking agent. To synthesize the composite silver
nanoparticles precursors in a fixed mass were mixed with CS
and TP at different concentrations (2, 4 and 8 mL of 0.1% (w/v)
TP solutions) to obtain CS/TP-AgNP film. In Fig. 10a-d the
developed films can be observed, there is an increment in the
opacity of the films with the TP addition. From the SEM anal-
ysis, small agglomerates are observed with the increment of TP
(Fig. 10e-h). When the antibacterial effect of the films was
evaluated, E. coli and S. aureus were used, showing the effec-
tiveness of using AgNPs and TP in CS films, being the most
effective for E. coli, the film with the highest TP concentration,
meanwhile, for S. aureus the effect was constant after the
addition of 4 mL of TP (Fig. 10i). The CS/TP-AgNP film
produced inhibition zones of 22-26 mm against E. coli and 18-
22 mm against S. aureus through combined polycation attrac-
tion of CS and Ag-induced ROS that perforate membranes and
disrupt DNA replication (Table 7), with efficacy scaling directly
with AgNP size (<30 nm) and CS protonation, showing a syner-
gistic interplay between the matrix and the embedded
nanoparticles."”
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In a complementary manner, various studieg!¢%16>-164166,167
highlights the versatility of different forms derived from poly-
meric compounds, including gels, films, membranes, sponges,
spheres, and hydrogels. These materials are specifically
designed for applications in coatings intended for the treat-
ment of metabolic, vascular, arterial, and immunosuppressive
diseases. Beyond their mechanical and biocompatibility prop-
erties, their morphology also plays a critical role in modulating
antimicrobial performance. For instance, spherical architecture
offers shorter diffusion paths for Ag" ions, which can enhance
the rate and uniformity of antimicrobial action.'®® In addition,
additional mechanisms have been proposed to explain and
enhance the antimicrobial behavior of AgNPs. One strategy
involves their integration with two-dimensional materials such
as MXene, where the nanoparticles function as photothermal
enhancers. This also leads to increased generation of ROS,
resulting in a synergistic photothermal-oxidative mechanism.***
Another compelling approach lies in the use of green synthesis
routes, especially those employing natural compounds like
phenolic terpenes. These molecules contribute to a dual-action
antimicrobial mechanism: they disrupt the lipid bilayer by
increasing membrane permeability, while simultaneously, Ag*
ions and ROS induce oxidative stress that impairs cellular
respiration by inhibiting key respiratory enzymes.**

Dotto et al. study emphasizes the potential of natural-origin
biomaterials like collagen, chitosan, and gelatin, with particular
focus on the advantages of combining gelatin and chitosan.
This combination exhibits biological activity, biocompatibility,
and water vapor permeability. Moreover, they propose that
wound dressings should have key properties, such as antibac-
terial activity, which can be achieved by impregnating AgNPs.
These nanoparticles are synthesized using chitosan as
a reducing and stabilizing agent through eco-friendly method-
ologies. Their study concludes that a concentration of 10 mmol
L' is the most biocompatible, although an increase in

35826 | RSC Adv, 2025, 15, 35807-35843

of proteins

nanoparticle concentration affects parameters such as swelling
and water vapor permeability, increasing both. Additionally,
they confirm that all evaluated concentrations effectively reduce
bacterial growth of Pseudomonas aeruginosa, when gelatin is
blended with chitosan (GCs-AgNP films) the swollen, highly
porous network accelerates Ag" diffusion; antimicrobial efficacy
therefore scales not only with AgNPs dose (10-30 mmol L") but
also with film porosity/water uptake, giving >4 log reductions
for S. aureus and P. aeruginosa within 6 h.**®

Beyond films and sponges, Mirda et al. highlighted the use of
CS as a reducing agent, leveraging its polymeric matrix to
minimize metallic nanoparticle aggregation and improve
biocompatibility. To synthesize silver-chitosan nanoparticle
microspheres (AgNP-chi-spheres), chitosan was dissolved in
1% v/v CH;COOH, and 2% AgNO; was gradually added. The
resulting solution was dripped into NaOH solutions of varying
concentrations (20-50%) using a syringe, followed by washing
with ultrapure water and drying (Fig. 11a). SEM images
(Fig. 11b) of the AgNP-chi-spheres prepared with 20% NaOH
revealed a porous, amorphous surface structure. UV-vis spec-
troscopy confirmed nanoparticle formation through surface
plasmon resonance at 410 nm, though the NaOH concentration
influenced the maximum absorbance peak without significantly
affecting nanoparticle diameter. XRD analysis demonstrated
a crystalline structure with 26 values of 38.21°, 43.80°, and
57.48°, corresponding to the (111), (200), and (220) planes of
AgNPs, with no evidence of silver oxide formation. Antimicro-
bial testing (Fig. 11c) revealed that AgNP-chi-spheres synthe-
sized with 50% NaOH displayed the most promising results,
achieving inhibition zone diameters of 19.5, 18.56, and
12.25 nm for S. aureus, E. coli, and C. albicans, respectively, due
to the homogeneous, NaOH-tuned AgNPs (=47 nm) disrupted
membranes while the chitosan shell stabilized ion release.**

Although the main asset of AgNPs is their antimicrobial
activity, their range of applications is not limited to this field.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) CS film, (b) CS/TP—AgNPsl film, (c) CS/TP—AgNPslI film, (d) CS/TP-AgNPslII film. SEM images of the surface and cross-section for (e

and g) CS film and (f and h) CS/TP—-AgNPslII film. (i) The inhibition zone (A) of chitosan films, both with and without varying concentrations of TP—
AgNPs, against the growth of E. coli and S. aureus. Error bars represent the standard deviation, reproduced with permission from ref. 127

copyright © 2019 Elsevier B.V. All rights reserved.

Another potential use is demonstrated by Ahmad, R., and
Ansari, K. in the synthesis of a bio-nanocomposite (Alg@AgNPs)
for use as an adsorbent. Their approach considers biocompat-
ibility and green chemistry during the AgNP synthesis process,
utilizing alginate as a reducing and stabilizing agent (Fig. 12a-
c). Adsorption tests indicate that the Langmuir model is the
most suitable, with a desorption value exceeding 83% (Fig. 12d),
indicating that the composite can be successfully regenerated
for up to four cycles.*®

With these advancements, green methodologies not only
involve the use of non-toxic compounds or solvents but also
promote the utilization of several types of waste, such as agri-
cultural, industrial, or technological residues, as raw materials
or as reducing and stabilizing agents in the synthesis of nano-
materials, including metallic nanoparticles. For instance,
Mondal et al. propose the synthesis of AgNPs (Fig. 13a—c)
through an innovative approach that combines green synthesis
using aqueous extracts from water hyacinth leaves (Eichhornia
crassipes) with silver particles previously treated with HNOs,
obtained from electronic waste such as motherboards, circuits,
and PCB boards. Furthermore, their study explores the extrac-
tion of biopolymers from shrimp shells. These materials are
used to coat cotton fabrics, evaluating both their antimicrobial
activity (Fig. 13d-g), which showed positive results within a pH
range of 7 to 12, and their physical properties. Physical tests
revealed remarkable wrinkle recovery, along with slight
increases in weight, thickness, and tensile strength.**

As Ag, CuO and ZnO nanoparticles are recognized to have
good antimicrobial properties.**®'* In the study of Francis et al.,
they incorporated these nanoparticles in PVA-starch-glycerol
(PSG). PVA have been used to improve the mechanical proper-
ties of biopolymers;7*"” as is the case of cellulose’ and
starch,"*'7*777 and glycerol is used as plasticizer."”® First, the
authors prepared CuONPs and ZnONPs using a bacterium,
Stenotrophomonas maltophilia using sterile Luria Bertani
broth.'®#* The Cu and Zn sulphates precursors were added in

© 2025 The Author(s). Published by the Royal Society of Chemistry

total concentration of 2 mmol L™". The successful CuONPs and
ZnONPs biosynthesis was confirmed by DRX. The SEM images
showed spherical nanoparticles. The PSG films were prepared
by mixing a PVA solution with starch, and glycerol solutions.
After that, a dispersion of CuONPs, ZnONPs and CuONPs +
ZnONPs were added to the PSG films to form PSG-Cu, PSG-Zn,
and PSG-CuZn films, respectively. The reaction took place for
30 min at 95 °C. Then the formed films were added to glass
plates and dried for 24 h at 50 °C. The SEM image of the PSG
film exhibited a clear surface (Fig. 14a).

Fig. 14b-d shows the SEM images of PSG with CuO, PSG with
ZnO, and PSG with CuONPs and ZnONPs, respectively, where
the metal nanoparticles embedded in the polymer were
distinctly visible, making the surface appear textured. The
antifungal activity of CuONPs and ZnONPs was evaluated
against Aspergillus niger, Aspergillus calidoustus, and Penicillium
chrysogenum, which were previously isolated from spoiled fruits
and vegetables. The nanoparticles were applied at varying
concentrations (1, 3, and 5 pg for CuO; 5, 7, and 10 pg for ZnO)
on potato dextrose agar plates inoculated with fungal spores,
followed by incubation at 30 °C for 24 h. The results showed
a concentration-dependent inhibition of fungal growth, with
larger zones of inhibition (ZOIs) observed at higher nano-
particle concentrations. Among the fungi, all three were sensi-
tive to CuO nanoparticles, whereas A. niger exhibited resistance
to ZnO nanoparticles. Positive controls using CuSO, and ZnSO,
at equivalent concentrations showed no antifungal activity,
highlighting the specific effectiveness of the nanoparticles. The
minimal inhibitory concentration (MIC) and minimal fungi-
cidal concentration (MFC) for CuO and ZnO nanoparticles were
both 1 pg mL ™", which was notably lower than the 2 pg mL ™"
required for amphotericin B.

The antifungal activity was visually and quantitatively
assessed. The ZOI data, as depicted in Fig. 14e, showed
a marked increase in fungal inhibition with higher nanoparticle
concentrations, with CuO demonstrating superior antifungal
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Fig. 11

(a) Products (b) SEM spectrum (c) antimicrobial activity against S. aureus, E. coli, and C. albicans of AgNPs-chi-spheres reproduced with

permission from ref. 41 copyright © 2021. Licensee MDPI, under the terms and conditions of the CC BY license.

efficacy compared to ZnO. Fig. 14f and g provided visual
evidence of antifungal activity, with clear ZOIs observed on agar
plates treated with CuO and ZnO nanoparticles. Additionally,
polymer films embedded with these nanoparticles (PSG-Cu and
PSG-CuZn) exhibited significant antifungal effects, particularly
against A. niger and A. calidoustus, outperforming amphotericin
B in some cases. In particular, the CuO/ZnO-loaded films (PSG-
CuZn) rely primarily on redox cycling and metal-ion leaching.

These pathways are exceptionally lethal to fungal hyphae;
complete growth suppression of A. niger was achieved at
25 mg L' Cu/Zn (1:1) in a PVA-starch—glycerol matrix. These
findings underscore the potential of CuONPs and ZnONPs,
especially when incorporated into biodegradable polymer films,
as effective antifungal agents for applications in food preser-
vation and packaging.'® These findings underscore the poten-
tial of CuUONPs and ZnONPs, especially when incorporated into

I * adsorption
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=) ®
= =
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Fig. 12 SEM images of (a) before adsorption and (b) after adsorption of crystal violet (CV) dye, (c) TEM of Alg@AgNPs and (d) regeneration cycles
for CV dye on Alg@AgNPs, reproduced from ref. 161 copyright © 2022 published by Elsevier B.V.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 SEM images of AgNPs: (a) nanoparticle (NP) size, (b) green synthesis, (c) chemical synthesis, inhibition zone of AgNPs, (d) recycled AgNPs
in green synthesis, (e) pure AgNPs in green synthesis, (f) recycled AgNPs in chemical synthesis, and (g) pure AgNPs in chemical synthesis on fabric
samples against S. aureus and E. coli. Reproduced from ref. 159 copyright © 2023, The Author(s) under a Creative Commons Attribution 4.0.

biodegradable polymer films, as effective antifungal agents for
applications in food preservation and packaging.***

Kalia et al. utilized polyphenolic compounds from the Urtica
dioica leaves to synthesize CuONPs and ZnONPs, acting as
reducing and stabilizing agents. These nanoparticles were
subsequently incorporated into a nanocomposite matrix of
chitosan and acetic acid. Physical-chemical analyses, including
UV-vis, SEM, and EDS, revealed the surface plasmon resonance,
shape, size, and quantitative presence of metallic compounds.
The ZnO-chitosan nanomaterial showed a reduction in mois-
ture content and solubility due to nanoparticle intercalation
with the matrix. Conversely, CuO-chitosan films exhibited
enhanced antioxidants and antimicrobial properties, proving
effective in extending the shelf life and quality of fruits. Both
metallic oxide NPs were active against enteric pathogens (E.
cloacae, S. typhii). The film generated 16-18 mm zones, driven
by Cu**/Zn** leaching; dispersion quality determined
potency.*

Structural modifications, synthesis techniques, and appli-
cations of nanometric materials derived from chitosan (CS)
have been widely reported. Preliminary studies suggest that
combining CS and nanoparticles yields more effective bacteri-
cidal and antimicrobial agents, targeting pathogens such as
Escherichia coli, Acinetobacter baumannii, Staphylococcus aureus,
Candida spp., Pseudomonas sp., Aspergillus niger, Penicillium sp.,
Enterococcus faecalis, Pseudomonas aeruginosa, and Streptococcus
pneumonia.’>*5916:188169 Collectively, these findings evidence
that tailoring NP physicochemistry together with matrix func-
tionality is essential for designing bio-NPs composites that
deliver potent, broad-spectrum antimicrobial performance
without compromising biocompatibility.

In conclusion, biopolymer-nanoparticle composites repre-
sent a powerful platform for antimicrobial materials, but their

35832 | RSC Adv, 2025, 15, 35807-35843

design must consider multiple physicochemical and biological
factors to optimize efficacy across a broad spectrum of patho-
gens. The incorporation of green synthesis techniques,
controlled nanoparticle distribution, and functional synergistic
agents (e.g., polyphenols, essential oils, iturin) is essential for
advancing safe, sustainable, and effective antimicrobial
technologies.

6. Application of interest of
biopolymer—nanoparticle composites

Preliminary studies on the synthesis of nanoparticle-enhanced
biopolymers have generated increasing interest across
different industrial sectors, mainly due to their biocompatibility
and broad multifunctional properties. In this context, Fer-
nandes et al., described four key principles that explain the
interaction between polymers and nanoparticles: (i) improved
nanoparticle adhesion through non-covalent interactions, (ii)
increased multifunctionality, (iii) the ability to act as an in situ
reducing agent, and (iv) provision of structural support.'®®
These features have been particularly applied in the textile
industry, where advanced fabrics are being developed to block
pathogen transmission, neutralize odors, prevent skin irrita-
tion, and enhance user protection.'®**%”

One example of this approach was reported by Che et al., who
synthesized a hyperbranched polymer, EPDA-HBP (derived
from epichlorohydrin, dimethylamine, and amino-HBP),
applied it to cotton fabric, and generated AgNPs in situ. This
dual-functional method ensured stable NPs fixation, reaching
a loading of 180 mg Ag per kg of fiber and achieving more than
90% bacterial reduction against S. aureus and E. coli, even after
30 washing cycles.'®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 SEM images of (a) PSG, (b) PSG-Cu, (c) PSG-Zn, and (d) PSG-CuZn films. (e) The zone of inhibition (ZOl) exhibited by CuO and ZnO
nanoparticles against Aspergillus niger, Aspergillus calidoustus, and Penicillium chrysogenum at concentrations of 1, 3, and 5 ng for CuO
nanoparticles and 5, 7, and 10 pg for ZnO nanoparticles. (f) Antifungal activity of PSG, PSG-Cu, PSG-Zn, PSG-CuZn, and amphotericin B (20 ng)
against Aspergillus niger. (g) Antifungal activity of PSG, PSG—-Cu, PSG-Zn, PSG-CuZn, and amphotericin B (20 ng) against Aspergillus calidoustus
reproduced with permission from ref. 130 copyright © 2022 by the authors. Licensee MDPI, under the terms and conditions of the CC BY license.

Another common strategy involves depositing thin polymer/
nanoparticle films onto cotton, polyester, or cotton-polyester
blends. Polymeric matrices such as poly(vinyl alcohol) (PVA),
carboxymethylcellulose (CMC), or CS are combined with AgNPs
or ZnNPs to form composite coatings. These systems enhance
color, improve UV shielding, provide antimicrobial activity

© 2025 The Author(s). Published by the Royal Society of Chemistry

against E. coli, S. aureus, and C. albicans, and increase
mechanical performance compared to untreated fabrics. The
choice of polymer is an important factor; for instance, CS
facilitates better nanoparticle dispersion and stability,
achieving microbial reduction rates above 83%.'*°
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Gao et al. proposed a complementary two-step process. First,
AgNPs were immobilized on the fabric using a polydopamine
adhesive layer; this was followed by a hydrophobic overlayer
made from materials such as polydimethylsiloxane, polyimide,
CS, hexamethyldisiloxane, PEDOT:PSS, or chitosan-organo-
silica (Cs-OSH). This configuration provided the textile with
self-cleaning properties, resistance to acidic and alkaline
conditions, antibacterial activity (E. coli, S. aureus), super-
hydrophobicity (water contact angle up to 150°), and high
electrical conductivity (>1076 S m™' after 120 min of
treatment).'®*18¢1%° Lastly, some alternatives involve a plasma
pre-treatment on polyester fabrics, which facilitates the forma-
tion of functional groups (-COO, -OO-) that enhance AgNP
impregnation. This process not only boosts antimicrobial
performance but also provides hydrophobic properties (contact
angle of 151.1°) and electrical conductivity (0.6860 S cm ™ *),19%1

The food industry has consistently focused on improving
food safety by extending product shelf life, ensuring quality,
and minimizing waste. In this pursuit, natural biopolymers,
particularly CS, have shown significant potential. Derived from
chitin, CS exhibits antimicrobial, antioxidant, and bioactive
properties, making it a promising candidate for food preserva-
tion and packaging applications. Its effectiveness has been
widely documented, especially in meat and fresh products,
where it helps extend shelf life. For example, Tuesta et al. re-
ported advancements in the development of chitosan-based
materials, highlighting their sustainability and functional
performance in food packaging systems.'®> However, biopoly-
mers such as CS still present intrinsic limitations, including low
mechanical strength, high gas permeability, and limited
thermal stability. To address these challenges, researchers have
explored the incorporation of metallic and inorganic nano-
particles, which offer unique advantages such as high surface-
area-to-volume ratios and strong antimicrobial and antioxi-
dant activity. Nanomaterials including ZnO, TiO,, CuO, AgNPs,
and AuNPs have been successfully integrated into polymeric
matrices, significantly enhancing their overall functionality.'*
As a result, the combination of nanoparticles with biopolymers
has led to the development of nano-reinforced biocomposites,
which not only improve the structural properties of the material
but also provide additional functionalities. Among the most
studied systems is the incorporation of ZnONPs into CMC films,
combined with grape seed extract, which has been shown to
effectively inhibit lipid oxidation and suppress the growth of
psychrotrophic bacteria."* Likewise, AgNPs have demonstrated
strong antimicrobial performance and significantly extend the
shelf life of fruits and vegetables, while TiO,NPs are known to
enhance the mechanical and thermal stability of biopolymer
matrices. The synergistic combination of CuONPs with cellu-
lose nanofibers has also proven effective in reducing moisture
permeability and inhibiting microbial growth. Finally, AuNPs,
due to their inert, non-toxic nature and catalytic properties, are
considered multifunctional materials with potential not only in
antimicrobial packaging systems but also as sensors for
detecting foodborne contaminants.

In the biomedical field, particularly in the treatment and
prevention of various diseases, systems based on biopolymers
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combined with nanoparticles have shown promising potential.
A representative example is the study by Boca et al. who devel-
oped phototherapeutic agents for cancer treatment using silver
nanotriangles coated with chitosan. These nanostructures
exhibited higher cancer cell mortality rates compared to gold
nanorods coated with thiolated polyethylene glycol. The thera-
peutic effect relies on localized heating at the tumor site,
generated by light-to-heat conversion through surface plasmon
resonances, with strong absorption in the near-infrared (NIR)
region at 724 nm. Additionally, the system showed a zeta
potential of +39 mV, which was associated with enhanced
cellular uptake and good biocompatibility.***

Alternatively, several studies have focused on the development
of hydrogels composed of metallic nanoparticles (Ag or Au) and
biopolymers such as chitosan, poly(vinyl alcohol), carboxymethyl-
cellulose, poly(lactic-co-glycolic acid), polyethylene glycol, or poly-
vinylpyrrolidone, with or without the inclusion of active
pharmaceutical ingredients (e.g., doxorubicin or paclitaxel). These
systems have demonstrated efficacy against melanoma, lung
cancer, prostate cancer (PC3 cell line), and breast cancer (MCF-7),
and also exhibited antimicrobial activity against Gram-positive and
Gram-negative bacteria.”*** In all cases, a synergistic effect was
observed, with nanoparticle concentration and chitosan content
being key factors in the antitumor activity."

While conventional chemical synthesis methods remain
widely used, green synthesis routes have also been proposed.
Metallic nanoparticles have been synthesized using plant
extracts such as Camellia sinensis (green tea) and Moringa olei-
fera and subsequently incorporated into polymeric matrices
including poly(vinyl alcohol) (PVA), polyethylene glycol (PEG),
and polylactide-based polypropylene. In some cases, additional
compounds such as S-nitrosoglutathione (GSNO) were added to
enhance the therapeutic effect.*” These formulations showed
strong antibacterial activity against both Gram-positive and
Gram-negative strains, along with significant reductions in the
viability of human cancer cell lines including cervical (HeLa),
prostate (PC3), and glioblastoma (A172). This anticancer effect
has been associated with the combined action of the nano-
particles and the bioactive compounds present in the plant
extracts used as reducing agents.>**

7. Challenges in the large-scale
production, of biopolymer-—
nanoparticle composites, toxicity, and
regulatory approvals

To address the issue of large-scale production, we have incor-
porated insights from Mufioz-Bonilla et al. who highlighted that
despite the promising antimicrobial properties of biopolymer-
based materials, their translation to industrial-scale applica-
tions remains limited due to cost, reproducibility, and scal-
ability constraints in synthesis and processing methods.*”
Concerning nanoparticle toxicity, we acknowledge that our
earlier emphasis on biocompatibility might have lacked suffi-
cient nuance. As highlighted by Altaf et al although
polysaccharide-based nanoparticles like chitosan, starch, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alginate are generally considered non-toxic and biodegradable,
their behavior in complex biological or environmental systems
can vary significantly depending on particle size, surface
modification, and synthesis route. This variability underscores
the importance of case-specific toxicity assessments.”*

Regarding regulatory approvals, Ruan et al. explicitly point out
that the long-term antimicrobial performance of polysaccharide-
based systems under physiological conditions is still under
investigation and that regulatory acceptance remains a significant
bottleneck for clinical and food-related applications. The lack of
harmonized standards and long-term safety data complicates the
approval process for these advanced materials.>*

Overall, the synergy between biopolymers and metallic nano-
particles represents a promising frontier for the development of
next-generation multifunctional materials. However, to fully
harness their potential, future research must address critical
challenges related to large-scale production, long-term biocom-
patibility, and regulatory approval frameworks. Special attention
should be given to developing standardized protocols for green
synthesis and toxicity assessment, which are essential for the safe
translation of these materials into clinical and food-related envi-
ronments. Moreover, the design of smart biopolymer—-nanoparticle
systems with stimuli-responsive behaviors and tunable degrada-
tion profiles could unlock new applications in targeted drug
delivery, active packaging, and environmental remediation. Inter-
disciplinary collaboration among material scientists, toxicologists,
and regulatory bodies will be vital to accelerate the adoption of
these technologies and ensure their sustainable and responsible
integration into real-world applications.

8. Environmental implications of
biopolymer—nanoparticle composites:
sustainability and biodegradability
considerations

The integration of nanoparticles into biopolymer matrices has
garnered significant attention for enhancing material perfor-
mance, particularly in sectors such as packaging,***** agricul-
ture,>**** and biomedical applications.>*”**® However, this
technological advancement also introduces complexities in
evaluating environmental sustainability, particularly through
Life Cycle Assessment (LCA) methodologies. Fig. 15 provides
a schematic overview of the integration of nanoparticles into
biopolymer matrices, highlighting their potential benefits,
associated environmental burdens identified through LCA, and
strategies for reconciling performance with sustainability.

Biopolymers are often viewed as sustainable alternatives to
petroleum-based plastics due to their renewable origins and
potential for biodegradability. Nevertheless, the incorporation
of inorganic nanoparticles into these matrices can alter their
environmental footprint in multifaceted ways.****'* While
nanoparticles can improve barrier properties, mechanical
strength, and antimicrobial activity, leading to potential
reductions in material use and food waste, their production,
functionalization, and end-of-life behavior can generate signif-
icant environmental burdens.>'***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LCA studies have demonstrated that even small mass frac-
tions of nanoparticles (based on carbon, for example carbon
nanotubes, graphene, carbon black) can significantly increase
the non-renewable energy use and greenhouse gas emissions of
biopolymer-nanoparticle composites.>'***> On the other hand,
for NPs containing layered double hydroxide nanoparticles it
was observed in the study of Schrijvers et al. that the lowest
environmental impact was reached for the materials containing
the LDHs compared with the pristine polymer.*** The synthesis
of biopolymer-nanoparticle composites with nanoparticles
generates an increment of cost production even though when
nanoparticles are the minor component.”* In addition, the type
and synthesis route of nanoparticles determine the overall
environmental cost. Particularly, AgNPs, widely used for their
antimicrobial properties, contribute substantially to the envi-
ronmental impact in biopolymers composite production, with
over 90% of their lifecycle impacts attributed to upstream silver
production.***

Methods like flame spray pyrolysis further exacerbate these
effects due to high electricity consumption and low yields.***
Since AgNPs present the non-renewable energy use, they have
a high Global Warning Potential (GWP).>*° To justify the inclu-
sion of metallic nanoparticles in biopolymers, functionality-
based LCA approaches are recommended. These models
compare materials not just by mass or composition but by their
performance outcomes, such as shelf-life extension or weight
reduction. For example, in the work of Zhang et al.*'' demon-
strated that a hybrid system of Ag and TiO, nanoparticles at
reduced loadings provided the same antimicrobial efficacy as
higher individual concentrations, leading to lower environ-
mental burdens. Similarly, functionalized nanoparticles,
although more resource-intensive to produce, can enhance
dispersion and interfacial compatibility, thereby improving the
overall performance and reducing material needs.**

Biopolymer matrices typically biodegrade under controlled
composting or anaerobic digestion, releasing carbon dioxide or
methane in a theoretically net-neutral carbon cycle.****”
However, the presence of inorganic nanoparticles complicates
this picture. These fillers are not biodegradable and may persist
in the environment's post-polymer degradation. Their fate,
transformation, and potential toxicity in natural ecosystems
remain areas of active research.*'® Moreover, concerns over
nanoparticle migration from packaging materials into food,
and subsequently into the human body, raise questions not
only about human health but also about environmental accu-
mulation. Regulatory frameworks (e.g., EC regulation no. 10/
2011 and 2020/1245) have begun addressing these concerns,
yet global harmonization is lacking.*****

Although biopolymers are often biodegradable, recycling
remains a desirable pathway to reduce environmental impact.
Some nanocomposite systems, such as those incorporating clay
or metallic fillers, demonstrate good recyclability and reuse
potential.*** As an example, using chitosan (Chi), and poly(vinyl
alcohol) (PVA) as a matrix for loading TiO,NPs, and the chlo-
rophyll (Chl) as a natural light photocatalyst, provided the new,
and efficient photocatalyst (PVA/TiO,/Chi/Chl). TiO,NPs and
chlorophyll were applied to modify the PVA/Chi and use as an
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Integration of Nanoparticles into Biopolymer Matrices:

Performance Benefits vs. Environmental Impacts (LCA
Perspective)

Application Sectors
Packaging
Food

Potential Benefits
«Improved barrier properties
*Enhanced mechanical strength

Agriculture
Biomedical
Life Cycle Assessment (LCA)

Environmental Burdens \

* Antimicrobial activity
*Reduced material use and food waste

~

/ Recommended Strategies

i. Reduce NP loading using synergistic or

* Increased non-renewable energy use

(e.g., CNTs, graphene, carbon black)

* Higher GHG emissions

* Nanoparticle synthesis impacts (e.g.,
AgNPs — >90% lifecycle impact from
silver production)

* Energy-intensive methods (e.g., flame
spray pyrolysis)

* Complications in  biodegradability;
Kinorganic nanoparticle persistence /

L

accumulation

énd—of—Life & Recycling\
*Controlled composting &
anaerobic digestion possible
(CO,/CH, release)
*Recycling potential for clay-
or metallic-filler systems
*Risks: nanoparticle release,
toxicity, environmental

hybrid systems

ii. Use agricultural waste-based
biopolymers

iii. Green synthesis methods to cut GHG
emissions & energy consumption

iv. Post-use recovery systems for polymers
& nanoparticles

Fig. 15 Flowchart illustrating the integration of nanoparticles into biopolymer matrices, summarizing the key application sectors, potential
performance benefits (e.g., improved barrier properties, mechanical strength, and antimicrobial activity), environmental burdens identified
through Life Cycle Assessment (LCA) (e.g., increased non-renewable energy use, greenhouse gas emissions, and complications in biodegrad-
ability), and proposed strategies to reconcile enhanced functionality with environmental sustainability.

effective nano-photocatalyst for degradation of methylene blue
(MB), 4-chlorophenol (4-CP), and Congo Red (CR) for the first
time, which showed efficiently promoted the separation of
electron-hole pairs to enhance the photocatalytic activity. The
degradation of MB was examined in the presence and absence
of visible light. Also, the various contact times and the synergic
effect of the different components of the bionanocomposite
were studied. The high efficiency (96%) was achieved under
visible-light irradiation (LED lamp 70 W by A is 425 nm) at
60 min. The present bionanocomposite was identified by FT-IR
spectra, field-emission scanning electron microscopy (FE-SEM)
image, XRD pattern, energy-dispersive X-ray (EDX), and photo-
luminescence (PL) analyses. Also, the antibacterial properties of
PVA/TiO,/Chi/Chl as a distinctive feature were examined by the
agar disk diffusion and colony counter method. The zone of
inhibition for both S. aureus and E. coli bacteria were around
2.08 (+0.02), and 1.98 (+0.02), respectively. The colony counter
was checked in the presence and the absence of visible light.
Bacterial contamination presents serious risks to human
health, therefore the prominent antimicrobial capability bi-
onanocomposite inhibits the growth of both S. aureus, and E.
coli bacteria under LED light irradiation.

The use of green, and available materials, easy synthetic
processes, simple extraction method, eco-friendly protocols,
high removal efficiency, and noticeable antibacterial properties
are advantageous to work.? Nevertheless, repeated processing
must not lead to nanoparticle release or loss of functional

35836 | RSC Adv, 2025, 15, 35807-35843

properties. To reconcile the performance benefits with envi-
ronmental sustainability we can consider (i) reducing nano-
particle loading by leveraging synergistic effects or hybrid
systems to maintain functionality at lower concentrations.>* (ii)
Using agricultural waste-based biopolymers to avoid land-use
conflicts and enhance circularity. (iii) Developing green
synthesis methods for nanomaterials to minimize GHG emis-
sions and energy consumption. (iv) Implementing post-use
recovery systems for both polymers and nanoparticles to
reduce persistence and toxicity in the environment.

9. Conclusions

Polysaccharide-based biopolymer-nanoparticle composites
hold significant promise as multifunctional materials for anti-
microbial applications. However, despite their inherent
biocompatibility and biodegradability, emerging evidence
indicates that their toxicity profiles can vary widely depending
on synthesis parameters and environmental context. This
underscores the necessity of conducting case-specific safety
evaluations. Moreover, regulatory hurdles remain a major
barrier to clinical and commercial deployment, primarily due to
the absence of standardized evaluation protocols and long-term
performance data. To fully realize the potential of these mate-
rials, future research should prioritize the development of green
synthesis routes, robust toxicity assessment frameworks, and

stimuli-responsive  systems with tunable degradation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Interdisciplinary efforts among researchers, toxicologists, and
regulators will be essential to bridge existing gaps and facilitate
the safe, scalable, and responsible integration of these
composites into biomedical, food, and environmental
applications.

Despite these advancements, challenges remain in opti-
mizing large-scale production, ensuring consistent nano-
particle dispersion within biopolymer matrices, and assessing
long-term biocompatibility. Additionally, addressing concerns
regarding nanoparticle toxicity and achieving regulatory
approvals are critical steps before their widespread application
in medical and food-related fields.

Future research should focus on developing scalable and
cost-effective green synthesis strategies while ensuring the
safety and stability of biopolymer-nanoparticle composites.
Advances in nanotechnology, such as the design of hybrid
nanostructures with controlled release mechanisms, could
further enhance the functionality of these materials. Moreover,
exploring new bio-based reducing agents and crosslinking
techniques may lead to improved mechanical and barrier
properties. Overall, the synergy between biopolymers and
nanoparticles presents promising opportunities for next-
generation materials with enhanced performance in diverse
applications. Sustained interdisciplinary collaboration among
materials scientists, chemists, biotechnologists, and regulatory
experts will be essential in unlocking the full potential of these
innovative composites.
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