
Academic Editor: Min-Lang Tsai

Received: 18 November 2024

Revised: 19 December 2024

Accepted: 22 December 2024

Published: 25 December 2024

Citation: Reay, S.L.; Marina Ferreira,

A.; Hilkens, C.M.U.; Novakovic, K.

The Paradoxical Immunomodulatory

Effects of Chitosan in Biomedicine.

Polymers 2025, 17, 19. https://doi.org/

10.3390/polym17010019

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

The Paradoxical Immunomodulatory Effects of Chitosan
in Biomedicine
Sophie L. Reay 1,*, Ana Marina Ferreira 1 , Catharien M. U. Hilkens 2 and Katarina Novakovic 1

1 School of Engineering, Newcastle University, Newcastle Upon Tyne NE1 7RU, UK;
ana.ferreira-duarte@newcastle.ac.uk (A.M.F.); katarina.novakovic@newcastle.ac.uk (K.N.)

2 Translational & Clinical Research Institute, Newcastle University, Newcastle upon Tyne NE1 7RU, UK;
catharien.hilkens@newcastle.ac.uk

* Correspondence: s.reay2@newcastle.ac.uk

Abstract: Chitosan is widely explored in the field of biomedicine due to its abundance and
reported properties, including biocompatibility, biodegradability, non-toxicity, mucoad-
hesion, and anti-microbial activity. Although our understanding of the immune response
to chitosan has evolved, confusion remains regarding whether chitosan is a pro- or anti-
inflammatory biomaterial. Tackling this knowledge gap is essential for the translation
of chitosan-based biomaterials to clinical use. Herein, we provide an overview of the
immune responses to chitosan, exploring the roles of endotoxin contamination and physio-
chemical properties in immunomodulation. Ultimately, this literature review concludes
that various physiochemical properties, including molecular weight, degree of deacety-
lation and polydispersity, endotoxin contamination, and cellular environment, interplay
in the complex process of chitosan immunomodulation, which can lead to both pro- and
anti-inflammatory effects.
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1. Introduction
Chitosan is a natural, cationic, linear copolymer composed of randomly distributed

N-acetyl-D-glucosamine and D-glucosamine units [1] (Figure 1). Chitosan is derived from
chitin, the second most abundant natural polymer after cellulose [2]. Chitin can be extracted
from a plethora of natural resources, such as marine, microbial, and terrestrial sources [3].
As a major by-product of the fishing industry, crustacean shells are a particularly abundant
source of chitin, with the annual production of shell waste by-products exceeding 10 mil-
lion tons [4]. As a renewable material, chitin is gaining much attention due to the global
sustainability drive [5–8]. Despite its abundance, chitin has limited applications due to its
crystalline structure and inability to dissolve in most solvents. Therefore, chitin is often
converted to its more soluble derivative, chitosan, via partial or full deacetylation, whereby
hydrophobic acetyl groups are converted to hydrophilic amino groups. Although both
acids and alkalis can deacetylate chitin, alkalis are more often used because the glycosidic
bond is susceptible to degradation by acid [9]. An alternative method is enzymatic deacety-
lation using chitin deacetylase from biological sources, including fungi and insects. Chitin
with a degree of deacetylation (DD) above 50% is classified as chitosan [10], with most
commercial chitosan having DD values between 70% and 90% [11]. With a pKa of approxi-
mately 6.5, chitosan is soluble in acidic solutions owing to the protonation of amino groups
present in the polymeric backbone. The solubility of chitosan is therefore a function of DD,
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with highly deacetylated chitosan having enhanced solubility [12]. The extent of deacetyla-
tion also affects additional physiochemical properties, including biodegradation [13] and
electrostatic properties [14]. However, the intermolecular and intramolecular hydrogen
bonds of chitosan lead to crystalline structures, making it insoluble in water and limiting
its biomedical applications. Chitosan derivatives can be obtained through the chemical
modification of chitosan’s active functional groups, including acylation, carboxylation, and
alkylation. The addition of hydrophilic groups improves the water solubility of chitosan,
thus expanding its potential applications [15].

Figure 1. Structure of chitin and chitosan. Deacetylation of chitin produces chitosan, converting the
acetyl groups (highlighted in yellow) to amino groups (highlighted in blue), which can subsequently
become protonated (highlighted in green) in acidic conditions. Adapted from [16].

Chitosan can undergo enzymatic degradation in the presence of several enzymes,
including chitinases and proteases [17]. Biodegradability is a paramount consideration for
biomedical biomaterials, as it avoids the need for invasive surgical removal, thus making
these materials more acceptable for patients, enhancing the likelihood of obtaining regula-
tory approval, as well as reducing treatment costs for the health service. In the human body,
chitosan is mainly degraded by lysozyme, which is detected in bodily secretions, including
tears, saliva, and serum [18]. Lysozyme primarily functions as an antimicrobial agent by
hydrolysing the β-(1,4) linkages between N-acetylmuramic acid and N-acetylglucosamine
in the peptidoglycan wall of Gram-positive bacteria [19,20]. As chitosan has a similar
structure, consisting of N-acetyl-D-glucosamine and D-glucosamine units, it is possible that
lysozyme degrades chitosan using a similar mechanism. Lysozyme only interacts with the
acetylated units of chitosan [21,22]; thus, lysozyme digestibility decreases with the increase
in DD [23–26].

Due to distinctive qualities, including abundance, biocompatibility, biodegradability,
non-toxicity, mucoadhesion and antimicrobial activity [27], chitosan is widely applied
in the realms of biomedicine. The functional groups present in the chitosan backbone,
namely hydroxyl and amino groups, allow the synthesis of hydrogels, which are defined
as three-dimensional (3D) physically or chemically crosslinked hydrophilic polymers that
largely consist of water. The versatile network architecture of chitosan-based hydrogels and
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the ability to incorporate various bioactive molecules enable a broad range of biomedical
applications, including drug delivery, wound healing, and tissue engineering. Due to its
cationic nature, chitosan is uniquely mucoadhesive, making it ideal for oral, ocular, nasal,
and vaginal drug delivery [28]. Furthermore, by virtue of its pH-responsiveness, chitosan-
based hydrogels are extremely promising vehicles for site-specific gastrointestinal drug
delivery [29]. A novel application of chitosan is in gene delivery, whereby genetic material,
such as DNA or RNA, is electrostatically linked to chitosan and introduced into cells to
modify their function [9]. Chitosan is also extensively used in vaccine delivery. Not only
does chitosan readily bind to negatively charged antigens or genetic material, protecting
them from degradation, but it also has intrinsic adjuvanticity [26,30]. Chitosan hydrogels
are ideal materials for wound dressings due to their antimicrobial, biologically adhesive,
biologically active, and haemostatic effects [31]. Furthermore, chitosan is well renowned
for its antioxidant activity, as its functional groups can scavenge unstable free radicals [32].
Chitosan has fundamental properties that meet the criteria for tissue engineering, including
being biocompatible with tissues; possessing a cationic surface charge that promotes
cell attachment, differentiation, and proliferation; being degradable by several enzymes
in vivo; and possessing tuneable properties, including mechanical strength, porosity and
morphology. As a result, chitosan has been studied for a multitude of tissue engineering
applications, including bone, cartilage, intervertebral disk, blood vessel, and corneal and
skin tissue engineering [33,34]. The paradoxical antimicrobial, antioxidant, and adjuvant
bioactivities of chitosan remain highly confusing and require investigation.

This review critically examines the host immune response to biomaterials, focusing
on divergent reports of chitosan-induced pro- and anti-inflammatory responses and path-
ways. Endotoxin contamination of chitosan is considered, as well as the role of various
physiochemical properties and cellular environment on immunomodulation.

2. Immune Response to Biomaterials
2.1. The Role of Dendritic Cells in the Immune Response

A biomaterial is defined as a material intended to interface with biological systems to
evaluate, treat, augment, or replace tissues, organs, or functions of the body [35]. Physical
and chemical barriers, such as the skin and stomach acid, respectively, provide the first line
of defence against invading pathogens. A breach in these barriers leads to activation of
innate immune cells, such as macrophages, dendritic cells (DCs) and neutrophils through
pattern recognition receptors (PRRs). PRRs sense conserved molecular structures on micro-
bial surfaces, referred to as pathogen-associated molecular patterns (PAMPs), endogenous
danger signals, known as danger-associated molecular patterns (DAMPs), to initiate in-
flammation [36], or in the case of biomaterials, biomaterial-associated molecular patterns
(BAMPs) [37]. The innate immune system acts non-specifically and rapidly, with the aim
of immediately clearing the invading pathogen. In contrast, the adaptive immune system
is antigen-specific, ensures further clearance of pathogens, and, importantly, provides
immunological memory. Originally described by Steinman and Cohn in 1973 [38], DCs are
professional antigen-presenting cells that are critical in bridging the innate and adaptive
arms of the immune system. Under steady-state conditions, DCs are in an immature differ-
entiation state, with the ability to capture antigens in peripheral tissues, but lacking the
ability to efficiently process and present these antigens to T cells [39–41]. DC maturation is
initiated by the binding of pattern recognition receptors (PRRs), such as toll-like receptors
(TLRs), to their respective ligands. Ligands may be exogenously derived PAMPs, such as
lipopolysaccharide (LPS), or endogenous DAMPs that are released as a result of cell injury
or cell death, such as heat-shock proteins or DNA, respectively [42]. DC maturation is the
functional transformation of DCs from antigen-capturing cells to cells with an exceptional



Polymers 2025, 17, 19 4 of 21

capacity for T cell activation, which involves three key signals (Figure 2) and occurs in
the lymph nodes. In signal one, DCs present processed antigens to the T cell receptor via
major histocompatibility complex (MHC) molecules. Signal 1 is accompanied by a second
co-stimulatory signal that is provided by ligation of cluster of differentiation (CD)80/86
to CD28, promoting T cell survival and expansion. In the third signal, the DC provides
soluble or membrane-bound cytokines that polarise the functional development of distinct
effector T cell subsets, thereby shaping the immune response [43]. The manner in which
DCs respond to biomaterials dictates the type of immune response and will be specifically
discussed for chitosan-based biomaterials later in the review.

Figure 2. DC-T cell three-signal activation dogma. Abbreviations: CD, cluster of differentiation;
DC, dendritic cell; MHC, major histocompatibility complex; TCR, T cell receptor. Created with
BioRender.com.

2.2. The Foreign Body Response

Implantation of biomaterials initiates a host inflammatory response, referred to as the
foreign body response (FBR) (Figure 3), which has been extensively reviewed [44–47]. Imme-
diately upon implantation, blood is released from damaged vessels and host serum proteins
such as albumin and fibrinogen rapidly adsorb onto the biomaterial surface, leading to
aggregation of activated platelets and fibrin. In the case of nanoparticles (NPs), this protein
adsorption is referred to as protein corona and affects the physiochemical properties of NPs
and their subsequent interaction with biosystems [48]. The resultant provisional matrix is
rich in chemotactic and activating molecules, which, in conjunction with DAMPs, cause
the recruitment and activation of innate immune cells. The acute inflammatory response is
dominated by neutrophils that attempt to destroy the biomaterial through the production of
reactive oxygen species (ROS) and proteolytic enzymes, potentiating the immune response
and recruiting monocytes. At the site of injury, monocytes differentiate into classically acti-
vated or “M1” macrophages, which attempt to degrade the biomaterial before undergoing
“frustrated” phagocytosis, ultimately resulting in increased pro-inflammatory cytokine
production [44]. Adherent monocytes eventually transition into an alternatively activated
or “M2” phenotype, characterised by a reduced degradative capacity, anti-inflammatory
cytokine profile, and gained tissue remodelling functionality. Macrophages consequently
fuse together to form a foreign body giant cell on the biomaterial surface in an attempt to
increase their phagocytic functionality. In the chronic phase of the FBR, excessive deposi-
tion of collagen by activated fibroblasts results in the formation of a capsule around the
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biomaterial in order to prevent further interaction with host tissue [44–47]. Although the
FBR will inevitably be initiated by any biomaterial administration method, it is postulated
that the use of minimally invasive injections as opposed to implantation will reduce the
extent of DAMPs, and therefore the potency of the response. The Babensee research group
investigated whether the PLGA biomaterial form (scaffold vs. microparticle) affected the
level of enhancement of the immune response to co-delivered OVA antigen by controlling
the total quantities of PLGA and OVA and the release rate of OVA. They found that the
level of the humoral immune response was significantly higher and sustained for OVA
co-delivered with implanted PLGA scaffolds (0.7 cm diameter, 0.2 cm thick) compared to
injected PLGA microparticles (mean diameter 3.5 µm). These results suggest that the FBR
associated with biomaterial implantation potentiates the biomaterial adjuvant effect.

Figure 3. The foreign body response to biomaterials. Biomaterial implantation initiates an acute
inflammatory response, collectively referred to as the foreign body response. Figure 3 highlights
the key cell types involved and schematically describes the main processes, starting with protein
adsorption to the biomaterial and ending with fibrous encapsulation. Created with BioRender.com.
Adapted from [44].

2.3. Effect of Biomaterial Properties on DC Phenotype

Studies show that the phenotype and resultant function of DCs are dependent on
a range of biomaterial physicochemical properties. Shankar et al. investigated how sur-
face chemistries modulate DC phenotype by culturing DCs on self-assembled monolayer
(SAM) surfaces of alkanethiols terminated with defined chemical groups, including 1-
dodecanethiol (CH3 SAM), 11-mercapto-undecanol (OH SAM), 11-mercaptoundecanoic
acid (COOH SAM), and 11-amino-1-undecanethiol hydrochloride (NH2 SAM). They found
that treatment with -OH, -COOH, or -NH2 terminated self-assembled monolayer surfaces
induced moderate DC maturation, whereas CH3 induced least DC maturation [49]. Kou
and colleagues also investigated the relationship between the DC phenotype and surface
chemistry by co-culturing DCs with a set of 12 polymethacrylates and assessing surface
marker expression and cytokine profile. They found that surface carbon is associated with
DC maturation, while surface oxygen correlates with an immature DC phenotype [50].
Furthermore, surface hydrophobicity was found to affect DC maturation. Using titanium
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substrates with different water–air contact angle measurements, Kou et al. reported that
surface hydrophobicity induces DC maturation [51]. Similarly, Liu and colleagues treated
DCs with morphologically similar synthetic polymeric microparticles that differed in sur-
face hydrophobicity and found that hydrophobicity enhances DC maturation [52]. Another
example is in the previously discussed Babensee studies where DCs underwent a greater
extent of maturation when cultured on biomaterials that were more hydrophobic, such as
PLGA [53,54]. Biomaterial hydrophobicity also increases the adsorption of proteins that
support DC adhesion and activation. Surface hydrophilicity is directly related to surface
chemistry. For example, increasing the surface oxygen concentration makes a surface more
hydrophilic, whereas carbon makes a surface more hydrophobic, which corroborates the
finding by Kou et al. [51,55]. Overall, surface hydrophobicity appears to be a key chemical
property that causes DC maturation and should therefore be considered in the design
of biomaterials.

Although there is limited literature exploring the effect of biomaterial surface charge on
the DC phenotype, it is widely accepted that cationic molecules have a greater propensity to
interact with negatively charged cell membranes, which in turn may affect their activation
and maturation. Using both flow cytometry and confocal microscopy, Foged et al. reported
that DC uptake of fluorescently labelled polystyrene microparticles was greatly enhanced
when the particles were positively charged [56]. Similarly, Arigita and colleagues showed
that only positively charged fluorescently labelled liposomes were taken up by DCs [57].
Ma and colleagues went on to investigate whether increased biomaterial uptake correlated
with increased immune responses in DCs. A series of cationic liposomes with different
surface densities were prepared, and liposomes with a relatively high charge density
potently induced DC maturation in contrast to those with a low charge, which did not
affect DC phenotype [58]. These results indicate that although the cationic nature of
chitosan promotes cellular uptake, it also induces DC activation. This may adversely affect
biomaterial functionality, depending on the application.

Biomaterial surface architecture has also been shown to affect DC immunophenotypes.
In a study conducted by van den Dries et al., monocyte-derived dendritic cells (moDCs)
were seeded onto 2D and 3D micropatterned silicon surfaces and their phenotypes were
compared. Although the expression of maturation and migratory markers was similar
between the groups, the expression of MHC class II was significantly higher in DCs cultured
on 3D micropatterns, suggesting that dimensionality may play a role in regulating the
activation of DCs [59]. The effect of cell culture dimensionality on DC maturation has been
investigated in two studies using collagen scaffolds. While one research group reported
that DC maturation marker expression and pro-inflammatory cytokine secretion were
enhanced in 3D cultures compared to 2D cultures [60], another found that surface marker
expression and secreted cytokines of both immature and mature DCs were generally higher
in 2D cultures [61]. However, it is important to note that untreated standard tissue culture
plates were used as the 2D dimension in both studies; therefore, the observed results may
be due to the presence or absence of collagen rather than dimensionality. The influence
of biomaterial surface roughness on DC phenotype was also studied by Kou et al. and
Zhen et al., who treated DCs with clinical grade titanium with different surface roughness.
The substrates induced the same DC phenotype, indicating that surface roughness is not a
pivotal factor in regulating DC maturation [51,62]. There appears to be a lack of in-depth
studies investigating the role of biomaterial surface architecture, which warrants further
investigation. In conclusion, surface hydrophobicity and charge appear to be the major
physiochemical properties that modulate the activation and maturation of DCs.
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3. Endotoxin
LPSs, also known as endotoxins, are heat-stable molecules that constitute the major

structural components of the outer membrane of Gram-negative bacteria [63–65]. Bacterial
lipopolysaccharide is composed of three parts: lipid A, a core oligosaccharide, and an
O-antigen. Lipid A is the hydrophobic, membrane-anchoring region of LPS that consists
of glucosamine-based phospholipids. Core oligosaccharides are covalently attached to
lipid A through 3-deoxy-D-manno-oct-ulosonic acid and heptose. The O polysaccharide
is the hydrophilic, outermost region of LPS. Toxicity is associated with lipid A, while
immunogenicity is associated with the polysaccharide components [66]. Immune cells,
including DCs, recognise LPS as a PAMP in a TLR4-dependent mechanism. LPS stimula-
tion of TLR4 involves several proteins (Figure 4). First, the LPS-binding protein directly
binds LPS and catalyses the transfer of LPS to CD14. CD14 subsequently facilitates the
transfer of LPS to the TLR4-myeloid differentiation protein 2 complex [67–70]. Upon LPS
binding, TLR4 undergoes dimerisation and recruits downstream adaptor proteins through
interactions with the toll-IL-1 receptor domains. TLR4 signalling is subsequently divided
into MyD88-dependent and MyD88-independent (TRIF-dependent) pathways, which me-
diate pro-inflammatory cytokine expression and induction of type I interferons (IFNs),
respectively [71].

Figure 4. LPS/TLR4 signalling pathways. Upon binding of LPS to the TLR4 complex (TLR4–LBP–
CD14–MD2), TLR4 signals through MyD88-dependent and/or MyD88-independent pathways. The
MyD88-dependent pathway is initiated by the MyD88 recruitment of IRAKs and TRAF6, which results
in activation of TAK1. TAK1 phosphorylates MAPKs (including ERK1/2, p38 and JNK) and the IKKβ

kinase complex, leading to transcription of pivotal transcription factors including NF-κB and activator
protein-1 (AP-1). These transcription factors translocate to the nucleus and promote the production of
inflammatory cytokines. In the MyD88-independent pathway, TRIF recruits TRAF3. TRAF3 activates
IRF3 through TBK1, inducing the transcription of type I IFNs and IFN-inducible genes. Abbreviations:
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AP1, activated protein 1; CD14, cluster of differentiation 14; ERK, extracellular-regulated kinase;
IRAK, interleukin receptor-associated kinase; IKK, inhibitor of κB kinase; IRF3, interferon response
factor 3; JNK, c-Jun N-terminal kinase; LBP, LPS-binding protein; LPS, lipopolysaccharide; MAPK,
mitogen-activated protein kinase; MD2, myeloid differentiation factor 2; MyD88, myeloid differenti-
ation primary response protein 88; NF-κB, nuclear factor κB; p38, protein 38; TAK1, transforming
growth factor β-activated kinase 1; TBK1, TANK-binding kinase 1; TIRAP, TIR domain-containing
adaptor protein; TRAF, tumour necrosis factor receptor-associated factor; TRAM, TRIF-related adap-
tor molecule; TRIF, TIR-domain containing adapter-inducing IFN-β; TLR4, toll-like receptor 4. Based
on [72]. Created with BioRender.com.

Endotoxin Contamination of Chitosan and Removal Methods

Naturally derived biomaterials, such as alginate and collagen, can potentially be con-
taminated with endotoxin as they are obtained from non-sterile environments. Synthetic
biomaterials can also be contaminated with endotoxins due to contaminated laboratory
equipment or reagents [63,65]. Chitosan is particularly susceptible to endotoxin contamina-
tion, as its positive charge predisposes its interaction with negatively charged LPS. Despite
significant advances in immunomodulatory biomaterial research in recent years, endotoxin
contamination is poorly explored within the field [73]. The host immune system can detect
and elicit potent immune responses in response to extremely small concentrations of endo-
toxin, and higher concentrations can induce fever, hypotension, septic shock, respiratory
distress syndrome, and other chronic diseases [65]. This has led to the Food and Drug Ad-
ministration (FDA) enforcing strict regulations on the endotoxin levels in medical devices;
the limit is 0.5 EU/mL for products that directly or indirectly contact the cardiovascular
system and lymphatic system [74]. DCs are highly sensitive to endotoxins and can be
activated by concentrations as low as 0.02 ng/mL (0.1 EU/mL) [75]. As endotoxin is a
majorly overlooked problem, many studies investigating the immunomodulatory effect
of biomaterials fail to quantify endotoxin contamination, which can skew performance,
leading to misleading conclusions [76,77].

Several methods have been developed to remove endotoxins from chitosan; however,
endotoxin removal is extremely challenging. Ultrafiltration and size-exclusion chromatog-
raphy remove endotoxins based on size. Although endotoxins are approximately 10 kDa,
they readily form large aggregates of up to 1000 kDa [78,79], making these methods difficult.
Most commercially available endotoxin removal resins combine porous cellulose beads for
the matrix and cationic poly(ε-lysine), as the affinity ligand. Examples include the Pierce™
High-Capacity Endotoxin Removal Resin and Cellufine™ ETclean. However, endotoxin
removal resins are costly and endotoxin removal efficiency is dramatically reduced in vis-
cous and positively charged samples [80], namely chitosan. Ultrasonication and two-phase
extraction using detergents are also potential endotoxin removal methods; however, these
methods can damage biomaterials, negating their performance [65]. Treatment with acidic
and alkaline solutions can also be used to destroy endotoxins [76,81]. While strong alka-
line conditions and high temperatures for prolonged periods are used for alkaline chitin
deacetylation [82], milder alkaline conditions can be used to remove endotoxins through
the hydrolysis of ester and amide linkages found in the lipid A portion of endotoxins [76,81].
As endotoxin is a heat-stable molecule, only extremely high temperatures of 180 ◦C or
above can destroy endotoxin [63,64], which is substantially higher than standard autoclave
temperatures (~121 ◦C). Although high temperatures destroy endotoxin, they induce the
Maillard reaction in chitosan, which alters it’s physiochemical structure, meaning it may
not be suitable for downstream applications [76,81]. In conclusion, it is imperative that the
endotoxin levels of biomaterials are quantified and, if necessary, removed before translation
into preclinical and clinical studies.



Polymers 2025, 17, 19 9 of 21

4. Immune Response to Chitin and Chitosan
4.1. Interaction with Innate Immune Cells

Chitin, the progenitor of chitosan, is recognised by the mannose receptor, TLRs,
and dectin-1 on innate immune cells. The mannose receptor is expressed by human
moDCs [83–85] and recognises and internalises a range of carbohydrate ligands, including
N-acetylglucosamine, one of chitosan’s monomeric units. It is frequently reported in the
literature that D-mannose is used to modify chitosan-based particles to promote delivery
to immune cells [86,87], confirming this interaction. Although no intracellular signalling
motif has been identified at its cytoplasmic tail, the mannose receptor has been shown to
be essential for both pro-inflammatory and anti-inflammatory cytokine production [88].

Chitin oligomers have been reported to interact with TLR2 [89–91]. TLR2 heterodimers
generally initiate a MyD88-dependent intracellular signalling pathway, which modulates
gene transcription and ultimately results in pro-inflammatory cytokine production [92].
Interestingly, Fuchs et al. identified chitin chains with six subunits as the smallest im-
munologically active motif, with those composed of five or fewer subunits being inactive,
suggesting that interactions are size-dependent [89,90]. Studies using macrophages from
wild-type mice and mice with null mutations of MyD88, TLR2 or TLR4 demonstrated
that chitin fragments induce macrophage IL-17 secretion via a MyD88-dependent path-
way that involves TLR2, but not TLR4 [90]. Other studies have also demonstrated that
chitin-mediated inflammatory responses are abrogated by blocking the chitin–TLR2 inter-
action [89,93]. Hatase et al. found that the N-acetylglucosamine moiety on the surface of
chitin nanofibers was critical for the activation of the TLR2-mediated NF-κB pathway, with
immunological response drastically diminished on deacetylated surfaces [91]. TLR4 has
also been shown to mediate the stimulating activities of chitosan oligosaccharides. Zhang
et al. showed that treatment of RAW264.7 macrophages with anti-murine TLR4 antibody
significantly decreases chitosan oligosaccharide-induced pinocytosis and nitric oxide pro-
duction [94]. To the best of our knowledge, Villiers and colleagues are the only group that
have investigated the mechanism by which chitosan interacts with murine DCs and showed
that chitosan-induced activation is impaired in DCs derived from TLR4-deficent mice [95].
However, it is important to point out that endotoxin contamination was not reported in
this study. Nevertheless, these results suggest that the acetylated unit of chitosan interacts
with TLR-2, while the non-acetylated unit reacts with TLR-4.

Dectin-1 is primarily expressed on DCs, and activation promotes phagocytosis, ROS
production, and inflammatory cytokine production [96]. Use of the dectin-1 blocker lami-
narin caused a significant reduction in chitin-induced macrophage TNF-α production [90],
showing that this receptor is also important in immune cell recognition of chitosan.

Silva and colleagues showed that different sized chitin fragments interact with dif-
ferent innate immune receptors, which results in the activation of different intracellular
signalling pathways in macrophages. Specifically, large chitin fragments (70–100 µm) and
extremely small chitin fragments (<2 µm) were found to be inert, whereas intermediate
chitin (40–70 µm) and small chitin (<40 µm) stimulated TNF secretion, but only small chitin
stimulated the anti-inflammatory cytokine IL-10. They speculated that this size-dependent
immunoreactivity resembles the immune response to invading pathogens. Intermediate
and small chitin fragments likely induce TNF production to assist in the eradication of
the invading pathogen. IL-10 stimulation by small chitin fragments is postulated to be
due to down-regulation of the immune response when the pathogen has been eliminated,
resulting in cell exposure to smaller chitin fragments [90].

It is important to note that both the degree and pattern of chitosan deacetylation dic-
tate its charge and subsequent cellular interactions. DD directly correlates with increased
positivity and hydrophilicity. As cell membranes are negatively charged, it is postulated
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that the more positively charged a chitosan polymer is, the stronger this interaction will
be [97]. Furthermore, heterogeneously deacetylated chitosan further promotes cellular
interactions, as there are no interfering N-acetyl groups to interfere with the ionic interac-
tions with the negatively charged cell surface [97]. It is important to highlight that much
of the literature focuses on the interactions of immune cells with chitin oligomers. This
information is still relevant, as the N-acetylglucosamine units of chitin are part of chitosan’s
structure; however, further investigation of how chitosan and chitosan-based hydrogels
interact with cells is required. Overall, the literature suggests that chitosan can potentially
interact with DCs via multiple receptors and both size and DD are critical parameters in
chitosan cellular interactions.

4.2. Effect of Chitosan on DC Phenotype

A number of studies have investigated the effect of chitosan on the DC phenotype
in vitro (Table 1). The general approach involves culturing immature DCs on chitosan or
chitosan hydrogels and measuring cell surface marker expression and cytokine production
via flow cytometry and ELISA, respectively. Chitosan has repeatedly been shown to signifi-
cantly upregulate the expression of human leukocyte antigen (HLA), CD80/86 and CD83
compared to negative controls, indicating that it induces DC maturation [53,54,95,98–100].
The results for chitosan-induced cytokine production, migration, and T cell proliferation
are, however, variable between studies. Two of five studies reported that the supernatants
of DCs cultured on chitosan had significantly higher levels of pro-inflammatory cytokines
compared to those of iDCs, with the remaining three studies finding that the cytokine levels
were similar between the groups. Oliveira et al. evaluated DC mobility using time-lapse
video microscopy and concluded that there was no significant migration of chitosan-treated
DCs [98]. Alternatively, Park and Babensee measured DC expression of CD44 migration
receptors and found that it was significantly increased compared to iDCs [54]. In order
to assess the allostimulatory capacity of chitosan-treated DCs, T cell proliferation was
measured in mixed lymphocyte reactions, with the majority of studies finding that they
did not induce more T cell proliferation than the control untreated DC. Together, these
results suggest that chitosan induces partially mature DCs, lacking the functional ability
to stimulate T cells. Table 1 highlights how the chitosan physicochemical properties and
endotoxin levels vary between the studies, with several studies omitting this vital infor-
mation. Furthermore, the forms of chitosan used are different, with some studies using
native chitosan and others using crosslinked chitosan hydrogels. All these parameters will
undoubtedly affect the interaction and subsequent immunomodulation of DCs. To our
knowledge, Ravindranathan and colleagues are the only group who have conducted a
comprehensive study investigating the effects of chitosan biochemical properties, namely
DD, viscosity, and endotoxin levels, on pro-inflammatory responses by macrophages [101].
First, using chitosan solutions from six different manufacturers, they showed that chitosan
from different sources induces differential levels of macrophage TNF-α secretion. Since it
was not possible to correlate the effects of any of the properties measured with cytokine
production, custom chitosan derivates were obtained from the University of Arkansas
Biologics Center (UBAC), which contained undetectable levels of endotoxin (<0.01 EU/mg).
UABC chitosan with two different DDs, 80% and 97%, was incubated with macrophages,
and no significant difference was found in the TNF-α release. However, it is possible that
statistical significance may be observed if a larger range of DD is investigated. Likewise,
UABC chitosan with the same DD but three different viscosity ranges (20 to 600 cP) were
cultured with macrophages, and no significant difference was observed in the TNF-α
production. However, UABC chitosan spiked with varying levels of endotoxin (0.5 and
1 EU) elicited significantly higher levels of TNF-α compared to the untreated control, where
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there was a positive correlation between endotoxin concentration and TNF-α concentra-
tion. Overall, this study shows that neither the DD nor the viscosity of chitosan solution
influences macrophage activation, and the level of endotoxin contamination directly affects
its TNF-inducing activity. More in-depth studies are required to unravel the effect of
chitosan physiochemical properties on immunomodulation of specific cell types, including
additional parameters such as pattern of deacetylation, molecular weight, and form (native
solution or chitosan-based hydrogels).

4.3. Inflammatory Effects of Chitosan

Chitosan is widely used as an immunostimulatory adjuvant in vaccine research [26,30];
however, its mechanism of action has only recently begun to be elucidated. Caroll et al.
identified a novel mechanism of chitosan that involves the activation of the c-GAS-STING
pathway in DCs, resulting in the induction of type I IFNs (Figure 5). The pathway involves
phagocytic uptake of the polymer, which induces mitochondrial stress, leading to ROS
production and the release of mitochondrial DNA. Cyclic GMP-AMP synthase (c-GAS)
detects host cytosolic double-stranded DNA, leading to the production of cyclic dinu-
cleotides, which subsequently bind and activate the stimulator of interferon genes (STING).
STING directs the activation of the interferon regulatory factor 3 (IRF3) transcription factor,
ultimately resulting in type I interferon (IFN) production. The group demonstrated the
importance of c-GAS and STING in chitosan-mediated type I IFN production, as cytokine
production was completely abrogated in chitosan-stimulated DCs from c-GAS−/− or
STING−/− mice [100,102]. Although the endotoxin content of chitosan used in the study
was appreciably low (≤100 EU/g), no detailed information was provided regarding the
preparation of chitosan. Use of endotoxin-free water and sterilised apparatus is critical
in the production of chitosan, as it could otherwise lead to contamination. As LPS has
been shown to induce the cGAS-STING pathway [103,104], it cannot be excluded that these
results are due to endotoxin contamination of chitosan.

Chitosan has also been shown to activate the NLRP3 inflammasome, which mediates
caspase-1 activation and the secretion of pro-inflammatory cytokines IL-1β/IL-18 [105].
However, this study does not report the endotoxin content of the dissolved chitosan used
for experimentation. As LPS has been reported to boost activation of the NLRP3 inflam-
masome [106], endotoxin contamination could indeed be contributing to the observed
results. Beuter et al. proposed three mechanisms of chitosan-mediated NLRP3 inflam-
masome activation, including K+ efflux, ROS generation, and lysosomal destabilisation.
First, they demonstrated a role for cellular K+ efflux by using the K+ ion channel inhibitor,
glibenclamide, which inhibited IL-1β release in response to chitosan. To analyse the role
of ROS, they used the mitochondrial ROS inhibitor Mito-TEMPO and showed that there
was a significant reduction in IL-1β release induced by chitosan. Upon phagolysosomal
fusion, acidification occurs, which has been shown to be necessary for NLRP3 inflamma-
some activation. Lysosomal acidification was inhibited with bafilomycin A1, which also
caused inhibition of IL-1β [107]. Interestingly, the group also found that while chitosan
potently activates the NLRP3 inflammasome, chitin is relatively inert [107], highlighting
that chitosan DD may be an important factor in chitosan immunoreactivity. The size of
chitosan particles also played an important role, with small particles eliciting the greatest
activity. Importantly, the research group removed endotoxins from chitosan and performed
experiments under conditions designed to minimise endotoxin contamination, ensuring
the observed results were not due to endotoxin contamination. Production of ROS must be
a key mechanistic feature of chitosan, given that it is implicated in both the c-GAS-STING
pathway and NLRP3 inflammasome activation. Using low-endotoxin chitosan (<500 EU/g),
Fong et al. showed that these pathways are mutually exclusive and dose-dependent, with
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low doses inducing a potent type 1 IFN response in macrophages without activation of the
inflammasome and vice versa at higher doses [108].

Figure 5. The pro-inflammatory and anti-inflammatory effects of chitosan. Chitosan has been shown
to activate mitochondrial disruption, allowing the release of mitochondrial DNA and the production
of ROS, leading to activation of the c-GAS-STING pathway and ultimately production of type I IFNs.
Chitosan has also been shown to promote the NLPP3 inflammasome through several mechanisms,
including potassium ion (K+) efflux, lysosomal destabilisation, and production of ROS, resulting
in activation of IL-1β. Also, cationic chitosan is prone to contamination by anionic endotoxins,
which can lead to activation of the LPS/TLR-4, also contributing to pro-inflammatory responses.
Alternatively, chitosan can also have anti-inflammatory effects in some cases by binding to nega-
tively charged LPS and reducing LPS-induced inflammation, as well as binding negatively charged
pro-inflammatory cytokines and reducing downstream pro-inflammatory signalling. Abbreviations:
AP-1, activator protein-1; cGAMP, cyclic AMP-GMP; cGAS, cyclic GMP-AMP synthase; IFN, inter-
feron; IL, interleukin; IRF3, interferon response factor 3; LPS, lipopolysaccharide; MyD88, myeloid
differentiation primary response protein 88; NF-κB, nuclear factor κB; ROS, reactive oxygen species;
STING, stimulator of interferon genes; TLR, toll-like receptor; TNF, tumour necrosis factor; TRIF,
TIR-domain containing adapter-inducing IFN-β. Created with BioRender.com. Chitosan structure
extracted from [16].

Turley and colleagues conducted a comprehensive study investigating the effect of
chitosan deacetylation and molecular weight on both the cGAS-STING and NLRP3 inflam-
masome pathways. They generated a panel of chitosan polymers with a range of DDs,
from 38% to 100% deacetylation. Only highly deacetylated chitosan polymers were able
to drive robust mitochondrial ROS production. To investigate the effect of acetyl group
distribution on this pathway, two chitosan polymers were generated with identical DDs
but alternative distribution of acetyl groups in which they were either clustered together
(heterogeneous) or evenly distributed (homogeneous). While homogenous chitosan poly-
mers failed to drive mitochondrial stress, heterogeneous chitosan significantly enhanced
ROS production. Similarly, the group found that highly deacetylated chitosan can promote
activation of the NLRP3 inflammasome in vitro in LPS- or CpG-primed DCs, measured by
enhanced secretion of IL-1β. Also, heterogenous polymers enhanced IL-1β release, whereas
homogenous polymers did not. Importantly, differences in molecular weight had no effect
on both mitochondrial stress and IL-1β release [109]. The observed results can partly be
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explained by the discussion in Section 4.1, which explained that chitosan is more likely to
interact with cell membranes if they are more positively charged (increased DD) and have
a heterogeneous distribution of acetyl groups. As cellular interactions precede downstream
signalling pathways, it follows that chitosan moieties with enhanced binding efficacy re-
sult in increased activation of these inflammatory pathways. Therefore, balance needs
to be achieved in DD to obtain chitosan with suitable solubility, without compromising
degradation or inducing immunoreactivity.

4.4. Anti-Inflammatory Effects of Chitosan

Although chitosan-induced inflammatory c-GAS-STING and inflammasome path-
ways both involve ROS production, chitosan has contradictorily been reported to have
antioxidant properties through scavenging free radicals and inhibiting oxidative dam-
age [110]. Rajoka et al. proposed a theory that unstable free radicals may react with the
hydroxyl group and amino groups at the C-2, C-3, and C-6 positions of the pyranose ring
to produce a stable macromolecule [32]. While antioxidants, including glutathione and
catalase levels, were depleted in LPS-induced sepsis, chitosan oligosaccharides were shown
to stabilise the redox imbalance [111]. Yoon et al. also found that chitosan oligosaccharides
had an antioxidant effect in glycerol-induced acute renal failure through the suppression of
glycerol-induced nitric oxide production in the proximal tubules and kidney tissue [112].
Hromis et al. observed that the antioxidant activity of chitosan with 98% DD was 78.5%,
while that of chitosan with 90% DD was only 51.5% [113]. While a decrease in deacetyla-
tion promotes cellular interactions and thus inflammatory pathways, it also enhances the
proportion of amino groups and ROS scavenging capacity. This suggests that the cellular
environment dictates whether chitosan adopts pro- or antioxidant activity.

Chitosan is also well renowned for its anti-inflammatory effects via suppression
of NF-κB activation. In vitro, chitosan inhibits LPS-induced inflammation through
downregulation NF-κB and reduction in the release of pro-inflammatory cytokines
in various cell types, including Caco-2 cells [114,115], endothelial cells [116], and
RAW 264.7 macrophages [117]. For example, Yoon et al. investigated the effect of chi-
tosan on LPS-stimulated RAW 264.7 cells and found that there was a dose-dependent
attenuation of LPS-induced production of TNF-α and IL-6 at both the protein and tran-
scriptional levels [118]. Chitosan has also been shown to have an anti-inflammatory effect
in several mouse models of inflammatory diseases, including inflammatory bowel dis-
ease [117], ulcerative colitis [119], and autoimmune uveoretinitis [120]. Qiao and colleagues
reported that chitosan oligosaccharides are protective against LPS-induced sepsis in mice.
Pro-inflammatory markers, including neutrophil infiltration in organs and TNF-α and
IL-1β in serum, were significantly reduced by chitosan oligosaccharide treatment [111].
The same research group unravelled the direct target and molecular mechanism of the
anti-inflammatory effect of chitosan oligosaccharide on LPS-stimulated cells. They showed
that chitosan oligosaccharides significantly inhibit binding of LPS to the TLR4/MD-2 re-
ceptor complex, attenuating LPS-induced signal transduction and ultimately decreasing
nuclear translocation of NF-κB [121]. Interestingly, Donaldson and colleagues showed
that photocrosslinkable gelatin hydrogels “mop up” TNF-α using a cell-free system. In
these experiments, recombinant human TNF-α was added to the tissue culture media and
incubated with hydrogels for 4 h, and supernatants were collected for cytokine analysis.
There was a significant reduction in TNF-α detected in hydrogel-coated wells compared to
untreated wells [122]. In an LPS-free study, Mohyuddin et al. demonstrated that chitosan
has a protective effect on immune function in heat-stressed mice. Heat stress led to an
increase in serum pro-inflammatory cytokines (IL-10, IL-6, and TNF-α) in mice; however,
oral administration of chitosan significantly decreased pro-inflammatory cytokine response
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compared with the heat stress control group on days 1, 7, and 14 of the experiment. The
results showed that chitosan has an excellent anti-inflammatory capability, which inhibits
the level of pro-inflammatory cytokines [123]. According to Messina and colleagues, the ma-
jority of pro-inflammatory cytokines are negatively charged. It can therefore be concluded
that chitosan’s anti-inflammatory effects are likely due to its interaction with negatively
charged LPS or cell-secreted pro-inflammatory cytokines (Figure 5).

Paradoxically, low molecular weight chitosan is reported to have immunostimulatory
activity. The Qu research group showed that low molecular weight chitosan (3 kDa and
50 kDa) elicited potent immunostimulatory responses in RAW264.7 macrophages co-treated
with LPS and chitosan by promoting the expression of genes and key molecules in the NF-
κB and AP-1 pathways, including IKKβ, TRAF6, and JNK1, in which there was a correlation
between decrease in molecular weight and potency of responses [124,125]. By investigating
a larger range of molecular weight chitosans, Chang et al. found that chitosan has dual
activity in the LPS-induced murine RAW 264.7 macrophage phenotype. Larger molecular
weight chitosan derivatives (156, 72 kDa) downregulated NF-κB activation, leading to
anti-inflammatory effects, including abrogating pro-inflammatory cytokine production and
decreasing nitric oxide production. On the other hand, low molecular weight chitosan
(7.1 kDa) upregulated components of the NF-κB activation and subsequently enhanced the
production of TNF-α, IL-6, and nitric oxide [126]. Similarly, Niu et al. found that chitosan
had anti-inflammatory activity and modulation of intestinal microflora in an ulcerative
colitis model, where higher molecular weight chitosan had a better therapeutic effect [127].
However, it is important to note that in this study, cells were pre-treated with dexametha-
sone, so the observed anti-inflammatory effects may not be due to chitosan exclusively.
Interestingly, the molecular weight of chitosan affects its complexation with LPS, resulting
in a differential reduction in toxicity. A counterintuitive observation was made by Davyoda
et al., who showed that chitosan with low molecular weight (20 kD) has a higher affinity
to LPS compared to chitosan with high molecular weight (140 kD). While low molecular
weight chitosan has flexible chains, high molecular weight chitosan has a rigid asymmetrical
structure. As a result, high molecular weight chitosan localises on the surface of endotoxin
aggregates and low molecular weight chitosan penetrates into the aggregates [128]. The
group also studied the effect of chitosan molecular weight on the ability of LPS to interact
with the neutrophils of human whole blood. Although chitosan-LPS complexes composed
of high molecular weight chitosan (110 kDa) reacted less with the cells, they were more
effective at inhibiting the pro-inflammatory cytokine-inducing activity of LPS compared
to low molecular weight chitosan (5 kDa). Furthermore, consistent with previous studies,
low molecular weight chitosan induced a twofold increase in TNF-α production relative
to high molecular weight chitosan [129]. By studying the supramolecular structures of
LPS-chitosan complexes formed with LPS from different bacterial sources (Escherichia coli
O55:B5 and Yersinia pseudotuberculosis 1B 598) using atomic force microscopy [130], the
group showed that the macromolecular organisation of endotoxins also affects chitosan–
endotoxin interactions. Together, these data suggest that the physiochemical properties of
chitosan and the presence of LPS—whether that be through LPS contamination of chitosan,
LPS present in an inflammatory cellular environment, or LPS added as a reagent in in vitro
studies—are key interplaying factors that affect chitosan’s immunomodulatory activity.
The properties chitosan should therefore be carefully considered and recorded in scientific
publications. Furthermore, endotoxin quantification and removal should be a prerequisite
when developing chitosan-based hydrogels for biomedical applications.
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Table 1. The effect of chitosan on DC phenotype.

DC Chitosan Negative
Control

Positive
Control HLA CD80/

CD86 CD83 Cytokines Migration T Cell
Proliferation Endotoxin (EU/mL) Reference

Human
moDC 400 kDa Untreated LPS-treated ↑ HLA-DQ ↑ NA NA NA NA 1.58 (chitosan disk) [53]

Murine
BM-DC 612 kDa Untreated LPS-treated NA ↑ ↑ — IL-12 NA NA

<0.1
(PBS incubated in

chitosan-coated well)
[126]

Human
moDC

324 kDa
DD 89% Untreated LPS-treated ↑ HLA-DRQ ↑ —

↑ TNF-α
↑ IL-1β
— IL-6

— IL-12
— IL-23

— TGF-β
↓ IL-10

— — N/A [99]

Human
moDC

400 kDa
DD ≥ 75% Untreated LPS-treated ↑ HLA-DR ↑ ↑ ↑ TNF-α

↑ IL-6 ↑ ↑ 0.0007
(chitosan film) [54]

Murine
BM-DC 612 kDa Untreated LPS-treated ↑ MHC II ↑ NA

— TNF
— IL-12
— IL-10
— IL-1β
— IL-6

NA — N/A [95]

Human
moDC DD > 85% Untreated

TNFα + IL-1β,
IL-6 + PGE2

treatment

—
HLA-DRQ — — NA NA NA

<0.6
(lyophilised

microparticles)
[100]

Murine
BM-DC

>150 kDa
DD 75–90% Untreated LPS-treated NA ↑ NA — IL-6

— IL-12p40 NA NA
≤0.1 (powder,
measured by

manufacturer)
[98]

The phenotypes of DCs treated with chitosan are shown by statistical significance compared with immature DCs, where a p value ≤ 0.05 is considered to be significant. ↑, significantly
higher; —, no significant difference; ↓, significantly lower. Abbreviations: BM, bone marrow-derived; DC, dendritic cell; DD, degree of deacetylation; EU, endotoxin unit; HLA, human
leukocyte antigen; IL, interleukin; LPS, lipopolysaccharide; MHC, major histocompatibility complex; kDa, kilodalton; MO, monocyte-derived; NA, not assessed; TGF, transforming
growth factor; TNF, tumour necrosis factor. Information from [53,54,95,98–100,126].
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5. Conclusions
In conclusion, chitosan is an extremely versatile material with inherent biological

and chemical properties, including biocompatibility, biodegradability, mucoadhesion, and
nontoxicity, making it useful for a wide range of biomedical applications. Depending on the
medical application, a pro- or anti-inflammatory response to chitosan may be desired. For
example, inflammatory adjuvant activity is preferred in vaccine therapy, whereas induction
of an inflammatory environment is undesirable in transplantation, as it may promote rejec-
tion. It is extremely concerning how divergent the literature is regarding the nature and
potency of immune responses initiated by chitosan. There are many variables in the experi-
mental design that may drastically influence the immunoreactivity of chitosan. Chitosan is
produced from chitin using different treatment regimens, leading to batch-to-batch vari-
ation in physiochemical properties, including molecular weight, polydispersity, and DD,
which drastically affect immune responses. At the same time, material datasheets currently
offered by manufacturers do not provide sufficient detail that would clarify variations at the
desired level. It is important to note that the cellular models used (e.g., cell type, primary
or cell line, murine or human origin) may also influence the immune response to chitosan.
As chitosan is a naturally derived polymer, it may contain contaminants, including heavy
metals and endotoxins. Endotoxin contamination is a particular concern for chitosan, as
the cationic nature of the polymer promotes its interaction with the negatively charged
phosphate groups in LPS. Endotoxin contamination is a majorly overlooked issue in the
field of biomaterials, with many researchers omitting endotoxin quantification from their
studies. Furthermore, there is no standardised method to measure endotoxins in chitosan,
with some studies using solution and others using the media incubated with hydrogels,
leading to discrepancies in results. Overall, both differences in physiochemical properties
and endotoxin contamination have ultimately led to divergent opinions as to whether
chitosan is a pro-inflammatory or anti-inflammatory polymer. It is likely that the immune
response induced by chitosan is also dictated by environmental conditions. When chitosan
is administered to an inflammatory environment, it is possible that chitosan preferentially
binds to LPS or pro-inflammatory cytokines due to strong electrostatic attraction, ultimately
preventing downstream pro-inflammatory pathways. On the other hand, when immune
cells are treated with chitosan in homeostatic conditions, chitosan can interact with innate
immune cells through various PRRs, resulting in their activation. Overall, to advance
research efforts, facilitate the clinical translation of chitosan, and avoid confusion arising
from data interpretation, it is imperative that chitosan sources provide a comprehensive cer-
tificate of analysis and that research articles disclose the properties and endotoxin content
of the chitosan used.

Funding: This research was supported by UK Engineering and Physical Sciences Research Council
Doctoral Training Partnership (EPSRC DTP) scholarship (project reference 2442338). The APC was
funded by MDPI.

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

References
1. Ibrahim, H.M.; Zairy, E.M.R.E. Concepts, Compounds and the Alternatives of Antibacterials; IntechOpen Limited: London, UK, 2015.
2. Elieh-Ali-Komi, D.; Hamblin, M.R. Chitin and Chitosan: Production and Application of Versatile Biomedical Nanomaterials. Int.

J. Adv. Res. 2016, 4, 411–427.
3. Desai, K.G.H.; Park, H.J. Preparation of cross-linked chitosan microspheres by spray drying: Effect of cross-linking agent on the

properties of spray dried microspheres. J. Microencapsul. 2005, 22, 377–395. [CrossRef] [PubMed]
4. Zhan, J.; Lu, J.; Wang, D. Review of shell waste reutilization to promote sustainable shellfish aquaculture. Rev. Aquac. 2022, 14,

477–488. [CrossRef]
5. Kumar, M.N.V.R. A review of chitin and chitosan applications. React. Funct. Polym. 2000, 46, 1–27. [CrossRef]

https://doi.org/10.1080/02652040500100139
https://www.ncbi.nlm.nih.gov/pubmed/16214786
https://doi.org/10.1111/raq.12610
https://doi.org/10.1016/S1381-5148(00)00038-9


Polymers 2025, 17, 19 17 of 21

6. Duan, B.; Huang, Y.; Lu, A.; Zhang, L. Recent advances in chitin based materials constructed via physical methods. Prog. Polym.
Sci. 2018, 82, 1–33. [CrossRef]

7. Islam, S.; Bhuiyan, M.A.R.; Islam, M.N. Chitin and Chitosan: Structure. Properties and Applications in Biomedical Engineering. J.
Polym. Environ. 2017, 25, 854–866. [CrossRef]

8. Bose, I.; Singh, R.; Negi, P.; Singh, Y. Chitin as bio-based nanomaterial in packaging: A review. Mater. Today Proc. 2021, 46,
11254–11257. [CrossRef]

9. Desai, N.; Rana, D.; Salave, S.; Gupta, R.; Patel, P.; Karunakaran, B.; Sharma, A.; Giri, J.; Benival, D.; Kommineni, N. Chitosan: A
Potential Biopolymer in Drug Delivery and Biomedical Applications. Pharmaceutics 2023, 15, 1313. [CrossRef]

10. Chen, X.; Yang, H.; Zhong, Z.; Yan, N. Base-catalysed, one-step mechanochemical conversion of chitin and shrimp shells into low
molecular weight chitosan. Green Chem. 2017, 19, 2783–2792.

11. Kou, S.G.; Peters, L.; Mucalo, M. Chitosan: A review of molecular structure. bioactivities and interactions with the human body
and micro-organisms. Carbohydr. Polym. 2022, 282, 119132. [CrossRef]

12. Rodrigues, S.; Dionísio, M.; López, C.R.; Grenha, A. Biocompatibility of Chitosan Carriers with Application in Drug Delivery. J.
Funct. Biomater. 2012, 3, 615–641. [CrossRef] [PubMed]

13. Hsu, S.; Whu, S.W.; Tsai, C.-L.; Wu, Y.-H.; Chen, H.-W.; Hsieh, K.-H. Chitosan as Scaffold Materials: Effects of Molecular Weight
and Degree of Deacetylation. J. Polym. Res. 2004, 11, 141–147. [CrossRef]

14. Zhuang, C.; Zhong, Y.; Zhao, Y. Effect of deacetylation degree on properties of Chitosan films using electrostatic spraying
technique. Food Control 2019, 97, 25–31. [CrossRef]

15. Wang, W.; Meng, Q.; Li, Q.; Liu, J.; Zhou, M.; Jin, Z.; Zhao, K. Chitosan Derivatives and Their Application in Biomedicine. Int. J.
Mol. Sci. 2020, 21, 487. [CrossRef]

16. Wang, S.-T.; Tsai, C.-C.; Shih, M.-C.; Tsai, M.-L. Chitosan for Biomaterials III. Adv. Polym. Sci. 2021, 287, 169–202. [CrossRef]
17. Pandit, A.; Indurkar, A.; Deshpande, C.; Jain, R.; Dandekar, P. A systematic review of physical techniques for chitosan degradation.

Carbohydr. Polym. Technol. Appl. 2021, 2, 100033. [CrossRef]
18. Brouwer, J.; van Leeuwen-Herberts, T.; van de Ruit, M.O. Determination of lysozyme in serum, urine, cerebrospinal fluid and

feces by enzyme immunoassay. Clin. Chim. Acta 1984, 142, 21–30. [CrossRef]
19. Ellison, R.T.; Giehl, T.J. Killing of gram-negative bacteria by lactoferrin and lysozyme. J. Clin. Investig. 1991, 88, 1080–1091.

[CrossRef]
20. Oliver, W.T.; Wells, J.E. Lysozyme as an alternative to growth promoting antibiotics in swine production. J. Anim. Sci. Biotechnol.

2015, 6, 35. [CrossRef]
21. Kristiansen, A.; Varum, K.M.; Grasdalen, H. The interactions between highly de-N-acetylated chitosans and lysozyme from

chicken egg white studied by 1H-NMR spectroscopy. Eur. J. Biochem. 1998, 251, 335–342. [CrossRef]
22. Berger, L.R.; Weiser, R.S. The β-glucosaminidase activity of egg-white lysozyme. Biochim. Biophys. Acta 1957, 26, 517–521.

[CrossRef] [PubMed]
23. Nordtveit, R.J.; Vårum, K.M.; Smidsrød, O. Degradation of fully water-soluble. partially N-acetylated chitosans with lysozyme.

Carbohydr. Polym. 1994, 23, 253–260. [CrossRef]
24. Thein-Han, W.W.; Kitiyanant, Y. Chitosan scaffolds for in vitro buffalo embryonic stem-like cell culture: An approach to tissue

engineering. J. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 80B, 92–101. [CrossRef] [PubMed]
25. Ren, D.; Yi, H.; Wang, W.; Ma, X. The enzymatic degradation and swelling properties of chitosan matrices with different degrees

of N-acetylation. Carbohydr. Res. 2005, 340, 2403–2410. [CrossRef]
26. Dmour, I.; Islam, N. Recent advances on chitosan as an adjuvant for vaccine delivery. Int. J. Biol. Macromol. 2022, 200, 498–519.

[CrossRef]
27. Aranaz, I.; Alcántara, A.R.; Civera, M.C.; Arias, C.; Elorza, B.; Caballero, A.H.; Acosta, N. Chitosan: An Overview of Its Properties

and Applications. Polymers 2021, 13, 3256. [CrossRef]
28. Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug Deliv. Rev. 2010,

62, 83–99. [CrossRef]
29. Du, H.; Liu, M.; Yang, X.; Zhai, G. The design of pH-sensitive chitosan-based formulations for gastrointestinal delivery. Drug

Discov. Today 2015, 20, 1004–1011. [CrossRef]
30. Gong, X.; Gao, Y.; Shu, J.; Zhang, C.; Zhao, K. Chitosan-Based Nanomaterial as Immune Adjuvant and Delivery Carrier for

Vaccines. Vaccines 2022, 10, 1906. [CrossRef]
31. Liu, H.; Wang, C.; Li, C.; Qin, Y.; Wang, Z.; Yang, F.; Li, Z.; Wang, J. A functional chitosan-based hydrogel as a wound dressing

and drug delivery system in the treatment of wound healing. RSC Adv. 2018, 8, 7533–7549. [CrossRef]
32. Rajoka, M.S.R.; Zhao, L.; Mehwish, H.M.; Wu, Y.; Mahmood, S. Chitosan and its derivatives: Synthesis, biotechnological

applications, and future challenges. Appl. Microbiol. Biotechnol. 2019, 103, 1557–1571. [CrossRef] [PubMed]
33. Roy, B.K.; Tahmid, I.; Rashid, T.U. Engineering Materials for Stem Cell Regeneration; Springer: Berlin/Heidelberg, Germany, 2021;

pp. 519–571.

https://doi.org/10.1016/j.progpolymsci.2018.04.001
https://doi.org/10.1007/s10924-016-0865-5
https://doi.org/10.1016/j.matpr.2021.02.656
https://doi.org/10.3390/pharmaceutics15041313
https://doi.org/10.1016/j.carbpol.2022.119132
https://doi.org/10.3390/jfb3030615
https://www.ncbi.nlm.nih.gov/pubmed/24955636
https://doi.org/10.1023/B:JPOL.0000031080.70010.0b
https://doi.org/10.1016/j.foodcont.2018.10.014
https://doi.org/10.3390/ijms21020487
https://doi.org/10.1007/12_2021_90
https://doi.org/10.1016/j.carpta.2021.100033
https://doi.org/10.1016/0009-8981(84)90097-4
https://doi.org/10.1172/JCI115407
https://doi.org/10.1186/s40104-015-0034-z
https://doi.org/10.1046/j.1432-1327.1998.2510335.x
https://doi.org/10.1016/0006-3002(57)90098-7
https://www.ncbi.nlm.nih.gov/pubmed/13499409
https://doi.org/10.1016/0144-8617(94)90187-2
https://doi.org/10.1002/jbm.b.30573
https://www.ncbi.nlm.nih.gov/pubmed/16767733
https://doi.org/10.1016/j.carres.2005.07.022
https://doi.org/10.1016/j.ijbiomac.2021.12.129
https://doi.org/10.3390/polym13193256
https://doi.org/10.1016/j.addr.2009.07.019
https://doi.org/10.1016/j.drudis.2015.03.002
https://doi.org/10.3390/vaccines10111906
https://doi.org/10.1039/C7RA13510F
https://doi.org/10.1007/s00253-018-9550-z
https://www.ncbi.nlm.nih.gov/pubmed/30607489


Polymers 2025, 17, 19 18 of 21

34. Vukajlovic, D.; Parker, J.; Bretcanu, O.; Novakovic, K. Chitosan based polymer/bioglass composites for tissue engineering
applications. Mater. Sci. Eng. C 2019, 96, 955–967. [CrossRef] [PubMed]

35. Williams, D.F. On the nature of biomaterials. Biomaterials 2009, 30, 5897–5909. [CrossRef]
36. Mollen, K.P.; Anand, R.J.; Tsung, A.; Prince, J.M.; Levy, R.M.; Billiar, T.R. Emerging Paradigm. Shock 2006, 26, 430–437. [CrossRef]
37. Babensee, J.E. Interaction of dendritic cells with biomaterials. Semin. Immunol. 2008, 20, 101–108. [CrossRef]
38. Steinman, R.M.; Cohn, Z.A. Identification of a novel cell type in peripheral lymphoid organs of mice. J. Exp. Med. 1973, 137,

1142–1162. [CrossRef]
39. Tan, J.K.H.; O’Neill, H.C. Maturation requirements for dendritic cells in T cell stimulation leading to tolerance versus immunity. J.

Leukoc. Biol. 2005, 78, 319–324. [CrossRef]
40. Hilkens, C.M.U.; Isaacs, J.D.; Thomson, A.W. Development of Dendritic Cell-Based Immunotherapy for Autoimmunity. Int. Rev.

Immunol. 2010, 29, 156–183. [CrossRef]
41. Hilkens, C.M.U.; Isaacs, J.D. Tolerogenic dendritic cell therapy for rheumatoid arthritis: Where are we now? Clin. Exp. Immunol.

2012, 172, 148–157. [CrossRef]
42. Nace, G.; Evankovich, J.; Eid, R.; Tsung, A. Dendritic Cells and Damage-Associated Molecular Patterns: Endogenous Danger

Signals Linking Innate and Adaptive Immunity. J. Innate Immun. 2011, 4, 6–15. [CrossRef]
43. Gutcher, I.; Becher, B. APC-derived cytokines and T cell polarization in autoimmune inflammation. J. Clin. Investig. 2007, 117,

1119–1127. [CrossRef] [PubMed]
44. Mariani, E.; Lisignoli, G.; Borzì, R.M.; Pulsatelli, L. Biomaterials: Foreign Bodies or Tuners for the Immune Response? Int. J. Mol.

Sci. 2019, 20, 636. [CrossRef] [PubMed]
45. Franz, S.; Rammelt, S.; Scharnweber, D.; Simon, J.C. Immune responses to implants—A review of the implications for the design

of immunomodulatory biomaterials. Biomaterials 2011, 32, 6692–6709. [CrossRef]
46. Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign body reaction to biomaterials. Semin. Immunol. 2008, 20, 86–100. [CrossRef]
47. Christo, S.N.; Diener, K.R.; Bachhuka, A.; Vasilev, K.; Hayball, J.D. Innate Immunity and Biomaterials at the Nexus: Friends or

Foes. BioMed Res. Int. 2015, 2015, 342304. [CrossRef]
48. Mahmoudi, M.; Landry, M.P.; Moore, A.; Coreas, R. The protein corona from nanomedicine to environmental science. Nat.

Reviews. Mater. 2023, 8, 1–17. [CrossRef]
49. Shankar, S.P.; Petrie, T.A.; García, A.J.; Babensee, J.E. Dendritic cell responses to self-assembled monolayers of defined chemistries.

J. Biomed. Mater. Res. Part A 2010, 92A, 1487–1499. [CrossRef]
50. Kou, P.M.; Pallassana, N.; Bowden, R.; Cunningham, B.; Joy, A.; Kohn, J.; Babensee, J.E. Predicting biomaterial property-dendritic

cell phenotype relationships from the multivariate analysis of responses to polymethacrylates. Biomaterials 2012, 33, 1699–1713.
[CrossRef]

51. Kou, P.M.; Schwartz, Z.; Boyan, B.D.; Babensee, J.E. Dendritic cell responses to surface properties of clinical titanium surfaces.
Acta Biomater. 2011, 7, 1354–1363. [CrossRef]

52. Liu, Y.; Yin, Y.; Wang, L.; Zhang, W.; Chen, X.; Yang, X.; Xu, J.; Ma, G. Surface hydrophobicity of microparticles modulates
adjuvanticity. J. Mater. Chem. B 2013, 1, 3888–3896. [CrossRef]

53. Babensee, J.E.; Paranjpe, A. Differential levels of dendritic cell maturation on different biomaterials used in combination products.
J. Biomed. Mater. Res. Part A 2005, 74A, 503–510. [CrossRef] [PubMed]

54. Park, J.; Babensee, J.E. Differential functional effects of biomaterials on dendritic cell maturation. Acta Biomater. 2012, 8, 3606–3617.
[CrossRef] [PubMed]

55. Eslami-Kaliji, F.; Sarafbidabad, M.; Rajadas, J.; Mohammadi, M.R. Dendritic Cells as Targets for Biomaterial-Based Immunomodu-
lation. ACS Biomater. Sci. Eng. 2020, 6, 2726–2739. [CrossRef]

56. Foged, C.; Brodin, B.; Frokjaer, S.; Sundblad, A. Particle size and surface charge affect particle uptake by human dendritic cells in
an in vitro model. Int. J. Pharm. 2005, 298, 315–322. [CrossRef]

57. Arigita, C.; Bevaart, L.; Everse, L.A.; Koning, G.A.; Hennink, W.E.; Crommelin, D.J.A.; van de Winkel, J.G.J.; van Vugt, M.J.;
Kersten, G.F.A.; Jiskoot, W. Liposomal Meningococcal B Vaccination: Role of Dendritic Cell Targeting in the Development of a
Protective Immune Response. Infect. Immun. 2003, 71, 5210–5218. [CrossRef]

58. Ma, Y.; Zhuang, Y.; Xie, X.; Wang, C.; Wang, F.; Zhou, D.; Zeng, J.; Cai, L. The role of surface charge density in cationic
liposome-promoted dendritic cell maturation and vaccine-induced immune responses. Nanoscale 2011, 3, 2307–2314. [CrossRef]

59. Dries, K.v.D.; van Helden, S.F.G.; Riet, J.T.; Diez-Ahedo, R.; Manzo, C.; Oud, M.M.; van Leeuwen, F.N.; Brock, R.; Garcia-Parajo,
M.F.; Cambi, A.; et al. Geometry sensing by dendritic cells dictates spatial organization and PGE2-induced dissolution of
podosomes. Cell. Mol. Life Sci. 2012, 69, 1889–1901. [CrossRef]

60. Daneshmandi, S.; Dibazar, S.P.; Fateh, S. Effects of 3-dimensional culture conditions (collagen-chitosan nano-scaffolds) on
maturation of dendritic cells and their capacity to interact with T-lymphocytes. J. Immunotoxicol. 2016, 13, 235–242. [CrossRef]

61. Sapudom, J.; Alatoom, A.; Mohamed, W.K.E.; Garcia-Sabaté, A.; McBain, I.; Nasser, R.A.; Teo, J.C.M. Dendritic cell immune
potency on 2D and in 3D collagen matrices. Biomater. Sci. 2020, 8, 5106–5120. [CrossRef]

https://doi.org/10.1016/j.msec.2018.12.026
https://www.ncbi.nlm.nih.gov/pubmed/30606607
https://doi.org/10.1016/j.biomaterials.2009.07.027
https://doi.org/10.1097/01.shk.0000228797.41044.08
https://doi.org/10.1016/j.smim.2007.10.013
https://doi.org/10.1084/jem.137.5.1142
https://doi.org/10.1189/jlb.1104664
https://doi.org/10.3109/08830180903281193
https://doi.org/10.1111/cei.12038
https://doi.org/10.1159/000334245
https://doi.org/10.1172/JCI31720
https://www.ncbi.nlm.nih.gov/pubmed/17476341
https://doi.org/10.3390/ijms20030636
https://www.ncbi.nlm.nih.gov/pubmed/30717232
https://doi.org/10.1016/j.biomaterials.2011.05.078
https://doi.org/10.1016/j.smim.2007.11.004
https://doi.org/10.1155/2015/342304
https://doi.org/10.1038/s41578-023-00552-2
https://doi.org/10.1002/jbm.a.32487
https://doi.org/10.1016/j.biomaterials.2011.10.066
https://doi.org/10.1016/j.actbio.2010.10.020
https://doi.org/10.1039/c3tb20383b
https://doi.org/10.1002/jbm.a.30429
https://www.ncbi.nlm.nih.gov/pubmed/16158496
https://doi.org/10.1016/j.actbio.2012.06.006
https://www.ncbi.nlm.nih.gov/pubmed/22705044
https://doi.org/10.1021/acsbiomaterials.9b01987
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1128/IAI.71.9.5210-5218.2003
https://doi.org/10.1039/c1nr10166h
https://doi.org/10.1007/s00018-011-0908-y
https://doi.org/10.3109/1547691X.2015.1045636
https://doi.org/10.1039/D0BM01141J


Polymers 2025, 17, 19 19 of 21

62. Zheng, X.; Zhou, F.; Gu, Y.; Duan, X.; Mo, A. Effect of Different Titanium Surfaces on Maturation of Murine Bone Marrow-Derived
Dendritic Cells. Sci. Rep. 2017, 7, 41945. [CrossRef]

63. Gorbet, M.B.; Sefton, M.V. Endotoxin: The uninvited guest. Biomaterials 2005, 26, 6811–6817. [CrossRef] [PubMed]
64. Magalhães, P.O.; Lopes, A.M.; Mazzola, P.G.; Rangel-Yagui, C.; Penna, T.C.V.; Pessoa, A. Methods of endotoxin removal from

biological preparations: A review. J. Pharm. Pharm. Sci. 2007, 10, 388–404. [PubMed]
65. Heinrich, M.A.; Mangia, M.; Prakash, J. Impact of endotoxins on bioengineered tissues and models. Trends Biotechnol. 2022, 40,

532–534. [CrossRef] [PubMed]
66. Sampath, V. Bacterial endotoxin-lipopolysaccharide; structure, function and its role in immunity in vertebrates and invertebrates.

Agric. Nat. Resour. 2018, 52, 115–120. [CrossRef]
67. Wright, S.D.; Tobias, P.S.; Ulevitch, R.J.; Ramos, R.A. Lipopolysaccharide (LPS) binding protein opsonizes LPS-bearing particles

for recognition by a novel receptor on macrophages. J. Exp. Med. 1989, 170, 1231–1241. [CrossRef]
68. Wright, S.D.; Ramos, R.A.; Tobias, P.S.; Ulevitch, R.J.; Mathison, J.C. CD14, a Receptor for Complexes of Lipopolysaccharide (LPS)

and LPS Binding Protein. Science 1990, 249, 1431–1433. [CrossRef]
69. Yu, B.; Wright, S.D. Catalytic Properties of Lipopolysaccharide (LPS) Binding Protein. Transfer of LPS to soluble CD14 (*). J. Biol.

Chem. 1996, 271, 4100–4105. [CrossRef]
70. Ryu, J.-K.; Kim, S.J.; Rah, S.-H.; Kang, J.I.; Jung, H.E.; Lee, D.; Lee, H.K.; Lee, J.-O.; Park, B.S.; Yoon, T.-Y.; et al. Reconstruction

of LPS Transfer Cascade Reveals Structural Determinants within LBP, CD14, and TLR4-MD2 for Efficient LPS Recognition and
Transfer. Immunity 2017, 46, 38–50. [CrossRef]

71. Lu, Y.-C.; Yeh, W.-C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [CrossRef]
72. Kim, H.-J.; Kim, H.; Lee, J.-H.; Hwangbo, C. Toll-like receptor 4 (TLR4): New insight immune and aging. Immun. Ageing 2023, 20,

67. [CrossRef]
73. Salthouse, D.; Novakovic, K.; Hilkens, C.M.U.; Ferreira, A.M. Interplay between biomaterials and the immune system: Challenges

and opportunities in regenerative medicine. Acta Biomater. 2023, 155, 1–18. [CrossRef] [PubMed]
74. FDA. Guidance for Industry: Pyrogen and Endotoxins Testing: Questions and Answers. 2012. Available on-

line: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-
endotoxins-testing-questions-and-answers (accessed on 10 January 2023).

75. Schwarz, H.; Schmittner, M.; Duschl, A.; Horejs-Hoeck, J. Residual Endotoxin Contaminations in Recombinant Proteins Are
Sufficient to Activate Human CD1c+ Dendritic Cells. PLoS ONE 2014, 9, e113840. [CrossRef] [PubMed]

76. Reay, S.L.; Jackson, E.L.; Salthouse, D.; Ferreira, A.M.; Hilkens, C.M.U.; Novakovic, K. Effective Endotoxin Removal from Chitosan
That Preserves Chemical Structure and Improves Compatibility with Immune Cells. Polymers 2023, 15, 1592. [CrossRef] [PubMed]

77. Salthouse, D.; Goulding, P.D.; Reay, S.L.; Jackson, E.L.; Xu, C.; Ahmed, R.; Mearns-Spragg, A.; Novakovic, K.; Hilkens, C.M.U.;
Ferreira, A.M. Amine-reactive crosslinking enhances type 0 collagen hydrogel properties for regenerative medicine. Front. Bioeng.
Biotechnol. 2024, 12, 1391728. [CrossRef]

78. Harm, S.; Schildböck, C.; Strobl, K.; Hartmann, J. An in vitro study on factors affecting endotoxin neutralization in human plasma
using the Limulus amebocyte lysate test. Sci. Rep. 2021, 11, 4192. [CrossRef]

79. Merck. Cell Culture FAQs: Bacterial Endotoxin Contamination. 2022. Available online: https://www.sigmaaldrich.com/GB/
en/technical-documents/technical-article/microbiological-testing/pyrogen-testing/what-is-endotoxin (accessed on 10 Jan-
uary 2023).

80. Ongkudon, C.M.; Chew, J.H.; Liu, B.; Danquah, M.K. Chromatographic Removal of Endotoxins: A Bioprocess Engineer’s
Perspective. ISRN Chromatogr. 2012, 2012, 1–9. [CrossRef]

81. Lebre, F.; Lavelle, E.C.; Borges, O. Easy and effective method to generate endotoxin-free chitosan particles for immunotoxicology
and immunopharmacology studies. J. Pharm. Pharmacol. 2019, 71, 920–928. [CrossRef]

82. Novikov, V.Y.; Derkach, S.R.; Konovalova, I.N.; Dolgopyatova, N.V.; Kuchina, Y.A. Mechanism of Heterogeneous Alkaline
Deacetylation of Chitin: A Review. Polymers 2023, 15, 1729. [CrossRef]

83. Chieppa, M.; Bianchi, G.; Doni, A.; Prete, A.D.; Sironi, M.; Laskarin, G.; Monti, P.; Piemonti, L.; Biondi, A.; Mantovani,
A.; et al. Cross-Linking of the Mannose Receptor on Monocyte-Derived Dendritic Cells Activates an Anti-Inflammatory
Immunosuppressive Program. J. Immunol. 2003, 171, 4552–4560. [CrossRef]

84. Salter, R.D.; Dong, X. Part II: Dendritic cell biology. In Dendritic Cells, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2001;
pp. 151–163.

85. Sallusto, F.; Cella, M.; Danieli, C.; Lanzavecchia, A. Dendritic cells use macropinocytosis and the mannose receptor to concentrate
macromolecules in the major histocompatibility complex class II compartment: Downregulation by cytokines and bacterial
products. J. Exp. Med. 1995, 182, 389–400. [CrossRef]

86. Feng, H.; Yang, X.; Zhang, L.; Liu, Q.; Feng, Y.; Wu, D.; Liu, Y.; Yang, J. Mannose-Modified Chitosan Poly(lactic-co-glycolic acid)
Microspheres Act as a Mannose Receptor-Mediated Delivery System Enhancing the Immune Response. Polymers 2021, 13, 2208.
[CrossRef] [PubMed]

https://doi.org/10.1038/srep41945
https://doi.org/10.1016/j.biomaterials.2005.04.063
https://www.ncbi.nlm.nih.gov/pubmed/16019062
https://www.ncbi.nlm.nih.gov/pubmed/17727802
https://doi.org/10.1016/j.tibtech.2021.12.001
https://www.ncbi.nlm.nih.gov/pubmed/34953616
https://doi.org/10.1016/j.anres.2018.08.002
https://doi.org/10.1084/jem.170.4.1231
https://doi.org/10.1126/science.1698311
https://doi.org/10.1074/jbc.271.8.4100
https://doi.org/10.1016/j.immuni.2016.11.007
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1186/s12979-023-00383-3
https://doi.org/10.1016/j.actbio.2022.11.003
https://www.ncbi.nlm.nih.gov/pubmed/36356914
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-endotoxins-testing-questions-and-answers
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-pyrogen-and-endotoxins-testing-questions-and-answers
https://doi.org/10.1371/journal.pone.0113840
https://www.ncbi.nlm.nih.gov/pubmed/25478795
https://doi.org/10.3390/polym15071592
https://www.ncbi.nlm.nih.gov/pubmed/37050208
https://doi.org/10.3389/fbioe.2024.1391728
https://doi.org/10.1038/s41598-021-83487-4
https://www.sigmaaldrich.com/GB/en/technical-documents/technical-article/microbiological-testing/pyrogen-testing/what-is-endotoxin
https://www.sigmaaldrich.com/GB/en/technical-documents/technical-article/microbiological-testing/pyrogen-testing/what-is-endotoxin
https://doi.org/10.5402/2012/649746
https://doi.org/10.1111/jphp.13082
https://doi.org/10.3390/polym15071729
https://doi.org/10.4049/jimmunol.171.9.4552
https://doi.org/10.1084/jem.182.2.389
https://doi.org/10.3390/polym13132208
https://www.ncbi.nlm.nih.gov/pubmed/34279352


Polymers 2025, 17, 19 20 of 21

87. Pawde, D.M.; Viswanadh, M.K.; Mehata, A.K.; Sonkar, R.; Narendra Poddar, S.; Burande, A.S.; Jha, A.; Vajanthri, K.Y.; Mahto,
S.K.; Dustakeer, V.N.A.; et al. Mannose receptor targeted bioadhesive chitosan nanoparticles of clofazimine for effective therapy
of tuberculosis. Saudi Pharm. J. 2020, 28, 1616–1625. [CrossRef] [PubMed]

88. Gazi, U.; Martinez-Pomares, L. Influence of the mannose receptor in host immune responses. Immunobiology 2009, 214, 554–561.
[CrossRef] [PubMed]

89. Fuchs, K.; Gloria, Y.C.; Wolz, O.; Herster, F.; Sharma, L.; Dillen, C.A.; Täumer, C.; Dickhöfer, S.; Bittner, Z.; Dang, T.; et al. The
fungal ligand chitin directly binds TLR2 and triggers inflammation dependent on oligomer size. EMBO Rep. 2018, 19, e201846065.
[CrossRef]

90. Silva, C.A.D.; Chalouni, C.; Williams, A.; Hartl, D.; Lee, C.G.; Elias, J.A. Chitin Is a Size-Dependent Regulator of Macrophage TNF
and IL-10 Production. J. Immunol. 2009, 182, 3573–3582. [CrossRef]

91. Hatase, R.; Li, Q.; Hatakeyama, M.; Kitaoka, T. Direct activation of Toll-like receptor 2 signaling stimulated by contact with the
interfacial structures of chitin nanofibers. Int. J. Biol. Macromol. 2025, 284 Pt 2, 138092. [CrossRef]

92. Oliveira-Nascimento, L.; Massari, P.; Wetzler, L.M. The Role of TLR2 in Infection and Immunity. Front. Immunol. 2012, 3, 79.
[CrossRef]

93. Koller, B.; Müller-Wiefel, A.S.; Rupec, R.; Korting, H.C.; Ruzicka, T. Chitin Modulates Innate Immune Responses of Keratinocytes.
PLoS ONE 2011, 6, e16594. [CrossRef]

94. Zhang, P.; Liu, W.; Peng, Y.; Han, B.; Yang, Y. Toll like receptor 4 (TLR4) mediates the stimulating activities of chitosan
oligosaccharide on macrophages. Int. Immunopharmacol. 2014, 23, 254–261. [CrossRef]

95. Villiers, C.; Chevallet, M.; Diemer, H.; Couderc, R.; Freitas, H.; Dorsselaer, A.V.; Marche, P.N.; Rabilloud, T. From secretome
analysis to immunology: Chitosan induces major alterations in the activation of dendritic cells via a TLR4-dependent mechanism.
Mol. Cell. Proteom. 2009, 8, 1252–1264. [CrossRef]

96. Ren, A.; Li, Z.; Zhang, X.; Deng, R.; Ma, Y. Inhibition of Dectin-1 on Dendritic Cells Prevents Maturation and Prolongs Murine
Islet Allograft Survival. J. Inflamm. Res. 2021, 14, 63–73. [CrossRef] [PubMed]

97. Moran, H.B.T.; Turley, J.L.; Andersson, M.; Lavelle, E.C. Immunomodulatory properties of chitosan polymers. Biomaterials 2018,
184, 1–9. [CrossRef] [PubMed]

98. Oliveira, M.I.; Santos, S.; Oliveira, M.J.; Torres, A.; Barbosa, M. Chitosan drives anti-inflammatory macrophage polarisation and
pro-inflammatory dendritic cell stimulation. Eur. Cells Mater. 2012, 24, 136–153. [CrossRef] [PubMed]

99. Wischke, C.; Borchert, H.-H.; Zimmermann, J.; Siebenbrodt, I.; Lorenzen, D.R. Stable cationic microparticles for enhanced model
antigen delivery to dendritic cells. J. Control. Release 2006, 114, 359–368. [CrossRef]

100. Carroll, E.C.; Jin, L.; Mori, A.; Muñoz-Wolf, N.; Oleszycka, E.; Moran, H.B.T.; Mansouri, S.; McEntee, C.P.; Lambe, E.; Agger, E.M.;
et al. The Vaccine Adjuvant Chitosan Promotes Cellular Immunity via DNA Sensor cGAS-STING-Dependent Induction of Type I
Interferons. Immunity 2015, 44, 597–608. [CrossRef]

101. Ravindranathan, S.; Koppolu, B.P.; Smith, S.G.; Zaharoff, D.A. Effect of Chitosan Properties on Immunoreactivity. Mar. Drugs
2016, 14, 91. [CrossRef]

102. Riteau, N.; Sher, A. Chitosan: An Adjuvant with an Unanticipated STING. Immunity 2016, 44, 522–524. [CrossRef]
103. Li, M.; Wen, X.; Liu, X.; Wang, Y.; Yan, L. LPS-Induced Activation of the cGAS-STING Pathway is Regulated by Mitochondrial

Dysfunction and Mitochondrial DNA Leakage in Endometritis. J. Inflamm. Res. 2022, 15, 5707–5720. [CrossRef]
104. Cao, Y.; Chen, X.; Zhu, Z.; Luo, Z.; Hao, Y.; Yang, X.; Feng, J.; Zhang, Z.; Hu, J.; Jian, Y.; et al. STING contributes to

lipopolysaccharide-induced tubular cell inflammation and pyroptosis by activating endoplasmic reticulum stress in acute
kidney injury. Cell Death Dis. 2024, 15, 217. [CrossRef]

105. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of Activation and Regulation.
Int. J. Mol. Sci. 2019, 20, 3328. [CrossRef]

106. Schroder, K.; Sagulenko, V.; Zamoshnikova, A.; Richards, A.A.; Cridland, J.A.; Irvine, K.M.; Stacey, K.J.; Sweet, M.J. Acute
lipopolysaccharide priming boosts inflammasome activation independently of inflammasome sensor induction. Immunobiology
2012, 217, 1325–1329. [CrossRef] [PubMed]

107. Bueter, C.L.; Lee, C.K.; Rathinam, V.A.K.; Healy, G.J.; Taron, C.H.; Specht, C.A.; Levitz, S.M. Chitosan but Not Chitin Activates the
Inflammasome by a Mechanism Dependent upon Phagocytosis. J. Biol. Chem. 2011, 286, 35447–35455. [CrossRef] [PubMed]

108. Fong, D.; Grégoire-Gélinas, P.; Cheng, A.P.; Mezheritsky, T.; Lavertu, M.; Sato, S.; Hoemann, C.D. Lysosomal rupture induced by
structurally distinct chitosans either promotes a type 1 IFN response or activates the inflammasome in macrophages. Biomaterials
2017, 129, 127–138. [CrossRef] [PubMed]

109. Turley, J.L.; Moran, H.B.T.; McEntee, C.P.; O’Grady, K.; Muñoz-Wolf, N.; Jin, L.; Follmann, F.; Andersen, P.; Andersson, M.; Lavelle,
E.C. Chitin-derived polymer deacetylation regulates mitochondrial reactive oxygen species dependent cGAS-STING and NLRP3
inflammasome activation. Biomaterials 2021, 275, 120961. [CrossRef]

110. Muthu, M.; Gopal, J.; Chun, S.; Devadoss, A.J.P.; Hasan, N.; Sivanesan, I. Crustacean Waste-Derived Chitosan: Antioxidant
Properties and Future Perspective. Antioxidants 2021, 10, 228. [CrossRef]

https://doi.org/10.1016/j.jsps.2020.10.008
https://www.ncbi.nlm.nih.gov/pubmed/33424254
https://doi.org/10.1016/j.imbio.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19162368
https://doi.org/10.15252/embr.201846065
https://doi.org/10.4049/jimmunol.0802113
https://doi.org/10.1016/j.ijbiomac.2024.138092
https://doi.org/10.3389/fimmu.2012.00079
https://doi.org/10.1371/journal.pone.0016594
https://doi.org/10.1016/j.intimp.2014.09.007
https://doi.org/10.1074/mcp.M800589-MCP200
https://doi.org/10.2147/JIR.S287453
https://www.ncbi.nlm.nih.gov/pubmed/33469336
https://doi.org/10.1016/j.biomaterials.2018.08.054
https://www.ncbi.nlm.nih.gov/pubmed/30195140
https://doi.org/10.22203/eCM.v024a10
https://www.ncbi.nlm.nih.gov/pubmed/22828991
https://doi.org/10.1016/j.jconrel.2006.06.020
https://doi.org/10.1016/j.immuni.2016.02.004
https://doi.org/10.3390/md14050091
https://doi.org/10.1016/j.immuni.2016.03.002
https://doi.org/10.2147/JIR.S374318
https://doi.org/10.1038/s41419-024-06600-1
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1016/j.imbio.2012.07.020
https://www.ncbi.nlm.nih.gov/pubmed/22898390
https://doi.org/10.1074/jbc.M111.274936
https://www.ncbi.nlm.nih.gov/pubmed/21862582
https://doi.org/10.1016/j.biomaterials.2017.03.022
https://www.ncbi.nlm.nih.gov/pubmed/28340358
https://doi.org/10.1016/j.biomaterials.2021.120961
https://doi.org/10.3390/antiox10020228


Polymers 2025, 17, 19 21 of 21

111. Qiao, Y.; Bai, X.-F.; Du, Y.-G. Chitosan oligosaccharides protect mice from LPS challenge by attenuation of inflammation and
oxidative stress. Int. Immunopharmacol. 2011, 11, 121–127. [CrossRef]

112. Yoon, H.J.; Moon, M.E.; Park, H.S.; Kim, H.W.; Im, S.Y.; Lee, J.H.; Kim, Y.H. Effects of chitosan oligosaccharide (COS) on the
glycerol-induced acute renal failure in vitro and in vivo. Food Chem. Toxicol. 2008, 46, 710–716. [CrossRef]
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