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Abstract

Hemodialysis (HD) remains the most widely adopted renal replacement therapy for pa-
tients with end-stage kidney disease; however, its delivery entails a substantial environmen-
tal burden due to high water and energy consumption and extensive reliance on single-use
synthetic polymeric membranes. As the global prevalence of chronic kidney disease
increases, the ecological footprint of dialysis systems has become a critical challenge for sus-
tainable healthcare. Conventional HD membranes, based on petroleum-derived polymers,
provide controlled permeability but are inherently non-renewable, non-biodegradable,
and susceptible to fouling and bio-incompatibility, underscoring the need for alternative,
more sustainable materials. Chitosan has emerged as a promising biopolymer owing to
its biodegradability, intrinsic antimicrobial activity, chemical versatility, and favorable
hemocompatibility. This review presents a comprehensive analysis of chitosan-based
hybrid membranes for HD, with emphasis on sustainability-driven material innovation.
The structural chemistry and functional properties of chitosan are discussed in relation to
molecular weight, degree of deacetylation, and supramolecular organization, followed by
a comparative assessment of chitosan derived from crustacean, insect, fungal, and cephalo-
pod sources. Attention is given to fungal chitosan as a naturally deacetylated, high-purity,
and reproducible biomaterial aligned with circular bioeconomy principles. Eco-innovative
extraction and purification strategies, including enzymatic and low-energy processes, are
critically examined alongside membrane fabrication approaches such as polymer blend-
ing, electrospinning of hollow fibers, and functionalization strategies aimed at improving
hemocompatibility, antimicrobial performance, and fouling resistance. Key challenges
related to membrane reuse, scale-up, regulatory compliance, and clinical translation are
also addressed. Overall, this review highlights fungal-derived chitosan as a sustainable
platform for next-generation HD membranes.
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1. Introduction
Hemodialysis (HD) remains the most widely adopted renal replacement therapy for

patients with end-stage kidney disease, providing life-sustaining extracorporeal blood
purification when renal function is irreversibly compromised. Advances in membrane en-
gineering, fluid control, and clinical protocols have significantly improved patient survival
and treatment efficiency in recent decades [1]. Nevertheless, the technological sophistica-
tion that underpins modern HD is accompanied by a substantial environmental burden.
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Each dialysis session requires large volumes of ultrapure water, considerable energy input,
and extensive use of single-use consumables, including dialyzers, bloodlines, and ancillary
plastics, most of which are derived from petroleum-based polymers [2,3]. As the global
prevalence of chronic kidney disease (CKD) continues to rise, led by aging populations and
increasing incidence of metabolic and cardiovascular disorders, the ecological footprint
of HD systems has become a critical concern for sustainable healthcare [4]. In regions
with high disease incidence, particularly across Europe and Mediterranean countries, the
cumulative environmental impact of long-term dialysis therapy is especially pronounced.
The combination of high patient numbers and resource-intensive treatment protocols
amplifies pressures related to water consumption, carbon emissions, and medical waste
generation [5]. Despite increasing awareness of these challenges, the material foundation
of HD membranes has remained largely unchanged for decades. Commercial membranes
are predominantly based on synthetic polymers such as polysulfone (PSu), polyether-
sulfone (PES), and polyacrylonitrile (PAN), selected for their mechanical robustness and
reproducibility at industrial scale [3,6,7]. While these materials provide controlled perme-
ability and structural stability, they are inherently non-renewable, non-biodegradable, and
energy-intensive to manufacture. From a biological perspective, their surface chemistry
often promotes protein fouling, platelet activation, and inflammatory responses, limiting
long-term biocompatibility and functional longevity [7].

These limitations highlight the need for a paradigm shift in HD membrane design,
moving beyond incremental optimization of existing synthetic materials toward alternative
solutions that reconcile clinical performance with environmental responsibility. In this
context, sustainability must be addressed holistically, encompassing renewable feedstocks,
greener manufacturing processes, improved functional lifespan, and responsible end-of-
life scenarios [3,8,9]. Biopolymers have emerged as promising candidates within this
sustainability framework, offering natural abundance, structural versatility, and intrinsic
biodegradability. Among them, chitosan has gained particular attention due to its favorable
combination of physicochemical and biological properties [10]. Derived from the partial
deacetylation of chitin, chitosan is a linear amino-polysaccharide characterized by excellent
film-forming capacity, tunable molecular architecture, and high chemical reactivity [11]. Its
polycationic nature enables electrostatic interactions with negatively charged biomolecules,
conferring intrinsic antimicrobial activity and influencing protein adsorption behavior [12].

Beyond its inherent biological affinity, chitosan represents a versatile material plat-
form due to the presence of reactive amino and hydroxyl groups that enable extensive
chemical modification and functionalization [13,14]. These features allow for the incor-
poration of anticoagulant, antioxidant, and anti-inflammatory functionalities, enhancing
hemocompatibility and therapeutic performance [15–18]. Furthermore, chitosan can be
processed through established membrane fabrication techniques, including casting [19],
phase inversion, and electrospinning, facilitating integration into existing industrial work-
flows [20,21]. The sustainability and performance of chitosan are strongly influenced by
its biological origin and extraction pathway. While crustacean-derived chitosan has tra-
ditionally dominated commercial production, alternative sources such as insects, squid,
and fungi are being increasingly explored [22]. In particular, fungal chitosan stands out as
a naturally deacetylated biomaterial produced directly within the fungal cell wall, elimi-
nating the need for harsh chemical treatments [23]. Controlled fermentation enables high
purity, batch-to-batch reproducibility, and alignment with circular bioeconomy principles
through the valorization of low-value biomass streams [24,25]. Recent advances in eco-
innovative extraction and purification strategies further strengthen the sustainability profile
of fungal chitosan [26,27]. Enzymatic treatments, green solvents, and low-energy physical
processes reduce chemical input and preserve polymer integrity, enabling the produc-
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tion of medical-grade chitosan [27–29]. Against this background, this review provides a
comprehensive and critical overview of chitosan-based hybrid membranes for HD, with
particular emphasis on sustainability-driven material innovation. Structural chemistry,
biological sources, eco-innovative extraction routes, membrane fabrication strategies, and
functionalization approaches are discussed alongside challenges related to reuse, scale-up,
regulatory compliance, and clinical translation. By integrating material science, biotech-
nology, and sustainability perspectives, this work aims to position chitosan, particularly
fungal-derived chitosan, as a key enabler of next-generation, environmentally responsible
HD technologies.

1.1. Hemodialysis and Environmental Burden

Hemodialysis (HD) remains the most widespread renal replacement therapy for
patients with end-stage kidney disease, providing life-sustaining filtration when renal
function is irreversibly impaired. However, the clinical and technical sophistication that
enables this therapy also comes with a substantial environmental cost. Each dialysis
session requires large volumes of ultrapure water, typically 120 to 180 liters per treatment,
along with disposable dialyzers, blood lines, and ancillary plastics, most of which are
derived from petroleum-based polymers such as PSU, PES, and PAN [30]. On a global
scale, the estimated 3.8 million patients undergoing regular dialysis generate an enormous
ecological footprint [4]. According to the most recent report from EDTA-ERTA (Figure 1),
the incidence data and geographical distribution demonstrate the substantial burden of
CKD across Europe [5].

Figure 1. Incidence per million population by country/region by the beginning of 2023 [5].
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Many countries exceed 150 new cases per million population, and several Mediter-
ranean regions surpass 200–250 cases. Notably, Portugal shows one of the highest incidence
rates (~205 cases per million population), placing the country among those with the greatest
number of newly diagnosed patients each year [5]. This high disease burden means that a
large and growing proportion of the population requires long-term renal replacement thera-
pies, particularly HD [5]. Consequently, the environmental impact associated with dialysis
procedures becomes increasingly relevant, especially regarding the generation and man-
agement of medical waste, including single-use consumables, plastics, and contaminated
effluents. The convergence of a high number of CKD patients and the substantial waste
output of dialysis units reinforces the urgency of developing more sustainable materials
and waste-management strategies within nephrology care [31].

Beyond resource consumption and waste generation, the composition and life cycle of
dialysis membranes also contribute to the environmental footprint of HD. The properties
and limitations of currently available commercial membranes are discussed in detail in
Section 4.1.

1.2. Sustainable Membranes

The concept of sustainability in HD goes beyond reducing plastic waste; it encom-
passes a holistic redesign of materials, processes, and life cycles. The next generation of
dialysis membranes should not only ensure efficient toxin clearance and biocompatibility
but also be manufactured from renewable feedstocks using green chemistry principles and
designed for safe end-of-life degradation or recycling [30]. In this context, biopolymers
have emerged as promising candidates due to their natural abundance, structural versatil-
ity, and intrinsic biodegradability [9]. Among natural polymers, chitosan stands out as a
particularly attractive option. Derived from the partial deacetylation of chitin, chitosan is a
linear amino-polysaccharide with excellent film-forming capacity, chemical reactivity, and
biological affinity [10]. Its cationic nature under acidic conditions facilitates interaction with
negatively charged biomolecules and confers inherent antimicrobial properties that are an
advantage over synthetic polymers and potential membrane reuse [10–12,32]. Its structural
and biological properties, source-dependent characteristics, processing strategies, and
functionalization potential are discussed in the following sections.

2. Chitosan: Structure, Sources and Functional Properties
2.1. Structural Chemistry of Chitosan

Chitosan is a linear polysaccharide derived from the deacetylation of chitin, one of
the most abundant biopolymers on Earth. Structurally, chitosan consists of β-(1→4)-linked
D-glucosamine and N-acetyl-D-glucosamine units [10]. The degree of deacetylation (DD),
which represents the proportion of glucosamine residues relative to N-acetylated units,
plays a central role in determining its physicochemical and biological properties [33].
Typically, when the DD exceeds 50%, the polymer is considered chitosan rather than
chitin [34]. The molecular weight (MW) of chitosan can vary substantially depending
on the source material and processing conditions and influences solubility, viscosity, and
functional activity [35]. An overview of the three types of chitosan, along with their MW
ranges, DD and specific applications, is summarized in Table 1.
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Table 1. Classification of chitosan and its chemical properties and applications.

Types
of

Chitosan According to
Molecular Weight, MW

MW DD (%)
Features

&
Uses

References

Low <150 >75% Immune-boosting activity [36]
Medium 150–700 >85% 3D printing, protein precipitation [37]

High >700 ~100% Biocompatibility, films, and coatings [38–40]

From a structural chemistry perspective, the primary amine groups located at the C-2
position of the glucosamine residues are the most distinctive feature of chitosan compared
to other polysaccharides [41]. These protonatable amino groups confer a polycationic nature
to chitosan in acidic media, allowing for electrostatic interactions with negatively charged
molecules, including proteins, lipids, polyanions, and microbial cell membranes [42]. This
reactivity is the foundation for its versatile functionality across biomedical, environmental,
and industrial applications. Furthermore, chitosan exhibits significant hydrogen bonding
capacity via its hydroxyl groups at the C-3 and C-6 positions, which influences crystallinity,
film-forming ability, and intermolecular interactions [42,43]. The polymer typically exhibits
semi-crystalline structures, with crystallinity governed by both the distribution of acetyl
groups along the chain [44] and the degree of intra- and inter-chain hydrogen bonding.
Solid-state nuclear magnetic resonance (NMR) and X-ray diffraction (XRD) studies have
identified multiple polymorphic crystalline forms of chitosan (commonly referred to as
chitosan I and II), reflecting variations in hydration and chain alignment. Such structural
heterogeneity is not only of fundamental interest but also highly relevant for the tuning
of functional materials [45,46]. Chitosan is also chemically versatile: the free amine and
hydroxyl groups serve as reactive sites for chemical modifications, including acylation,
quaternization, carboxylation, and grafting with functional moieties [41,47,48]. These
derivatizations expand its solubility range, enhance stability, and confer targeted biological
activities such as mucoadhesion, antimicrobial effects, or improved heparin binding. Im-
portantly, this tunability makes chitosan a highly adaptable biomaterial platform capable
of being engineered for applications as diverse as wound dressings, HD membranes, tissue
engineering scaffolds, food packaging films, and controlled-release matrices [41,47,49,50].
The polycationic character and structural flexibility of chitosan also underpin its role as
a chelating agent for divalent and trivalent metal ions. Binding occurs mainly through
coordination with amine groups, although hydroxyl groups can also contribute [51–53].
This chelation capacity is relevant not only for wastewater treatment and heavy metal
remediation but also for nutrient delivery in agriculture and modulation of trace elements
in biological systems. Finally, chitosan’s supramolecular organization in aqueous envi-
ronments deserves emphasis. In acidic solution, protonation of amino groups leads to
an extended conformation due to repulsive electrostatic forces. As the pH approaches
neutrality, deprotonation drives aggregation and precipitation. These transitions critically
influence gel formation, film casting, and nanoparticle assembly. Consequently, an un-
derstanding of chitosan’s structural chemistry, at levels ranging from monomeric units to
macromolecular assemblies, is fundamental to optimizing its processing and functional
performance [10,54–56]. Another central feature of chitosan’s structural chemistry is its
polydispersity. Unlike synthetic polymers with controlled chain lengths, naturally de-
rived chitosan exhibits a broad distribution of MWs and DD [10,57,58]. This heterogeneity
strongly affects reproducibility in both research and industrial contexts. To address this,
controlled deacetylation strategies and enzymatic treatments are increasingly employed
to generate well-defined chitosan oligomers with specific MWs and functionalities [59].
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These oligomers often display distinct biological activities compared to the parent polymer,
including immunomodulation, antioxidant potential, and prebiotic effects. Such advances
in precision processing highlight the importance of structural characterization not merely as
an analytical necessity, but as a foundation for tailoring performance [59–61]. Furthermore,
the interplay between chitosan’s chemical structure and its physical behavior in aqueous
systems has inspired new approaches in nanotechnology. Self-assembly into nanoparticles,
nanofibers, or hydrogels occurs spontaneously under appropriate conditions, driven by
a balance of electrostatic, hydrophobic, and hydrogen bonding interactions [62]. These
nanoscale architectures preserve the fundamental chemistry of the parent polymer while
imparting novel properties such as enhanced mucoadhesion, tunable drug release, and
responsive swelling behavior. In this sense, the structural chemistry of chitosan does not
remain confined to the level of repeating units or crystalline domains but extends into the
supramolecular organization that defines its practical utility [63–67].

2.2. Comparison of Chitosan Sources

Although the basic repeating units of chitosan are structurally conserved, significant
differences arise depending on its biological origin. Traditionally, crustacean shells (e.g.,
shrimp, crab, lobster) have been the dominant commercial source of chitin and chitosan,
owing to the abundance of shellfish by-products from the seafood industry [68]. However,
alternative sources, including insects [22], fungi [23], and cephalopods such as squid [69]
are emerging as sustainable or functionally distinctive options [70] (Figure 2).

Figure 2. Sources and chemical structures of chitin and chitosan and the conversion of chitin into
chitosan through deacetylation. The red β symbols indicate the β-(1→4) glycosidic linkages between
the monosaccharide units.

Crustacean chitosan is generally characterized by high crystallinity, reflecting the
hierarchical organization of chitin in shell microfibrils embedded in a matrix of proteins
and calcium carbonate [71]. Extraction typically requires strong deproteinization and
decalcification steps using concentrated alkali and acid treatments [72]. Also, residual
shellfish proteins can trigger allergic responses, limiting its use in biomedical and dietary
formulations. In contrast, insect chitosan benefits from the growing edible insect indus-
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try, where exoskeletal residues can be valorized as a chitin-rich by-product [50]. Insects
such as mealworms, crickets, and black soldier fly larvae contain significant amounts of
chitin in their cuticle, typically with lower mineral content than crustacean shells [22].
However, insect-derived chitosan may also exhibit allergenic potential, particularly in
individuals sensitive to insect proteins or chitin derivatives. Fungal chitosan, however,
stands apart as the only naturally occurring form of chitosan, synthesized directly within
the cell walls of certain fungi such as Aspergillus niger, Aspergillus oryzae and Rhizopus oryzae.
This eliminates the need for post-deacetylation, simplifying processing and avoiding the
use of harsh chemicals. Extraction typically involves mild alkaline treatments to remove
proteins and glucans, resulting in high-purity material with low MW and a high DD, often
exceeding 80%. These properties confer enhanced solubility in weakly acidic conditions
and improved biocompatibility [73,74]. Controlled fermentation of fungal biomass also
ensures reproducibility, independence from seasonal variation, and complete absence
of allergenic components [75], making fungal chitosan highly suitable for medical and
pharmaceutical use [23,74]. Also, squid-pen (β-chitin) represents a compelling biomass
source for high-quality and non-allergenic chitosan. Schneider-Teixeira et al. (2025) [76]
demonstrated that using High-Pressure Processing (HHP) as a pretreatment significantly
improves deproteinization and extraction efficiency, leading to chitosan with fewer resid-
ual impurities and good structural attributes. In nanoparticle form, squid-pen chitosan
displays exceptional antimicrobial performance: V. H. Nguyen (2021) [77] showed that by
adjusting MW and DD, ultra-small chitosan nanoparticles (~30 nm) can be synthesized,
and exhibit potent antibacterial activity against both Salmonella and Staphylococcus aureus at
concentrations as low as 50 ppm. Moreover, under equivalent polymeric starting condi-
tions, squid-pen-derived chitosan nanoparticles outperformed analogous particles from
shrimp chitosan, likely owing to superior purity, favorable chain structure, and enhanced
surface interactions with bacterial membranes [76,78]. From an ethical and sustainability
perspective, non-crustacean sources— insect, fungal and squid—offer clear advantages.
Fungal chitosan production can be scaled in bioreactors independently of agricultural or
fishery cycles [23], insect farming relies on organic side-streams [50], and squid chitosan
valorizes existing seafood by-products with minimal environmental cost [78]. Comparative
analyses have also demonstrated that source-specific characteristics, such as acetylation
pattern, crystallinity index, and polymer chain length, affect biological performance [51,52]
(Table 2). This diversity indicates that chitosan should no longer be regarded as a single
uniform biopolymer, but rather as a family of related biomaterials, each tailored by its
biological origin to fulfil distinct functional, ecological, and industrial roles [26].
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Table 2. Comparative overview of chitosan from crustacean, insect, fungal and squid origins in terms of extraction, composition, and functional properties.

Source Main Biological
Origin

Typical
Extraction/Processing Route DD MW Purity/Contaminants Biological

Advantages Main Limitations References

Crustacean
(shrimp, crab,

lobster)

Exoskeletons from
shellfish industry

by-products

Strong acid–base extraction:
deproteinization (NaOH),
demineralization (HCl),

deacetylation (>40% NaOH,
≥100 ◦C)

70–90 300–1000 Allergenic potential

Abundant,
well-studied,

strong mechanical
films

High environmental
footprint;

seasonal variability;
allergenic risk

[26,73,77]

Insect (mealworm,
cricket, BSF

larvae)

Exoskeleton and
cuticle from

edible-insect farming

Mild deproteinization (NaOH
≤ 1 M), low acid

demineralization; reduced
deacetylation time

75–85 100–400
Low mineral

content; minimal
heavy metals

Renewable, valorizes
insect side-streams;
lower energy use

Limited industrial
supply chain;

species variability
[22,26]

Fungal (Mucor
rouxii, Rhizopus

oryzae, Aspergillus
niger)

Cell wall of
zygomycetes; direct
biosynthesis during

growth

Mild alkaline extraction (1 M
NaOH, 60–90 ◦C); no need for

deacetylation
80–95 50–250 Free of allergens

Naturally
deacetylated,
reproducible,

fermentation-based

Lower yield per
biomass; slower
fungal growth

[23,74,75]

Squid
(gladius/pen)

Internal chitinous pen
from cephalopods

Demineralization-free
process; mild alkali or

enzymatic deacetylation
70–90 400–1000 Minimal pigment

and protein residues

High transparency
and mechanical
strength; marine

waste valorization

Limited
raw-material

collection
infrastructure

[38,72,76–78]
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2.3. Antimicrobial, Hemocompatible and Biodegradable Properties

The functional properties of chitosan are central to its attractiveness as a biomate-
rial, with antimicrobial activity, hemocompatibility, and biodegradability being especially
relevant for biomedical and environmental applications [26]. The antimicrobial activity
of chitosan has been widely documented against bacteria, fungi, and even viruses [79].
Its mechanism of action is primarily attributed to electrostatic interactions between the
positively charged amino groups of chitosan and the negatively charged microbial cell
membranes [47]. This leads to increased membrane permeability, leakage of intracellular
components, and eventual cell death. The efficacy depends strongly on MW, DD, solubility,
and environmental conditions such as pH and ionic strength. Low MW chitosan tends to
penetrate microbial membranes more easily, whereas high MW variants can form protective
films that inhibit colonization. Additionally, chitosan can chelate essential trace metals,
depriving microbes of nutrients. These multifaceted mechanisms render chitosan a pow-
erful natural antimicrobial agent with reduced risk of resistance development compared
to conventional antibiotics [80]. Similarly, in biomedical contexts, chitosan-based wound
dressings have been shown to reduce biofilm formation, a property highly relevant in the
management of chronic wounds. These broader ecological and physiological effects under-
score the systemic impact of chitosan’s antimicrobial function, which transcends simple
microbicidal activity [81]. Beyond its antimicrobial properties, chitosan can support blood
contact applications when its surface chemistry is carefully controlled [13]. Nevertheless,
its cationic amino groups may favor the adsorption of negatively charged plasma proteins
and subsequent platelet adhesion and activation [16]. Although this hemostatic effect is
advantageous in wound dressings, it is undesirable in HD membranes, where persistent
platelet activation may promote thrombus formation and platelet consumption [82]. This
risk can be mitigated by reducing the accessible positive surface charge and introducing
hydrated, antithrombotic interfaces through heparin immobilization, blending with anionic
or hydrophilic polymers, controlled crosslinking, or functionalization with nitric oxide
donors. These strategies can limit nonspecific protein adsorption and platelet–surface
interactions while preserving membrane permeability. Accordingly, platelet adhesion
and activation, coagulation markers, and changes in platelet count should be evaluated
under dynamic blood-flow conditions before clinical translation (Bowry et al., 2021) [83].
Surface modification strategies can further optimize hemocompatibility, for example, by
blending chitosan with heparin to modulate anticoagulant properties or by introducing
hydrophilic groups to minimize protein denaturation. In recent years, chitosan-based
hemostatic dressings have gained regulatory approval and clinical adoption, highlighting
its practical impact in trauma care and surgery [13,81,82].

Equally significant is chitosan’s biodegradability. In biological environments, chi-
tosan is degraded by lysozyme and other glycosidases, primarily through hydrolysis of
β-(1→4) linkages. The rate of biodegradation depends on DD, crystallinity, and MW:
highly deacetylated and crystalline forms degrade more slowly, whereas amorphous and
lower MW chitosan is rapidly metabolized [84,85]. The degradation products, mainly glu-
cosamine and N-acetylglucosamine, are non-toxic, naturally occurring metabolites that can
be incorporated into glycosaminoglycan and glycoprotein biosynthetic pathways. This bio-
compatible degradation profile is particularly valuable for medical applications, ensuring
that implanted chitosan-based materials are gradually resorbed without eliciting harm-
ful by-products [84]. The combination of antimicrobial activity, hemocompatibility, and
biodegradability confers a unique competitive advantage to chitosan over many synthetic
and natural biomaterials [13,85,86]. In wound healing, for example, chitosan simultane-
ously prevents infection, promotes hemostasis, and supports tissue regeneration [19,87].
In HD membranes, chitosan contributes to hemocompatibility while providing biodegrad-
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ability that addresses end-of-life disposal concerns. Similarly, in drug delivery systems,
chitosan’s enzymatic degradability ensures controlled release and safe clearance [85,88–90].

3. Eco-Innovative Extraction of Chitosan from Fungi
The production of chitosan from fungal sources has gained considerable attention

as a sustainable alternative to crustacean-derived polymers. Unlike crustaceans, fungi
naturally biosynthesize chitosan as part of their cell-wall structure, eliminating the need
for aggressive chemical deacetylation. This biological advantage, coupled with the possi-
bility of controlled fermentation, enables consistent and high-purity chitosan production
while avoiding the seasonal, geographic, and allergenic constraints associated with marine
by-products. Eco-innovative extraction from fungi aligns with circular bioeconomy princi-
ples, valorizing low-value biomass streams such as spent fermentation residues or fungal
mycelium generated in the food, pharmaceutical, and biotechnology sectors [27,34]. How-
ever, the higher purity frequently attributed to fungal chitosan should not be considered
universal, as it remains strongly dependent on the biological source and extraction condi-
tions. In a direct comparative study, mushroom-derived chitosan contained 1.4% residual
ash and 0.4% residual protein, compared with 2.1% ash and 0.4% protein for crab-derived
chitosan and 0.8% ash and 0.3% protein for shrimp-derived chitosan (Periyannan et al.,
2023) [91]. These findings indicate that fungal chitosan may present a lower mineral burden
than some crustacean sources, while offering comparable residual protein levels. Fungal
extraction methods are increasingly designed around “green chemistry” concepts, mini-
mizing hazardous reagents, energy consumption, and waste generation. These processes
rely on biological pretreatments, mild alkaline extraction, and enzymatic hydrolysis, often
under optimized conditions that preserve the polymer’s functional integrity. In this context,
the eco-innovative production of fungal chitosan is more than a process improvement: it
represents an evolution toward sustainable biomaterial manufacturing suited for advanced
biomedical and environmental technologies [28,29,92].

3.1. Fungal Strains for Chitosan Extraction: Selection Criteria

The choice of fungal strain is the cornerstone of any efficient chitosan production
system. Ascomycota fungi, which include yeasts and filamentous fungi, have cell walls
made of chitin and glucans, making them a potential source for producing chitosan. The
structural composition of their cell walls, rich in glucosamine residues and low in interfer-
ing polysaccharides, facilitates extraction and purification. Strain selection also depends
on physiological parameters such as growth rate, biomass yield, and tolerance to different
substrates [93]. Fast-growing strains that can thrive on agro-industrial residues (e.g., mo-
lasses, wheat bran, or glycerol) are particularly desirable, as they enable cost-effective and
scalable production within biorefinery models [29,74,94]. However, beyond the traditional
zygomycetes, A. niger in particular has emerged as a strong candidate for eco-sustainable
chitosan production. This species is classified as GRAS (Generally Recognized as Safe) by
the U.S. FDA and has a long history of industrial use in the production of enzymes, organic
acids, and fermented foods [95]. This safety status is crucial for the development of medical-
or food-grade biomaterials. A. niger is especially valued for its robustness and adaptability;
it can grow in a wide range of pH and nutrient conditions, efficiently converting low-cost
agro-industrial residues into biomass. Several studies report that A. niger can accumulate
up to 16–26% of its dry weight as chitin/chitosan-related polymers under optimized condi-
tions, making it a practical and scalable source of fungal chitosan [25,93]. The cell walls
of A. niger and A. oryzae contain higher proportions of β-glucans and galactomannans,
which can complicate purification and reduce overall yield. Reported chitosan yields
from Aspergillus biomass typically range between 5 and 12% after purification, depending
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on culture conditions and extraction methods [93]. These limitations can be mitigated
through enzymatic cell-wall pretreatments, strain improvement, and process optimization.
Emerging strategies, such as metabolic engineering to overexpress chitin deacetylase genes
or redirect glucosamine biosynthetic pathways, are showing promise in increasing the
chitosan fraction within Aspergillus cell walls. The production of chitosan by A. niger occurs
naturally during the formation and maturation of its cell wall. The fungal wall contains
a composite matrix of chitin, chitosan, β-glucans, and glycoproteins, whose proportions
vary with growth phase and environmental conditions. During the vegetative mycelial
stage, A. niger expresses chitin deacetylase enzymes, which partially convert chitin into chi-
tosan. This biological deacetylation eliminates the need for aggressive chemical treatments
commonly required for crustacean chitin, thus reducing energy consumption, reagent use,
and effluent generation. The resulting chitosan displays a high DD (80–90%), moderate
molecular weight, and low crystallinity, attributes that improve solubility in mildly acidic
conditions and make it particularly suitable for film and membrane fabrication. From an
environmental perspective, A. niger can be cultivated on a wide variety of agro-industrial
residues, including molasses, corn steep liquor, fruit pulps, and glycerol, enabling its inte-
gration into circular biorefinery frameworks. These substrates not only reduce production
costs but also valorize organic waste streams, reinforcing the ecological appeal of fungal
chitosan. The fermentation process can be conducted under controlled aeration, pH, and
temperature, ensuring reproducibility and consistency of polymer quality across batches.
Furthermore, the mycelial biomass can be harvested and processed under mild alkaline
extraction, yielding medical-grade chitosan with minimal purification steps and negligible
residual proteins or minerals. The biological performance of A. niger-derived chitosan
aligns well with the demands of biomedical applications. Its balanced molecular architec-
ture confers strong film-forming ability, biocompatibility, and antimicrobial activity against
both Gram-positive and Gram-negative bacteria [25,93]. In membrane systems, it enhances
surface hydrophilicity and fouling resistance while maintaining structural integrity under
physiological flow. Ultimately, A. niger exemplifies the intersection of biotechnology and
sustainability in medical material development. Its established industrial use ensures
scalability, its metabolic plasticity supports eco-efficient production, and its non-pathogenic
nature guarantees biosafety. By harnessing A. niger as a renewable microbial factory for
high-purity chitosan, it becomes possible to align the goals of environmental responsibility,
clinical safety, and performance optimization [84,96]. In the broader context of sustainable
nephrology, A. niger-derived chitosan thus represents not merely a substitute for synthetic
polymers, but also a model for how biotechnological precision and ecological ethics can
converge in the design of next-generation HD membranes [97,98].

3.2. Enzymatic and Green Extraction Techniques

Conventional chemical extraction of chitosan from fungal biomass has historically
relied on aggressive reagents such as concentrated sodium hydroxide and hydrochloric
acid for deproteinization and demineralization. While these methods can achieve rea-
sonable yields, they are energy-intensive, generate large volumes of alkaline and acidic
waste, and often lead to partial depolymerization or structural alteration of the polymer.
The transition toward green and enzymatic extraction techniques therefore represents a
crucial advancement, one that not only reduces environmental impact but also preserves
the integrity and biocompatibility of fungal chitosan [99]. Enzymatic extraction builds
upon the specificity of hydrolytic enzymes that selectively remove non-chitosan compo-
nents from the fungal cell wall. Proteases (e.g., alcalase, papain) effectively hydrolyze
residual proteins, while β-glucanases and cellulases target structural polysaccharides such
as glucans and mannans. This controlled enzymatic hydrolysis gently exposes the chitosan
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framework without requiring strong alkaline treatment. In most protocols, a mild alkali
wash (1–2 M NaOH at ≤60 ◦C) follows the enzymatic stage to solubilize residual lipids and
pigments. Compared with traditional approaches, this combined enzymatic–mild-alkali
method significantly improves polymer quality, minimizes MW degradation, and short-
ens purification time [79,99–103]. The optimization of enzymatic extraction parameters,
enzyme concentration, temperature, pH, and incubation time is critical to balancing effi-
ciency and cost. For instance, protease pretreatment at 45–55 ◦C followed by glucanase
digestion at slightly acidic pH (5–6) often yields a clean cell-wall matrix with minimal
polysaccharide contamination. Additionally, the reuse of immobilized enzymes has been
successfully demonstrated, improving process economics and aligning with the principles
of circular bio-manufacturing. The enzymatic hydrolysis stage can also be coupled with
physical aids such as agitation, ultrasonication, or micro-filtration to enhance mass transfer
and accelerate cell-wall disruption [79,104]. Beyond enzymatic hydrolysis, a variety of
eco-innovative extraction technologies have been investigated to further reduce chemical
input. Ultrasound-assisted extraction (UAE) employs acoustic cavitation to disrupt fungal
cell walls, thereby increasing solvent penetration and diffusion of cell-wall polymers. When
combined with dilute alkali, UAE can reduce extraction time from several hours to minutes
while preserving MW [104,105]. Microwave-assisted extraction (MAE), on the other hand,
provides rapid volumetric heating that softens the matrix and facilitates chitosan release
at significantly lower chemical concentrations [106]. Both techniques are energy-efficient,
scalable, and compatible with industrial continuous-flow systems. Emerging solvent-based
alternatives, such as ionic liquids (ILs) and deep eutectic solvents (DESs), are also gaining
traction for green extraction. These designer solvents can disrupt hydrogen bonding in the
chitin–glucan network, allowing for selective dissolution of cell-wall components under
mild conditions. Particularly, choline chloride-based DESs (combined with organic acids
like lactic or citric acid) have demonstrated efficient extraction with minimal toxicity and
complete solvent recyclability. Although these systems still require cost optimization and
detailed biocompatibility assessment, they represent a good frontier in solvent-free biopoly-
mer recovery [107]. A parallel development involves subcritical-water extraction (SWE),
which exploits water at high temperature (120–180 ◦C) and pressure just below its critical
point to achieve enhanced solvation power. SWE can solubilize proteins and glucans with-
out strong chemicals, yielding chitosan with preserved DD and high purity. When powered
by renewable energy, this approach offers one of the lowest environmental footprints
among current extraction technologies [107,108]. Ultimately, enzymatic and green extrac-
tion technologies illustrate how biotechnology can reconcile efficiency and environmental
stewardship. By substituting harsh reagents with biocatalysts, optimizing mild physical
processes, and integrating energy-saving systems, the extraction of fungal chitosan becomes
aligned with sustainable manufacturing paradigms. This shift not only supports regulatory
trends favoring green chemistry but also enhances the polymer’s purity and biological
performance, paving the way for its use in sensitive biomedical applications. Importantly,
the extraction strategy influences not only the sustainability of the process but also the
physicochemical characteristics of the resulting chitosan, which ultimately determines its
suitability for HD membrane fabrication. Harsh alkaline treatments and prolonged extrac-
tion conditions may promote partial depolymerization, reducing molecular weight and
viscosity, whereas milder enzymatic and green extraction routes generally better preserve
polymer integrity (Zhang et al., 2026) [109]. Likewise, extraction conditions can affect the
DD, a key parameter governing amino group availability, hydrophilicity, and chemical
reactivity. Together, molecular weight, DD, viscosity, and polymer integrity strongly in-
fluence membrane-forming ability, mechanical strength, permeability, and the efficiency
of subsequent surface functionalization (Zhang et al., 2026) [109]. Consequently, selecting
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an appropriate extraction strategy is essential not only for improving sustainability but
also for obtaining chitosan with physicochemical properties tailored to high-performance
HD membranes.

3.3. Purification and Characterization for Medical-Grade Chitosan

It is known that extraction conditions directly influence the physicochemical properties
of chitosan and, to that end, comprehensive purification and characterization are essential
to verify whether the extracted polymer possesses the quality required for biomedical
membrane fabrication. The transition from crude fungal chitosan to medical-grade material
demands stringent purification and exhaustive characterization. For biomedical applica-
tions such as HD membranes, tissue scaffolds, wound dressings, and controlled-release
systems, purity and consistency are non-negotiable. Even trace contaminants, residual pro-
teins, endotoxins, or heavy metals can provoke immune responses or alter biocompatibility.
Therefore, the purification stage is designed to meet pharmaceutical Good Manufacturing
Practice (GMP) standards, ensuring batch-to-batch reproducibility and compliance with
international quality specifications. After extraction, the crude chitosan typically contains
fragments of β-glucans, pigments, and other cellular residues. The first step of purifica-
tion often involves dissolution–precipitation cycles: the polymer is solubilized in dilute
acetic acid and re-precipitated by pH neutralization with sodium hydroxide. The purified
polymer is then sterilized by gamma irradiation, ethylene-oxide exposure, or filtration, de-
pending on the intended formulation [110]. Characterization follows purification to confirm
chemical identity and functional suitability. Fourier-transform infrared spectroscopy (FTIR)
and solid-state 13C NMR are the primary techniques for determining the DD and verify-
ing the presence of characteristic amide (1650 cm−1) and amine (1590 cm−1) bands [111].
Gel-permeation chromatography (GPC) provides MW distribution and polydispersity in-
dices, while thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
reveal thermal behavior relevant to processing stability [112]. Morphological evaluation
via scanning electron microscopy (SEM) or atomic-force microscopy (AFM) helps correlate
microstructure with film-forming and mechanical properties [113]. Biological testing com-
pletes the qualification process. Cytotoxicity assays (MTT, Live/Dead) assess cell viability
in the presence of chitosan extracts, while hemolysis and coagulation tests determine blood
compatibility. Advanced assays, such as complement activation, platelet adhesion, and pro-
tein adsorption, provide a comprehensive profile of hemocompatibility [114,115]. It should
be noted that ISO 10993 (International Organization for Standardization, 2009) [116] and
USP Class VI are not specific to chitosan but constitute general biocompatibility frameworks
applicable to biomaterials and polymers intended for medical use. Materials designed
for biomedical applications are typically evaluated according to these standards to ensure
biological safety and, where relevant, hemocompatibility in blood-contacting devices. The
specific set of tests required under ISO 10993 is not fixed and depends on the intended use,
final form, duration of contact, and risk classification of the medical device. In practice,
regulatory validation commonly focuses on core assessments such as cytotoxicity, irritation,
and hemocompatibility, while more advanced evaluations—such as protein adsorption,
complement activation, or platelet adhesion—may be informative from a research and
performance perspective but are not always mandatory for regulatory approval [117–119].

4. Chitosan Hybrid Membranes
Building on the structural and functional properties described in Section 2, this sec-

tion examines the incorporation of chitosan into hybrid membrane systems. Particular
attention is given to polymer blending and electrospinning strategies designed to im-

https://doi.org/10.3390/jcrm2030010

https://doi.org/10.3390/jcrm2030010


J. CardioRenal Med. 2026, 2, 10 14 of 33

prove the mechanical stability, transport performance, and hemocompatibility required for
HD applications.

4.1. Commercial HD Membranes: Properties and Limitations

At present, the development of chitosan-containing HD membranes remains predomi-
nantly at the laboratory and preclinical stages. Early approaches mainly explored chitosan
as a membrane-forming material or surface coating, whereas more recent studies have
incorporated chitosan into PES or PSU blends, immobilized chitosan nanoparticles within
hollow-fiber membranes, or used chitosan as a functional platform for heparinization and
other bioactive modifications [26,50,120]. The membranes that are currently in clinical use
are mainly composed of synthetic polymers such as PSU, PES, PAN, cellulose acetate (CA),
and poly(methyl methacrylate) (PMMA). These materials are selected for their mechanical
stability, chemical resistance, and reproducibility at industrial scale. In addition, decades
of clinical use have demonstrated their safety, reliability, and consistent dialysis perfor-
mance, leading to widespread regulatory approval and well-established manufacturing
processes. Although newer membrane materials are under development, few have yet
demonstrated sufficient long-term clinical evidence, scalability, and cost-effectiveness to
replace conventional synthetic membranes in routine HD practice [121]. Among them, PSU
and PES dominate the market because they provide excellent hydraulic permeability, good
thermal stability, and adequate protein adsorption control. Cellulose-based membranes, al-
though partially replaced, are still employed for their hydrophilicity and low cost [122,123].
Despite their clinical success, synthetic membranes face several limitations in performance.
Their hydrophobic nature often promotes protein fouling and platelet adhesion, leading
to decreased efficiency during their use. Moreover, many synthetic membranes display
limited selectivity for middle-MW toxins (e.g., β2-microglobulin, advanced glycation end
products), which are crucial contributors to chronic inflammation and dialysis-related
amyloidosis. Chemical modification, such as blending with hydrophilic polymers (e.g.,
PVP, PEG), can reduce fouling but does not fully restore hemocompatibility [123–125].
Another challenge relates to bio-inertness. While the lack of chemical reactivity is beneficial
for stability, it also impedes beneficial biological interactions such as nitric oxide-mediated
vasodilation or natural anticoagulation. Furthermore, most of these materials are non-
biodegradable, creating waste-management issues and environmental impact after disposal.
Current HD membranes thus represent a technological compromise, mechanically robust
but biologically passive, that motivates research into hybrid materials integrating natu-
ral polymers like chitosan to achieve a more physiological interface between blood and
membrane [126,127].

4.2. Chitosan Blends: Physicochemical and Biological Synergies

Blending chitosan with other polymers is an effective strategy to tailor its mechanical,
chemical, and biological performance. As a single polymer, chitosan exhibits excellent
biocompatibility, hemostatic and antimicrobial activity, but it also presents challenges such
as brittleness when dry, limited mechanical strength, and solubility restricted to acidic con-
ditions. Forming hybrid membranes allows these shortcomings to be compensated while
preserving the beneficial biological features [120]. Physicochemical synergies arise when
chitosan is blended with polymers such as poly(vinyl alcohol) (PVA), cellulose acetate (CA),
polycaprolactone (PCL), or polyethylene oxide (PEO). The hydrogen bonding between
hydroxyl and amino groups enhances interchain compatibility, improving film-forming
ability and mechanical resilience [13,120]. Crosslinking agents like glutaraldehyde, genipin,
or tripolyphosphate (TPP) can be introduced to regulate porosity and water stability, while
also improving mechanical strength and structural integrity, yielding membranes with
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controllable swelling and diffusion characteristics. These modifications are particularly im-
portant in HD, where pore size distribution determines solute clearance efficiency [128–131].
In addition, the improved intermolecular interactions generated by hydrogen bonding
contribute to the formation of smoother, more homogeneous and hydrophilic membrane
surfaces. Increased hydrophilicity promotes the formation of a stable hydration layer that
limits nonspecific protein adsorption, thereby reducing subsequent platelet adhesion and
thrombus formation [132].

Biological synergies are equally significant. Beyond the physicochemical improve-
ments provided by polymer blending, the intrinsic biological properties of chitosan further
enhance membrane performance. The cationic amino groups of chitosan enable electrostatic
interactions with plasma components and facilitate subsequent functionalization; how-
ever, excessive positive surface charge may also increase protein adsorption and platelet
adhesion. Therefore, the hemocompatibility of chitosan blends depends on controlling
surface charge and hydration through blending with anionic or hydrophilic polymers,
crosslinking, or heparinization [133]. Moreover, when combined with anionic polymers
such as alginate, hyaluronic acid, or heparin, polyelectrolyte complexes form spontaneously,
imparting antithrombotic properties and enhancing bioactivity. For example, chitosan–
heparin membranes can mimic endothelial surfaces by facilitating the controlled release of
anticoagulants and reducing platelet aggregation [133,134]. Hybrid chitosan membranes
also exhibit strong potential for drug- or nanoparticle-functionalized systems, where the
polymer matrix serves as a reservoir for antioxidant, anticoagulant, and anti-inflammatory
agents. This multifunctionality makes chitosan blends not only filters but also active
bio-interfaces capable of modulating inflammatory and oxidative processes in dialysis
patients. Recent studies have demonstrated that chitosan-based hybrid membranes can
reach urea and creatinine permeability values comparable to those of commercial PES
membranes while maintaining significantly lower protein fouling [135]. Their surface
charge and hydrophilicity can be tuned by adjusting the blend ratio or crosslinking degree,
enabling a delicate balance between permeability, selectivity, and hemocompatibility. From
a materials perspective, blending fungal-derived chitosan offers an additional advantage:
its higher purity and reproducibility ensure minimal batch variability, a key requirement
for medical-grade products. Overall, chitosan blends constitute a versatile platform that
unites mechanical stability with biological function, paving the way toward next-generation
dialysis membranes that are both efficient and sustainable.

4.3. Electrospinning of Hollow Fibers: Parameters and Prospects

Electrospinning represents a powerful technique to produce nanoscale fibrous mem-
branes with high surface area, interconnected porosity, and controllable morphology, fea-
tures that are particularly attractive for HD applications. In this process, a polymer solution
is subjected to a high-voltage electric field, ejecting a charged jet that solidifies into ultra-
fine fibers upon solvent evaporation [136]. For chitosan, successful electrospinning often
requires blending with a carrier polymer such as PEO, PVA, or PCL to improve spinnability
and prevent jet instability. The choice of solvent is also critical; mixtures of acetic acid or
trifluoroacetic acid with water or ethanol are commonly used to ensure adequate polymer
solvation and charge density [137]. Hollow fiber electrospinning extends this approach by
employing coaxial spinnerets, where a core and shell solution are simultaneously extruded.
This enables the fabrication of membranes with distinct inner and outer layers, an architec-
ture that closely replicates commercial dialysis fibers. The inner lumen ensures blood flow,
while the outer porous layer governs solute exchange and prevents clogging. Adjusting
the flow ratio between core and shell, as well as the collector geometry, allows for precise
control over wall thickness, pore size, and permeability [138].
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The main stages involved in the electrospinning and assembly of hollow-fiber mem-
branes for HD are schematically illustrated in Figure 3. Chitosan-containing hollow fibers
provide unique advantages. Their inherent hydrophilicity enhances water flux and reduces
fouling, while the amino functionalities can be exploited for further surface functional-
ization, for example, immobilization of heparin [139–141], nitric oxide donors [14]. or
antioxidant nanoparticles [142,143]. These modifications can impart anticoagulant, anti-
inflammatory, or antioxidative effects, transforming the membrane from a passive filter into
an active therapeutic surface [144–146]. From a prospective viewpoint, electrospun chitosan
hybrids could redefine the design of bioactive dialysis membranes. Advances in coaxial
electrospinning, 3D fiber alignment, and post-treatments (plasma activation, crosslinking,
or grafting) are expanding the scope of tunable fiber morphologies. Future research should
focus on translating these laboratory-scale fibers into scalable manufacturing processes
and validating their clinical performance in terms of toxin clearance, hemocompatibility,
and long-term durability. Despite its considerable potential, the large-scale production of
electrospun hollow fibers remains challenging due to relatively low production rates, the
need for precise control of fiber morphology and reproducibility, and the complexity of
integrating electrospinning into continuous manufacturing processes. In addition, ensur-
ing batch-to-batch consistency, sterilization compatibility, and compliance with stringent
regulatory requirements represents essential prerequisites for the clinical translation of
electrospun HD membranes [147,148].

Figure 3. Schematic representation of the electrospinning-based fabrication of hollow-fiber mem-
branes for HD.

5. Functionalization Strategies
The functionalization of chitosan-based membranes plays a pivotal role in tailoring

their physicochemical and biological performance for HD applications. By introducing
specific functional groups, bioactive molecules, or nanostructured additives, the surface of
the membrane can be modified to enhance antimicrobial activity, hemocompatibility, and
selective transport properties [122,149,150].

Beyond membrane formulation, post-fabrication processing must be systematically
optimized to support clinical translation. Neutralization, washing, crosslinking, and drying
procedures should ensure the complete removal of residual solvents and crosslinking
agents while preserving membrane porosity, mechanical stability, permeability, and surface
bioactivity [8,98]. The selection of an appropriate sterilization method is equally critical, as
steam, ethylene oxide, ionizing radiation, or low-temperature plasma treatments may alter
chitosan molecular integrity, surface chemistry, swelling behavior, and the activity of immo-
bilized bioactive compounds. Therefore, membrane performance and hemocompatibility
should be reassessed after sterilization and storage. Furthermore, comparative life-cycle
assessments should consider raw-material sourcing, reagent, water and energy consump-
tion, membrane fabrication, clinical use, and end-of-life management. Such analyses are
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required to determine whether fungal chitosan-based membranes provide measurable en-
vironmental advantages over conventional synthetic HD membranes rather than assuming
sustainability solely from their renewable origin [151].

Chitosan’s chemical versatility, owing to its reactive amino and hydroxyl groups,
provides multiple routes for covalent grafting, ionic complexation, or physical adsorp-
tion of bioactive agents [48,152]. These modifications aim not only to prevent fouling
and infection but also to mimic endothelial-like behavior, thereby reducing thrombo-
genicity and inflammatory responses. The following sections describe the main strate-
gies employed for chitosan functionalization, focusing on antimicrobial reinforcement,
heparin grafting, and other bioactive integrations that improve hemocompatibility and
functionality [121,141,149,150,153–155]. As illustrated in Figure 4, the functionalization of
chitosan-based HD membranes may improve their biological performance by conferring
anticoagulant, vasodilatory, antimicrobial, antioxidant, and regenerative properties.

 

Figure 4. Potential improvements conferred by the functionalization of chitosan-based HD membranes.

5.1. Antimicrobial Enhancement in Membranes

Chitosan inherently possesses antimicrobial activity, mainly due to its cationic na-
ture. It is important to distinguish microbial biofilm formation from blood-side membrane
fouling. In routine HD, biofilms develop primarily within the dialysate circuit and other
water-contacting components, where prolonged exposure to aqueous conditions can sup-
port microbial attachment and growth. By contrast, the short single-use period of the
hemodialyzer makes mature biofilm formation within the device less likely. The positively
charged amino groups interact electrostatically with negatively charged microbial cell mem-
branes, disrupting their integrity and leading to leakage of intracellular components. This
intrinsic property already distinguishes chitosan from most synthetic polymers. However,
when used in medical devices such as dialysis membranes, the antimicrobial effect can be
further enhanced through surface functionalization with metallic nanoparticles, natural
antimicrobial agents, or synergistic polymers [156]. Metallic nanoparticles, particularly
silver (Ag), copper (Cu), and zinc oxide (ZnO), are among the most effective modifiers.
When immobilized on the chitosan matrix, they generate reactive oxygen species (ROS)
that induce oxidative stress in microbial cells, while the polymeric framework stabilizes the
nanoparticles and limits their release rate. The result is a controlled antimicrobial action
with minimal cytotoxicity. Silver–chitosan nanocomposites, for instance, have shown strong
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bactericidal activity against Staphylococcus aureus and Escherichia coli without compromising
hemocompatibility [143,157,158]. Another eco-friendly approach involves the incorpora-
tion of plant-derived phenolic compounds, such as catechins, quercetin, or curcumin, into
chitosan membranes. These polyphenols interact via hydrogen bonding or ionic interac-
tions, imparting both antioxidant and antimicrobial properties. Their controlled release
from the membrane can inhibit bacterial colonization and biofilm formation, which are
persistent challenges in long-term dialysis [159,160]. In addition, enzymatic immobilization
techniques can be employed to attach antimicrobial peptides (AMPs) or lysozyme to the
chitosan surface. These biofunctional coatings mimic natural defense mechanisms, selec-
tively targeting bacterial membranes without affecting mammalian cells. Such strategies,
when combined with the inherent antimicrobial charge of chitosan, provide dual protection,
chemical and biological, against nosocomial pathogens, significantly reducing infection
risks during dialysis treatments [161–163].

5.2. Heparin-Grafting and Ionic Bonding Mechanisms

Heparinization represents one of the most effective functionalization strategies to
improve the hemocompatibility of dialysis membranes [141]. Heparin, a highly sulfated
polysaccharide, exhibits strong negative charge density, enabling it to inhibit thrombin
and other clotting factors, thereby preventing blood coagulation upon contact with arti-
ficial surfaces. Chitosan’s polycationic structure provides a natural counterpart for ionic
bonding with heparin, allowing for the formation of stable polyelectrolyte complexes or
covalently grafted layers [15,140,164,165]. Two main approaches that are typically used
are ionic complexation, in which the negatively charged sulfate groups of heparin interact
electrostatically with the positively charged amino groups of chitosan. This simple and
mild method preserves heparin’s biological activity and can be achieved by dipping the
membrane in heparin solution under controlled pH and ionic strength. The resulting film
confers anticoagulant properties and reduces platelet adhesion, while the dynamic equilib-
rium between bound and free heparin ensures a gradual, prolonged release [47,166,167].
Functional groups on heparin (–COOH or –OH) can react with the amino groups of chitosan
through carbodiimide (EDC/NHS) coupling, glutaraldehyde crosslinking, or periodate
oxidation followed by Schiff-base formation [168–171]. These reactions produce stable
amide or imine bonds, ensuring long-term anticoagulant performance even under flow
conditions. The surface potential and roughness of chitosan membranes can be tuned
during this process to achieve optimal hemocompatibility [47,171]. Beyond traditional
heparinization, hybrid systems have emerged combining chitosan–heparin complexes with
nanoparticle carriers (e.g., Fe3O4 or SiO2) to achieve dual functions, anticoagulation and
controlled delivery of anti-inflammatory or antioxidant molecules [142]. Such multifunc-
tional surfaces imitate the endothelial glycocalyx, enabling the material to regulate both
clotting and immune responses during dialysis. Importantly, these biointerfaces maintain
the biodegradable and eco-friendly nature of chitosan, distinguishing them from synthetic
coatings typically based on PEG or PVP [172].

5.3. Other Bioactive Functionalizations for Improved Hemocompatibility

Building on the intrinsic antimicrobial mechanisms described in Section 2.3, several
functionalization strategies have been investigated to reinforce the antimicrobial perfor-
mance of chitosan-based HD membranes. Beyond heparin grafting, several other function-
alization strategies have been developed to enhance the bioactivity and hemocompatibility
of chitosan membranes. Antioxidant molecules such as vitamin E, tannic acid, or curcumin
have also been employed to mitigate oxidative stress induced during dialysis [173,174].
These molecules can be physically entrapped or covalently linked to chitosan, providing
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redox buffering capacity that protects circulating cells and proteins from damage. This
antioxidant reinforcement is particularly relevant for patients undergoing repeated dialysis
sessions, who often experience chronic systemic inflammation. Also, nanoparticle function-
alization (e.g., with Fe3+, CeO2, or TiO2 nanoparticles) can impart additional catalytic or
radical-scavenging properties, improving both hemocompatibility and membrane durabil-
ity. When combined with chitosan’s own cationic framework, these nanoparticles establish
hybrid systems capable of actively modulating biological responses rather than merely
resisting them [64,175,176]. Therefore, functionalization transforms chitosan membranes
from passive biopolymers into dynamic biointerfaces capable of interacting intelligently
with the biological environment. Whether through antimicrobial modification, heparin
complexation, or other bioactive integrations, these strategies represent essential steps
toward developing advanced, sustainable, and clinically effective HD membranes.

6. Fouling Resistance and Membrane Reuse
One of the persistent challenges in HD is the gradual decline in membrane perfor-

mance due to fouling, the accumulation of proteins, lipids, and microbial biofilms on the
membrane surface. This phenomenon not only reduces permeability and selectivity but
also increases the risk of infection and systemic inflammation. Addressing fouling through
material innovation and functional surface design is therefore essential to improving the
efficiency, safety, and sustainability of dialysis [122,177].

6.1. Biofilm Formation in HD

Biofilm formation on dialysis membranes arises from the initial adsorption of
plasma proteins, which creates a conditioning layer that facilitates microbial attach-
ment [39,178,179]. Once microorganisms adhere, they secrete extracellular polymeric
substances (EPSs), forming a complex matrix that protects them from shear stress and disin-
fectants. Biofilms may develop both on the inner lumen of hollow fibers and in external flow
circuits, especially during prolonged or repeated use [144]. Common pathogens include
Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans, whose persistence can
lead to pyrogenic reactions and chronic inflammation in patients. In conventional synthetic
membranes, hydrophobicity and surface roughness promote this colonization process. The
EPS matrix strongly binds to hydrophobic regions, while limited surface charge inhibits
repulsion of bacterial cells. Once established, biofilms are difficult to eradicate, even with
sterilization or chemical cleaning. Hence, prevention through intrinsic material design,
rather than post-formation treatment, is now considered the most effective strategy to
combat biofilm-associated fouling in HD [178,180–182].

6.2. Role of Chitosan in Fouling Mitigation

Chitosan plays a dual role in mitigating fouling: it acts as both a passive barrier
against adsorption and an active antimicrobial agent. Its hydrophilic and polycationic na-
ture alters surface energy, reducing non-specific protein binding while repelling negatively
charged microbial membranes [158]. When integrated into hybrid dialysis membranes,
chitosan can delay the initial adhesion stage of fouling, maintaining higher flux stabil-
ity during extended operation. Moreover, chitosan’s antimicrobial mechanism, based on
electrostatic disruption of microbial membranes, prevents biofilm nucleation at an early
stage [183–185]. The polymer can also be functionalized with nanoparticles or phenolic
agents to enhance this effect, creating self-cleaning surfaces capable of oxidative degrada-
tion of organic residues. Studies have demonstrated that PES/chitosan or PVA/chitosan
membranes exhibit significantly lower bovine serum albumin (BSA) adsorption and bacte-
rial adhesion than unmodified controls, while maintaining comparable solute clearance
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rates [173,186,187]. At the physicochemical level, chitosan confers increased surface charge
density and hydration-layer thickness, two factors known to improve antifouling behavior.
Hydrated chitosan chains form a dynamic barrier that limits protein approach within the
Debye length, while positive surface charge promotes electrostatic repulsion of most nega-
tively charged biomolecules. This combination of steric and electrostatic effects constitutes
a powerful mechanism for long-term fouling mitigation without the need for aggressive
cleaning or regeneration [185,188].

6.3. Sterilization, Reuse Potential and Patient-Specific Applications

The sustainability and cost-effectiveness of dialysis systems depend heavily on the
reusability of membranes. Conventional synthetic membranes are discarded after a single
use due to concerns over fouling, structural fatigue, and contamination. Chitosan-based
membranes, in contrast, can be designed for controlled sterilization and limited reuse,
provided that their physicochemical integrity and biocompatibility are preserved [189,190].
Sterilization methods compatible with chitosan include gamma irradiation, ethylene oxide,
and steam autoclaving under mild conditions. Among these, gamma irradiation is particu-
larly effective, as it ensures microbial deactivation without major alteration of the polymer
backbone when doses below 25 kGy are applied [191]. Ethylene oxide remains suitable for
membranes containing sensitive additives, though careful aeration is required to eliminate
residues. The intrinsic antimicrobial nature of chitosan also reduces the microbial load
between sessions, potentially extending the safe reuse interval [192]. Looking forward,
the concept of patient-specific dialysis membranes is gaining relevance. By tailoring the
composition, pore size, and surface functionalization of chitosan hybrids to individual
metabolic profiles or comorbidities, it becomes feasible to design membranes optimized for
toxin removal, inflammatory control, or oxidative stress reduction [193,194].

7. Simulation and In Vitro Performance
The development of novel dialysis membranes requires a comprehensive understand-

ing of mass transport, fluid dynamics, and biointerface behavior under realistic operational
conditions. While in vitro testing remains essential for assessing biocompatibility and
clearance performance, computational modelling offers a complementary and increasingly
powerful tool for predicting and optimizing membrane performance before clinical im-
plementation. Integrating both approaches, in silico and in vitro, can accelerate material
screening, reduce experimental costs, and improve translational accuracy [17,195–197].

7.1. Dynamic Counter-Current Diffusion Models

Traditional HD systems operate under counter-current flow, where blood and dialysate
move in opposite directions separated by a semi-permeable membrane. Mathematical
diffusion models based on Fick’s law and mass balance equations are employed to simulate
the clearance of solutes such as urea, creatinine, and β2-microglobulin. Incorporating time-
dependent diffusion coefficients, boundary-layer effects, and transient fouling resistance
enables accurate prediction of flux decline during repeated cycles [198,199]. Dynamic
models can also account for non-idealities such as concentration polarization, membrane
compaction, and the influence of molecular size and charge on transport rates. When
applied to chitosan hybrid membranes, these simulations reveal how surface charge density
and pore geometry affect solute selectivity. For instance, positively charged chitosan
domains can enhance the diffusion of anionic toxins while limiting albumin loss, an effect
that can be tuned via blending ratios or crosslinking degree [200,201].
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7.2. Computational Fluid Dynamics in Membrane Testing

Computational fluid dynamics (CFD) has become a cornerstone for analyzing flow
distribution, shear stress, and solute transport inside hollow-fiber modules. CFD simu-
lations enable visualization of velocity profiles, pressure gradients, and dead zones that
are difficult to measure experimentally. Such insights are crucial for preventing hemoly-
sis and optimizing fiber-packing density. For chitosan-based systems, CFD studies can
integrate reactive transport models that couple convective flow with surface reactions,
such as adsorption of proteins or binding of charged toxins [175,202]. This allows for
virtual testing of how membrane functionalization (e.g., heparin grafting or nanoparticle
addition) influences hydrodynamics and biointeractions [139,203]. The flexibility of CFD
also supports patient-specific design: by inputting individual blood viscosity or hematocrit
parameters, it is possible to predict how a membrane will perform under different clinical
scenarios before fabrication [204].

7.3. In Vitro vs. In Silico Performance Metrics

Bridging computational predictions with experimental validation is essential for trans-
lating chitosan-based membranes from research to clinical use. In vitro assays, such as
diffusion cell tests, protein adsorption measurements, and whole-blood compatibility stud-
ies, provide empirical data on permeability, selectivity, and hemocompatibility [16,17,194].
These results can be used to calibrate in silico models, refining assumptions about mem-
brane resistance, solute diffusivity, and reaction kinetics [203]. Conversely, simulation
outputs guide experimental design by identifying optimal pore sizes, blend ratios, or
operating pressures. Metrics such as mass transfer coefficient (K0A), solute clearance
efficiency, and shear rate distribution can thus be compared across computational and
experimental domains to assess model accuracy [203–207]. When in vitro and in silico data
converge, confidence in the predicted clinical performance increases, facilitating regulatory
acceptance and scale-up. The integration of simulation and experimental validation estab-
lishes a rational design framework for advanced membranes, one that connects material
chemistry, process engineering, and biological response. This multidisciplinary synergy
not only accelerates innovation but also supports the transition toward eco-sustainable
dialysis technologies.

8. Industrial and Clinical Translation
A successful transition of chitosan hybrid membranes from laboratory-scale innovation

to clinical-grade production requires an integrated framework encompassing material
consistency, process scalability, regulatory alignment, and long-term sustainability. Each
of these must be addressed to ensure that scientific innovation can evolve into a viable
medical product capable of meeting industrial, environmental, and healthcare demands.

8.1. Scale-Up Considerations for Chitosan Hybrid Membranes

Scaling up the fabrication of chitosan hybrid membranes presents unique chal-
lenges, since bio-based polymers display greater variability than petrochemical coun-
terparts [18,208–210]. At the processing level, laboratory methods such as phase inversion
or electrospinning must be adapted to industrially viable continuous systems. Maintaining
control over parameters such as solution viscosity, polymer concentration, flow rate, and
drying temperature ensures stable pore morphology and surface chemistry [139]. Industrial
electrospinning platforms, equipped with multi-needle or free-surface configurations, offer
scalable routes for producing hollow fibers with reproducible diameters and high surface
uniformity [186,187,203]. Inline analytical tools, such as FTIR or NIR spectroscopy, can
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monitor solvent content and functional group evolution in real time, guaranteeing batch
homogeneity [146,211,212].

8.2. Integration in Circular Healthcare Models

The integration of chitosan-based membranes into circular healthcare systems repre-
sents a crucial step towards sustainable nephrology. Current dialysis technologies depend
heavily on synthetic, non-biodegradable polymers, which generate significant environmen-
tal waste after a single use [26,213]. Chitosan membranes, by contrast, offer biodegradability,
biocompatibility, and the possibility of controlled reuse without compromising patient
safety. When produced from fungal sources, for example, these materials can be incorpo-
rated into biorefinery chains that valorize agro-industrial residues and food-processing
by-products, creating a closed-loop production model aligned with green chemistry prin-
ciples [94,214]. In a circular healthcare model, waste generated by one sector becomes
a resource for another. Fungal chitosan derived from fermentation residues or lignocel-
lulosic substrates exemplifies this philosophy, as it converts low-value biomass into a
high-performance biomedical material. The potential for partial regeneration or steril-
ization between sessions could further reduce the ecological footprint of dialysis centers,
provided that strict sterility and performance standards are maintained. Furthermore, the
carbon-neutral production of chitosan, coupled with solvent recovery and water recircu-
lation during membrane fabrication, aligns with European Union directives promoting
sustainable and circular medical technologies [119]. In this sense, the transition to chitosan
hybrid membranes transcends material innovation and embodies a systemic shift toward
greener, more resilient healthcare ecosystems.

8.3. Long-Term Vision for Sustainable Nephrology

In the long-term vision of sustainable nephrology, chitosan-based membranes play a
central role as the foundation of environmentally responsible and patient-centered dial-
ysis systems. The ideal dialysis of the future will combine high clearance efficiency with
minimal environmental impact, using biodegradable components produced from renew-
able feedstocks and fabricated through low-energy processes. Circular production cy-
cles, where biopolymer residues are recovered, reprocessed, or safely biodegraded, will
replace the linear “produce–use–discard” paradigm that dominates current dialysis prac-
tices [26,50,57,135,215–217]. Ultimately, chitosan’s intrinsic sustainability and biological
compatibility position it as a key enabler of a new generation of dialysis technologies—ones
that reconcile patient health, industrial scalability, and ecological responsibility within a
single, coherent framework [216,218].

8.4. Economic and Regulatory Considerations

Economic feasibility and regulatory compliance are interdependent drivers of indus-
trial translation. For chitosan hybrid membranes to reach the market, production costs must
remain competitive with existing Psu membranes while providing measurable clinical and
environmental advantages. The integration of chitosan production into existing fermenta-
tion or food-processing industries can significantly reduce raw-material costs and ensure
year-round availability. Life-cycle assessments indicate that bio-based chitosan systems
can achieve a lower environmental impact per dialysis session due to biodegradability
and reduced waste management costs [74]. Regulatory approval, however, represents a
more demanding frontier. As implantable or blood-contact materials, HD membranes
are subject to strict medical-device frameworks such as ISO 10993 for biocompatibility,
ISO 13485 (International Organization for Standardization, 2016) [218] for manufacturing
quality, and MDR 2017/745 in the European Union. Consistent batch performance and the
absence of cytotoxicity, hemolysis, and pyrogenic reactions are prerequisites for clinical
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validation [118–120]. Furthermore, for hybrid systems containing bioactive agents (such as
heparin, nitric oxide donors, or nanoparticles), additional toxicological assessments and
leaching studies are required. The transition from laboratory proof-of-concept to CE or FDA
certification demands not only robust data but also long-term stability and reproducibility
across production lots. The success of chitosan hybrid membranes will depend on the bal-
ance between economic scalability, regulatory transparency, and sustained demonstration
of clinical benefits.

9. Challenges and Future Perspectives
While substantial progress has been achieved in developing chitosan hybrid mem-

branes, several scientific, technological, and institutional challenges still limit their full
clinical integration. These include the need for standardized material characterization,
scalable fabrication protocols, and long-term clinical validation. At the same time, the
rapid evolution of biomaterials science and digital manufacturing opens new directions for
innovation, enabling chitosan membranes to progress from laboratory prototypes to intelli-
gent, adaptive medical interfaces. Overcoming these barriers will define the trajectory of
chitosan-based biomaterials in nephrology and broader biomedical applications. The next
generation of chitosan-based membranes is expected to move beyond passive separation to-
ward active, multifunctional systems. Emerging research explores the integration of sensing
elements, stimuli-responsive polymers, and bioelectronic interfaces that allow for real-time
monitoring of blood parameters or adaptive control of permeability [16,168]. Nanostruc-
tured chitosan composites incorporating conductive fillers, metal–organic frameworks,
or enzyme-loaded nanoparticles could provide both selective adsorption and catalytic
detoxification of uremic toxins. Additionally, 3D printing and advanced electrospinning
techniques offer unprecedented control over pore architecture, fiber alignment, and hier-
archical layering, enabling membranes with gradients of functionality tailored to specific
physiological needs [136,146,183]. The convergence between chitosan chemistry and digital
manufacturing also supports the rise of personalized dialysis. These technological trends
indicate a paradigm shift: chitosan membranes will no longer serve merely as filters, but
also as adaptive biointerfaces capable of responding dynamically to patient conditions and
treatment goals [198,201].

10. Conclusions
This review highlights the urgent need to rethink HD membrane materials consider-

ing the growing environmental burden associated with conventional, petroleum-derived
polymers. Chitosan-based hybrid membranes emerge as a compelling alternative, offering
a unique combination of biodegradability, hemocompatibility, antimicrobial activity, and
chemical versatility. Fungal-derived chitosan stands out as a sustainable and reproducible
biomaterial, aligned with circular bioeconomy principles and well suited for medical-grade
applications. Advances in eco-innovative extraction, purification, membrane fabrication,
and functionalization strategies demonstrate that chitosan can be engineered into bioactive
membranes capable of addressing both clinical performance requirements and sustainabil-
ity goals. While challenges related to scale-up, regulatory validation, reuse, and clinical
translation remain, the integration of material science, biotechnology, and green man-
ufacturing positions chitosan, especially fungal chitosan, as a promising platform for
next-generation, environmentally responsible HD technologies.
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