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Chitosan is obtained from alkaline deacetylation of chitin, and acetamide groups are transformed into primary amino groups
during the deacetylation. The diverse biological activities of chitosan and its derivatives are extensively studied that allows to
widening the application ﬁelds in various sectors especially in biomedical science. The biological properties of chitosan are
strongly depending on the solubility in water and other solvents. Deacetylation degree (DDA) and molecular weight (MW) are
the most decisive parameters on the bioactivities since the primary amino groups are the key functional groups of chitosan
where permits to interact with other molecules. Higher DDA and lower MW of chitosan and chitosan derivatives demonstrated
higher antimicrobial, antioxidant, and anticancer capacities. Therefore, the chitosan oligosaccharides (COS) with a low
polymerization degree are receiving a great attention in medical and pharmaceutical applications as they have higher water
solubility and lower viscosity than chitosan. In this review articles, the antimicrobial, antioxidant, anticancer, anti-inﬂammatory
activities of chitosan and its derivatives are highlighted. The inﬂuences of physicochemical parameters of chitosan like DDA and
MW on bioactivities are also described.

1. Introduction
Natural polymers are considered environmentally friendly
alternatives widely used in medical, agricultural, food, and
environmental industries and so on due to their especially
renewable, sustainable, and nontoxic properties [1]. Especially in biomedical ﬁled, the natural polymers play very
important role. Polysaccharide polymers are the most eﬃcient applicants for the preparation of biomedical products.
There are mainly two types of polysaccharides: (i) homopolysaccharides, one type of monomer unit; (ii) heteropolysaccharides, two or more types of monomer unit [2]. They
possess a wide range of molecular weights and a signiﬁcant
number of functional groups that give a rise to chemical
modiﬁcation availability [3]. Among the many diﬀerent sorts
of polysaccharides, cellulose (bacterial cellulose and nanocellulose) [4–9], starch [10–14], seaweed (alginate, carrageenan,
fucoidan, and ulvan) [15–18], chitin, and chitosan are mainly

studied. Due to their attractive abilities to improve the pharmacokinetics and pharmacodynamics of small drug, protein,
and enzyme molecules, macromolecular polysaccharides
have been receiving signiﬁcant attention [2, 3]. Polysaccharide polymers demonstrated very eﬃcient attachments of
bioactive therapeutic agents, which leads to an increase in
the duration of activity [2]. The bioactive agents can bind
covalently to polysaccharide backbone structures.
Chitosan is a biopolysaccharide obtained by a de-Ndeacetylation process of chitin which is the primary structural polymer in arthropod exoskeletons [19–22]. Chitosan
contains three types of reactive groups which are the primary
amine group and the primary and secondary hydroxyl
groups at C-2, C-3, and C-6 positions, respectively [15].
Among the three reactive groups, the primary amine at the
C-2″ position of the glucosamine residues is the most considerable functional groups for biological activities of chitosan
[23]. Chitosan has received a signiﬁcant attention for several

2
decades due to their unique biological activities. This
review aims to supply the recent information about the
competitive biological activities of chitosan and its derivatives for medical and pharmaceutical applications. Among
many biological activities of chitosan and its derivatives
discovered so far, antimicrobial, antioxidant, anticancer,
and anti-inﬂammatory activities were described with
recently published outcomes.
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2. Chitosan
After cellulose, chitin is the most abundant natural mucopolysaccharide and commonly found as constituent of the
exoskeleton in animals, particularly in crustaceans, mollusks,
and insects [19–22]. Chitosan is derived from alkaline deacetylation of chitin composing of 2-amino-2-dedoxyd-glucose
and 2-acetamino-dedoxy-d-glucose units linked with b(1 → 4) bonds (Figure 1) [19, 20]. In the process of deacetylation of chitin, the acetamide groups are transformed to the
primary amino groups, which are the principal functional
groups of chitosan. Chitosan possesses 5–8% nitrogen in
the molecules in form of the primary aliphatic amine groups,
which makes chitosan proper for typical reactions of amines
[19, 23]. The degree of deacetylation of chitosan is referred
to the molar fraction of N-acetylated units (DA) or percentage of acetylation (DA%). The high viscosity and low
solubility of chitosan limit its biological applications since
the attractive biological properties of chitosan are strongly
depending on the solubility in water and other commonly
used solvents [24]. The degree of deacetylation (DDA)
makes an important role to decide its bioactivities as they
are directly related to the cationic behavior of chitosan,
and the protonation of the amino groups occurs in aqueous
acidic solutions [21, 22, 25–28].
The functional amino groups in chitosan are easily modiﬁed by chemical reaction and that results in the changes of
the mechanical and physical properties. High molecular
weight of chitosan allows less availability for its bioactivities,
and thus, depolymerization by hydrolysis of polymer chains
is frequently performed to acquire low molecular or oligomers of chitosan. In acid hydrolysis, temperature and acidic
concentrations were critical factors aﬀecting on the results
[29]. The enzymatic degradation of chitosan is getting an
attention since it possesses many advantages like milder condition, high speciﬁcity, no modiﬁcation of sugar rings, and
mass production comparing to chemical hydrolysis [30].
Common nonspeciﬁc enzymes like lysosome, chitinase, pectinase, and cellulose are employed [21]. Proteolytic enzymes,
such as pepsin, papain, pronase [31, 32], hepatopancreas
[33], and chitosanase [30], were also studied to obtain the
low molecular weight of chitosan. Chitosan oligosaccharide
(COS) is an oligomer of chitosan, which usually has a degree
of polymerization (DP) < 50–55 and an average molecular
weight (MW) < 10,000 kDa [34]. COS has good water solubility and low viscosity and thus has more favorable applicant
than chitosan in biomedical applications. Aranaz and his colleagues well reported the relations between the biological
characteristics and MW and the deacetylation degree of
chitosan [21]. When the DDA increases, the solubility of
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Figure 1: Schematic presentation of chitin deacetylation with
alkaline.

chitosan also increases and the more possible interactions
are permitted between the available sites of chitosan and
other molecules. Thus, the mucoadhesive capacity of chitosan polymers increases with an increase of DDA by providing
higher numbers of reactive amino groups available for
interaction with other molecules [35, 36]. The cationic
characteristic of chitosan is pH dependence (pKa 6.3)
and makes it ready to interact with negatively charged
molecules such as proteins, therapeutic DNA or RNA,
fatty acids, bile acids, phospholipids, and anionic polyelectrolytes [35, 37, 38]. Besides the MW and DDA of chitosan, other physicochemical properties like polydispersity
(MW/MN) and crystallinity or the pattern of acetylation
might be also considered since they aﬀect on mechanical
and biological activities of chitosan [24].
Chitosan and its derivatives are extensively studied in
medical and pharmaceutical ﬁelds due to their competitive
biological properties like biocompatibility, biodegradability,
nontoxicity, and analgesic, antitumor, hemostatic, hypocholesterolemic, antimicrobial, and antioxidant properties and
so on [35, 39]. These properties are very advantageous in
biomedical applications of tissue engineering, wound healing, excipients for drug delivery, and gene delivery [37, 38,
40–42]. The preparations of chitosan-based biomedical
materials are varied such as ﬁnely divided powders, ﬁlms,
membranes, gels, coatings, nanoparticles, suspensions, and
hydrogels, and they can inﬂuence their biomedical activity
[24]. Depending on the operation purpose, types of drug,
and healing target, the preparation manner can be varied.

3. Antimicrobial Activity
The antimicrobial activity has been considered the most
essential and inﬂuential bioactivity of chitosan and employed
not only to the preparation of biomedical materials but also
to the functionalization of other polymeric materials including ﬁbers and food conservation [43–51]. The most
concerned problem found in hospital and healthcare institutions is infections by microorganism, and thus the
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Figure 2: Eﬀect of the DDA of chitosan on the growth inhibition of S. aureus. Higher DDA was more eﬀective on inhibiting the growth of S.
aureus: (a) DD 92.2%; (b) DD 90.1%; (c) DD 88.0%; (d) DD 83.9%; (e) DD 79.7%; (f) DD 75.5%; (g) PVC; (h) control (adapted from [59]).

antimicrobial activity should be primarily considered in biomedical materials. The exposure of subcutaneous tissue
caused by wounds like cut, surgery, burn, and so on provides
a moist, warm, and nutritious environment that is very suitable for growing the microorganisms [52]. The wound infections are seriously considered since they can cause an
increase of trauma and a burden on ﬁnancial resources to
the patients. The mechanism of antimicrobial activity of
chitosan is not yet fully understood although numerous
researches have been carried out so far. The antimicrobial
eﬀect of chitosan is much higher comparing to chitin due
to the numbers of the amine groups that is responsible for
cationic property of chitosan. Positively charged chitosan at
acidic condition might interact with negatively charged residues of carbohydrates, lipids, and proteins located on the cell
surface of bacteria, which subsequently inhibit the growth of
bacteria [21, 22]. Thus, the electronic property of chitosan
plays a very important role in the inhibition mechanism of
microorganisms. The high density of positive charge on the
structure of chitosan or its derivatives generates strong electrostatic interaction that is aﬃliated with DDA. With this
theory, chitosan is more promising for the inhibition of
Gram-negative than Gram-positive bacterium since the negatively charged cell surfaces interact more with positively
charged chitosan [22, 43, 47, 53]. However, many researches
demonstrated that the chitosan was a more eﬃcient inhibitor
against Gram-positive compared to Gram-negative microorganism in their experimental results [44, 45, 54–58].
Takahashi and his colleagues tested the inﬂuence of
DDA of chitosan on the antimicrobial activity against
Staphylococcus aureus using two diﬀerent testing methods,
that is, incubation using a mannitol salt agar medium and
a conductimetric assay [59]. In both testing methods, the
DDA of chitosan played a dominant role in the inhibition
of Staphylococcus aureus growing (the higher DDA
showed the higher rate of inhibition) (Figure 2).
Jung et al. and Younes et al. also achieved similar results
about the antimicrobial activity depending on chitosan DDA
[60, 61]. When the DDA was nearly 100% (99%), chitosan
inhibited almost all types of bacteria tested at the minimum
inhibitory concentration (MIC).

There is another theory proposed about the inhibition
mechanism of chitosan, that is, an inhibition of RNA and
protein synthesis by permeation into the cell nucleus and
eventually rupture and leakage of intracellular component.
In this theory, the MW is the most decisive factor on the
activity [20–22]. The low MW of chitosan was found that
easily penetrates into the cell wall of bacteria, combining with
DNA and inhibiting the synthesis of mRNA and DNA transcription. With the increase of MW, the permeation into the
cell nucleus capacity is decreased. In the case of high MW
chitosan, it binds to the negatively charged components on
the bacterial cell wall forming an impermeable layer around
the cell and consequently changes the cell permeability and
blocks transport into the cell [38, 62].
Apart from the MW and DDA, the solubility, pH, and
temperature environment are also aﬀecting on the antimicrobial activity of chitosan. At a lower pH, the positive ionic
charge increases and chitosan is more absorbed by bacterial
cells [20–22]. Benhabile et al. experimented the antimicrobial
potential of chitin, chitosan, and its N-acetyl chito- and
chito-oligomers against four Gram-positive bacteria (Staphylococcus aureus ATCC 25923 and ATCC 43300, Bacillus
subtilis, and Bacillus cereus) and seven Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Salmonella
typhimurium, Vibrio cholerae, Shigella dysenteriae, Prevotella
melaninogenica, and Bacteroides fragilis) [63]. In this publication, both N-acetyl chito- and chito-oligomers were more
eﬀective on the inhibition activity against all tested microorganism than chitosan and chitin, and the decisive eﬀect of
DDA and MW on antimicrobial activity was well proved.
When DDA is the same (~80%), the eﬀect of MW on the
inhibition capacity against Escherichia coli was studied by
Liu et al. [64]. The authors tested the MW from 55 to
155 kDa, and the lower MW has the higher activity of inhibition against Escherichia coli.
Jeon and his colleagues presented the antimicrobial
potential of chitosan microparticles against Escherichia coli,
Salmonella enterica, Klebsiella pneumonia, and Streptococcus
uberis [65]. The chitosan microparticles showed a broadspectrum antimicrobial activity, and when high concentration of chitosan microparticles was applied, the activity
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increased. Despite the many studies realized so far, still there
is a limitation to conclude about the clear relation between
antimicrobial capacity of chitosan and its MW and DDA. It
might be due to many other factors aﬀecting the inhibition
rate such as sorts of bacterial strains and conditions of biological testing [66]. To expect the synergetic eﬀect of the antimicrobial activity, the incorporation with other promising
compounds [43, 44, 67–69] and the modiﬁcation of structure
of chitosan molecules are attempted [26, 70–72]. The phytochemicals like phenolic compounds are broadly attempted to
improve antimicrobial activity of chitosan by grafting into
the structure [44, 73]. Kim et al. reported the antibacterial
eﬀect of chitosan-phytochemical (caﬀeic acid, ferulic acid,
and sinapic acid) conjugates on acne-related bacteria P.
acnes, S. epidermidis, S. aureus, and P. aeruginosa, and the
results exhibited higher (synergetic) antimicrobial eﬀects
than that of unconjugated chitosan [73]. Eom et al. prepared
the conjugates of chitosan and ferulic acid in the presence of
β-lactam antibiotics, and their synergetic antibacterial eﬀect
against methicillin-resistant Staphylococcus aureus was
achieved [74].

as Alzheimer, Parkinson, and amyotrophic lateral sclerosis
[80–84]. In this aspect, an increasing interest in antioxidant agents is very natural.
Therefore, the antioxidant activity of chitosan has been
getting high attention from many scientists. Chitosan has
shown a notable scavenging activity against diﬀerent
radical species presenting a great potential for an extensive
applications. The scavenging activity of chitosan
derivatives against free radicals comes through donating
hydrogen atom, and several theories were proposed by
Xie et al. [85]:

4. Antioxidant Activity

The DDA and MW of chitosan are also the major
factors deciding the scavenging capacity of chitosan [21].
Diﬀerent with chitosan, chitin is an insoluble polymer in
water and thus the major limitation exists for being a useful antioxidant agent.
The NH2 groups in chitosan are responsible for free
radical scavenging, and they can be protonated in acidic solution. There are many publications about the eﬀect of MW
and DDA on the scavenging capacity of chitosan. Mahdy
Samar and his colleagues experimented an antioxidant activity with various chitosan samples with diﬀerent DDA and
MW and obtained results as high rate of DDA and low
MW of chitosan has higher antioxidant activity [27]. Hajji
et al. studied three types of chitosan obtained by deacetylation of chitin extracted from Tunisian marine sources shrimp
(Penaeus kerathurus) waste (DDA: 88%), crab (Carcinus
mediterraneus) shells (DDA: 83%), and cuttleﬁsh (Sepia oﬃcinalis) bones (DDA: 95%) [86]. In the test of antioxidant
activity, chitosan from cuttleﬁsh with 95% DDA showed
the highest value of scavenging eﬀect on DPPH-free radical.
Kim and Thomas evaluated the antioxidant activity of chitosan with diﬀerent MW like 30, 90, and 120 kDa and proved
that higher antioxidant activity acquired with lower MW of
chitosan (30 kDa) [87]. Sun and his colleagues studied about
chitosan oligomers with diﬀerent MW and tested the
scavenging capacity against superoxide anion and hydroxyl
radical [88]. In both superoxide anion and hydroxyl radical,
the chitosan oligomers presented relative stronger scavenging activity with lower MW. The antioxidant activity of enzymatically degradated chitosan against hydrogen peroxide, 2,
2-diphenyl-1-picrylhydrazyl radical, and chelating ferrous
ion was reported by Chang et al. [89]. The results showed
that lower MW of chitosan (~2.2 kDa) has the highest impact
on the scavenging capacity. Li et al. prepared the low MW of
chitosan by oxidative degradation using hydrogen peroxide
and tested scavenging capacity against hydroxyl radical
[90]. The results indicated that the MW of chitosan (lower

Free radical reaction is considered the major cause of several
speciﬁc human disease and has become an intense interested
theme to scientists. Due to its atomic or molecular structure,
free radicals are unstable and very reactive. Thus, they tend to
pair up with other molecules and atoms to be more stable
state [75]. Phaniendra and his colleagues deﬁned free radical
as an atom or molecule containing one or more unpaired
electrons in a valence shell or outer orbit and is capable of
independent existence [76].
In human body, reactive oxygen species (ROS) are
produced during the normal metabolism and they oxidize
biomolecules, such as lipids, proteins, carbohydrates, and
DNA, ultimately leading to oxidative stress [20]. The term
of ROS is used not only for oxygen-derived free radicals like
superoxide, hydroxyl radical, and nitric oxide but also for
nonradical oxygen derivatives of high reactivity like singlet
oxygen, hydrogen peroxide, peroxynitrite, and hypochlorite
[75, 77]. In biological system, mitochondria are the main
responsible for ROS generation during physiological and
pathological states and their own ROS scavenging mechanisms required for cell survival [78]. Besides the normal
cellular metabolism, there are many exogenous sources to
generate ROS such as ozone exposure, hyperoxia, ionizing
radiation, and heavy metal ions [79]. In cell metabolism, various enzymes such as catalase, superoxide dismutase, and
glutathione peroxidase are involved as a part of the cellular
defense system against ROS-mediated cellular injury [80].
When excessive ROS are generated in cellular metabolism,
the defense mechanism is not able to protect cellular system and thus the oxidative stress is caused. The oxidative
stress in the human body can cause various pathogenic
processes including aging, cancer, wrinkle formation,
rheumatoid arthritis, inﬂammation, hypertension, dyslipidemia, atherosclerosis, myocardial infraction, angina pectoris, heart failure, and neurodegenerative diseases such

(i) The hydroxyl groups in the polysaccharide unit can
react with hydroxyl radicals by the typical Habstraction reaction.
(ii) OH can react with the residual-free amino groups
NH2 to form stable macromolecules radicals.
(iii) The NH2 groups can form ammonium groups NH3+
by absorbing H+ from the solution, and then they
react with OH through addition reactions.
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MW has better activity) and concentration were attributed to
free radical scavenging eﬀect.
Although the antioxidant activity of chitosan has been
proven through many researches, the level of activity is not
very satisfactory due to the lack of a H-atom donor to serve
as a good chain-breaking antioxidant [91]. The scavenging
capacity of free radicals is related to bond dissociation energy
of O–H or N–H and the stability of the formed radicals. Due
to strong intramolecular and intermolecular hydrogen bonds
in chitosan molecules, the OH and NH2 groups are diﬃcult
to dissociate and react with hydroxyl radicals [85]. The
various modiﬁcations of chitosan molecules to improve the
activity were accomplished by grafting functional groups into
molecular structure. Among the many tries, the grafting of
polyphenols onto chitosan was the most actively studied.
Most of polyphenols are found from natural sources and
considered safe and environmentally benign materials. After
recognizing their strong antioxidant activity, polyphenols
have been extensively studied in the area of nutrient, food
manufacturing, pharmaceuticals, and medicals [92–98]. The
grafting reaction of chitosan and polyphenols was mostly
assisted by enzymes [72, 99–101]. In the enzyme-catalyzed
reaction, phenolic compounds are oxidized to o-quinones
which are highly reactive electrophilic compounds further
covalently graft to nucleophilic amine groups in chitosan
through Schiﬀ-base and/or Michael-type addition reaction
[45, 72]. After modiﬁcation of chitosan by grafting polyphenols, the antioxidant activity was remarkably increased
due to the synergetic eﬀects obtained from both chitosan
and polyphenols. Figure 3 shows the grafting mechanism of
chitosan and catechin by laccase-mediated oxidation reaction (Figure 3(a)) and an increase of antioxidant activity on
the chitosan ﬁlm after grafting catechol (Figure 3(b)).

5. Anticancer Activity
The general cancer treatments performed clinically using
chemotherapy, radiotherapy, and surgery have considerably
extended the life expectancy of patients. Many current anticancer drugs have nonideal pharmacological properties such
as low aqueous solubility, irritating nature, lack of stability,
rapid metabolism, and nonselective drug distribution, and
they can cause several adverse consequences, including
suboptimal therapeutic activity, dose-limiting side eﬀects,
and poor-patient quality of life [102, 103]. Thus, many scientists are inspired to search for more eﬀective and harmless
medication for cancer-suﬀering patients. Chitosan and its
derivatives are considered the potential anticancer polysaccharide naturally obtained. Many eﬀorts on searching an eﬃcient anticancer agent from natural products lead an
increasing interest in polysaccharides. Zong et al. published
a review article about the anticancer activity of polysaccharides from fungi, plants, algae, animals, and bacteria [104].
They resumed the inhibition mechanism of tumor growth
by polysaccharides as the following:
(i) Prevention of tumorigenesis by oral consumption of
active preparations
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(ii) Direct anticancer activity, such as the induction of
tumor cell apoptosis
(iii) Immunopotentiation activity in combination with
chemotherapy
(iv) Inhibition of tumor metastasis
An intrinsic antitumor activity of chitosan and its derivatives with low MW was veriﬁed through in vitro and in vivo
experiments [105]. Along with antimicrobial and antioxidant activities, the DDA and MW of chitosan and its
derivatives are also the major factors deciding antitumor
activity. The eﬀects of the DDA and MW of chitosan oligomers on antitumor activity in vitro were investigated by
Park et al. [106]. The lower MW and higher DDA (higher
solubility) are promising factors for the development of
antitumor agents derived from chitosan in in vitro tests
with Human PC3 (prostate cancer cell), A549 (carcinomic
human alveolar basal epithelial cell), and HepG2 (hepatocellular carcinoma cell). Azuma and his colleagues well
reviewed about the antitumor activity of COS in vivo
and in vitro cell models showing an eﬀectiveness on tumor
growing, reduction of the number of metastatic colonies,
suppressing cancer cell growing, and enhancement of
acquired immunity [107]. COS has comparatively short
chain length and readily soluble in water. Jeon and Kim
examined the antitumor activity of COS with diﬀerent
molecular weight against S180 (sarcoma 180 solid) and
U14 (uterine cervix carcinoma number 14) tumor cellbearing mice [108]. The results proved that the antitumor
activity was clearly dependent on MW and the range of
MW 1.5 to 5.5 kDa eﬀectively inhibited the growth of both
tumor cells S180 and U14 in the mice. At the same time,
the mice survived more days without weight loss. In several studies, nanoparticles prepared with chitosan showed
direct inhibition activity to the proliferation of human
tumor cell by inducing apoptosis and growth suppression
without signs of neurological toxicity or weight loss proving the safeness of chitosan nanoparticles in the mouse
model [109–111]. Xu et al. described that the antitumor
activity of chitosan nanoparticles might be related to antiangiogenic activity that is correlated with vascular endothelial growth factor receptor (VEGFR2) production and
subsequent blockage of vascular endothelial growth factor(VEGF-) induced endothelial cell activation [109]. The
stearic acid-g-chitosan oligosaccharide (CSO-SA) micelles
were studied for antitumor drug or gene delivery carriers
[112, 113]. Hydrophobic drug, podophyllotoxin, was successfully loaded in the CSO-SA micelles demonstrating a
sustained release and in vitro anticancer eﬀects for suppressing against human breast carcinoma (MCF-7) cells,
human lung cancer cells (A549), and human hepatoma
cell line (Bel-7402) [112]. Polyethylenimine-conjugated
stearic acid-g-chitosan showed good DNA-binding capacity (formation of gene delivery complex) with eﬀectively
suppressing the tumor (above 60% tumor inhibition) without systematic toxicity [113]. There are also many other
studies about the chitosan and chemically/physically
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Figure 3: (a) Schematic presentation of enzymatic oxidation of catechin by laccase and nonenzymatic grafting with chitosan and (b)
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antioxidant activity of ﬁlms reached to 100% in 60 minutes while chitosan ﬁlm (b) showed less than 40% of radical reduction. b1: 95% of
DDA; b2: 64% of DDA (adapted and modiﬁed from [26]).
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Table 1: Anticancer and antitumor activity of chitosan involved preparations tested in various cancer cells.
Cancer types

Used CS form
1

SCS , SBCS

Breast cancer

2

Colon cancer
Liver cancer
Esophageal cancer
Oral cancer

Remarkable results

MCF-7, MDA-MB-231

CS3

MDA-MB-231, MCF-7, T47D

Docetaxel-CN4

MCF-7

FA-CS-UA-NPs5

MCF-7

MCN6

MCF-7

Inhibition cell proliferation and
inducing apoptosis
Inhibition cell proliferation, inducing apoptosis
nontoxic to ﬁbroblast L929 normal cells
Inhibition cell proliferation,
nontoxic to normal cells
Inhibition cell viability, inhibition tumor
growth (reduction of size)
Inhibition cell proliferation

Ref.
[114]
[102]
[115]
[116]
[117]

CA scaﬀolds

LNCaP, C4-2, C4-2B, TRAMP-C2

CS-EGCG NP8
GC-based CNPs9
CHGC10
FA-CS PLGA NP11
CS-AGR2 siRNA NP12

22Rν1
PC-3
LNCaP, PC-3
DU145
PC-3

Good interaction with immune cells,
including tumor-inﬁltrating B cells
Inhibition tumor growth (reduction of size)
long-term tumor growth inhibition
Inhibition tumor growth (reduction of size)
Inhibition cell proliferation
Inhibition cell viability

CSHA13 membranes

HT29, DLD-1, HCT116, SW480,

In situ inhibitory eﬀect on cancer cell

Bio-CS NP14

SMMC7721

CS, CSHA13 membranes

Huh7, HepG2, Hep3B, SKHep-1

CS NP

CAF cell from cancer patient

Inhibition cell proliferation,
antimetastatic ability

[126]

SCC-9
HSC-3, HSC-4, Ca9-22, and HaCaT

Reduction cell viability
Reduction cell viability

[118]
[127]

7

Prostate cancer

Tested cells

CLCS NP
CS

15

[118]
[119]
[120]
[121]
[122]
[123]
[124]

In situ inhibition cell proliferation, in vitro and
[125]
in vivo eﬃcient cell targeting
Inhibition cell proliferation
[124]

SCS1: sulfated chitosan; SBCS2: sulfated benzaldehyde chitosan; CS3: chitosan; docetaxel-CN4: docetaxel-loaded chitosan nanoparticle; FA-CS-UA-NPs5:
folate-chitosan nanoparticles loaded with ursolic acid; MCN6: magnetic chitosan nanoparticles; CA7: chitosan-alginate; CS-EGCG NP8: chitosan
nanoparticles encapsulating epigallocatechin-3-gallate; GC-based CNP9: glycol chitosan-based chitosan nanoparticles; CHGC10: glycol chitosan; FA-CS
PLGA NP11: folic acid conjugated-chitosan functionalized poly (D,L-lactide-co-glycolide) nanoparticles; CS-AGR2 siRNA NP12: chitosan-based AGR2
siRNA nanoparticle; CSHA13: hyaluronan- (HA-) grafted chitosan; bio-CS NP14: biotinylated chitosan nanoparticles; CLCS NP15: curcumin-loaded
chitosan-coated nanoparticles.

modiﬁed chitosan or chitosan derivatives for various types
of cancer treatment in vivo and in vitro. Most of the studies commonly demonstrated that chitosan involved anticarcinogenic tools that are very eﬃcient on the inhibition
of cell proliferation, inducing apoptosis, cell viability,
reduction of tumor size, cell targeting, less side eﬀect,
and low toxicity. In Table 1, the summarized several literatures about the anticancer eﬀects of chitosan involved
anticarcinogenic tools on breast, prostate, esophageal, liver,
oral cancer cells, and so on.

6. Anti-Inflammatory Activity
Inﬂammation is the ﬁrst protective response to infection or
injury of human body driven in a tissue compartment by a
speciﬁc set of immune and inﬂammatory cells with the aim
of restoring its structural and functional integrity after exposure to an adverse stimulus [128]. Numerous researches have
carried out about the anti-inﬂammatory and proinﬂammatory properties of chitosan and its derivatives. Davydova
and his colleagues tested the anti-inﬂammatory activity of
chitosan with high (MW: 115 kDa) and low molecular weight
(MW: 5.2 kDa), and both chitosan samples presented an

intensiﬁed induction of anti-inﬂammatory IL-10 cytokine
in animal blood and suppression of colitis progress [129].
The authors concluded that the main contribution to antiinﬂammatory activity of chitosan was driven by structural
elements comprising its molecule, but not depending on
MW. Friedman et al. reported the inhibition capacity of
chitosan-alginate nanoparticles against inﬂammatory cytokines and chemokines induced by P. acnes, and the results
showed that chitosan-alginate nanoparticles eﬃciently
inhibited P. acnes-induced cytokine production in human
monocytes and keratinocyte in a dose-dependent manner
[130]. Besides inhibition capacity, they also showed high
speciﬁcity of controlled drug delivery potential for topical
therapeutics. Oliveira et al. examined the inhibition of proinﬂammatory cytokines and anti-inﬂammatory activities of
chitosan ﬁlm [131]. From the achieved results, a reduction
of TNF-α (proinﬂammatory cytokines) in 3~10 days of cells
cultured on chitosan ﬁlm and signiﬁcant increase of antiinﬂammatory cytokines IL-10 and TGF-β1 are presented.
Anti-inﬂammatory activities of COS were demonstrated by
many scientists notwithstanding that the exact mechanism
is not yet fully understood. Chung et al. studied two types
of COS with high (70 kDa) and low molecular weight (MW:
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<1 kDa), and their anti-inﬂammatory capacity was compared
[132]. In low molecular weight COS, the signiﬁcant inhibition eﬀect against IL-4, IL-13, and TNF-α cytokines was
found showing the potential in alleviating the allergic inﬂammation in vivo. Li et al. proposed the mechanism of the
lipopolysaccharide-induced NF-κB-dependent inﬂammatory
gene expression by COS, which was associated with reduced
NF-κB nucleus translocation [133]. NF-κB is an important
transcription factor in mediating the proinﬂammatory
responses. Similar study was carried out by Ma et al. [134],
and the positive eﬀect of pretreatment with COS on the
suppression of LPS-induced NF-κB and AP-1 activation in
macrophages was explained. The results explained that
COS is a potential inhibitor against NF-κB- and AP-1mediated inﬂammation responses in macrophage by
showing the suppression of the LPS-induced c-fos (protooncogene) expression in macrophages in a concentrationdependent manner. Yang and his colleagues reported COSs
with diﬀerent MW: COS-A ( 10 kDa < MW < 20 kDa) and
COS-C (1 kDa < MW < 3 kDa) [135]. In both COS samples,
the remarkable inhibition activity was observed against the
LPS-induced nitric oxide production of RAW 264.7 cells by
50.2% and 44.1%, respectively, without cytotoxicity. Comparing to COS-A, COS-C (lower MW) has a higher level of
inhibition activity at lower concentration applied. Li et al.
reported the proinﬂammatory and inﬂammatory activities
of COS (obtained by enzymatic hydrolysis using chitosanase)
on cytokines [136]. The authors examined the level of proinﬂammatory cytokines like IL-1β, IL-6, and TNF-α and antiinﬂammatory cytokine IL-2 in mouse osteoarthritis (OA)
model. The reduction of serum expression of proinﬂammatory cytokines and enhancement of anti-inﬂammatory
activity were achieved. Apart from that, the relief of knee
joint swelling symptom of mouse model was observed by
measuring the changes of the diameter of the knee joint.

7. Future Prospects
Chitosan and its derivatives are extensively studied for medical and pharmaceutical applications. Their unique and
attractive bioactivities have been proved through in situ and
in vitro experiments. They are easy to obtain in nature with
low-cost processes via alkaline deacetylation of chitin.
Besides that, the possible acquirement of raw materials by
reusing of by-products from food processing industries is
also very competitive. Taking into account their many advantages, the interest on the industrial applications of chitosan
and its derivatives might be constantly increased. The commercialization of products prepared with chitosan and its
derivatives is not yet very common and easy to ﬁnd. In the
future, the eﬀort might be made for easier accessibility of costumers to commercial products in the market. To get more
conﬁdence on the chitosan-based commercial products from
customers, more fundamental studies on the natural polysaccharides with useful bioactivities might be accomplished
including the mechanism of bioactivities of chitosan molecules. This review might help to clarify what have been the
most considered among many advantages of chitosan and
its derivatives for medical applications in the literatures and
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will motivate many scientists to work on both fundamental
studies and more variety industrial applications.

8. Conclusion
Chitosan and its derivatives possess very attractive biological
activities. The potential availability of chitosan and its derivatives in biomedical applications was mainly focused in this
review article like antimicrobial, antioxidant, anticancer,
and anti-inﬂammatory activities. Countless researches have
been carried out and have commonly reported excellent
activities without toxicity. The MW and DDA of chitosan
were the most decisive factors aﬀecting on the biological
activities mentioned in this review. Thus, in many cases, the
hydrolysis of chitosan to reduce the MW to improve their
functionality in diverse manners and its eﬀects on biological
activities were studied in parallel. The excellent results have
been shown through the many scientists, but still there are
many challenges required to be explored to explain their
mechanism of bioactivities. This review will contribute to
the authors working not only on the preparation of
chitosan-based biomedical products but also on the evaluation of their speciﬁc biological activities.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Acknowledgments
This research was carried out by the Materials Modiﬁcation
Research Group at the Pontiﬁcia Universidad Católica del
Perú (PUCP). The author would like to acknowledge Grant
151-2017-FONDECYT from CONCYTEC (Peru).

References
[1] C. Wang, X. Gao, Z. Chen, Y. Chen, and H. Chen, “Preparation, characterization and application of polysaccharidebased metallic nanoparticles: a review,” Polymers, vol. 9,
no. 12, pp. 1–13, 2017.
[2] R. L. Reis, N. M. Neves, J. F. Mano, M. E. Gomes, A. P.
Marques, and H. S. Azevedo, “Natural-based polymers
for biomedical applications, 2008,” in Chapter 1, Polysaccharides as Carriers of Bioactive Agents for Medical Applications,
R. Pawar, W. Jadhav, S. Bhusare, B. R. Farber, D. Itzkowitz,
and A. Domb, Eds., pp. 3–53, Woodhead Publishing, 2008.
[3] A. Basu, K. R. Kunduru, E. Abtew, and A. J. Domb, “Polysaccharide-based conjugates for biomedical applications,” Bioconjugate Chemistry, vol. 26, no. 8, pp. 1396–1412, 2015.
[4] G. F. Picheth, C. L. Pirich, M. R. Sierakowski et al., “Bacterial
cellulose in biomedical applications: a review,” International
Journal of Biological Macromolecules, vol. 104, pp. 97–106,
2017.
[5] M. Jorﬁ and E. J. Foster, “Recent advances in nanocellulose
for biomedical applications,” Journal of Applied Polymer
Science, vol. 132, no. 14, pp. 1–19, 2015.
[6] M. H. Kwak, J. E. Kim, J. Go et al., “Bacterial cellulose membrane produced by Acetobacter sp. A10 for burn wound
dressing applications,” Carbohydrate Polymers, vol. 122,
pp. 387–398, 2015.

International Journal of Polymer Science
[7] F. C. A. Silveira, F. C. M. Pinto, S. da Silva Caldas Neto,
M. de Carvalho Leal, J. Cesário, and J. L. de Andrade
Aguiar, “Treatment of tympanic membrane perforation
using bacterial cellulose: a randomized controlled trial,”
Brazilian Journal of Otorhinolaryngology, vol. 82, no. 2,
pp. 203–208, 2016.
[8] G. F. Picheth, M. R. Sierakowski, M. A. Woehl et al., “Lysozyme-triggered epidermal growth factor release from bacterial
cellulose membranes controlled by smart nanostructured
ﬁlms,” Journal of Pharmaceutical Sciences, vol. 103, no. 12,
pp. 3958–3965, 2014.
[9] N. Lin and A. Dufresne, “Nanocellulose in biomedicine: current status and future prospect,” European Polymer Journal,
vol. 59, pp. 302–325, 2014.
[10] N. H. Zakaria, N. Muhammad, and M. Abdullah, “Potential
of starch nanocomposites for biomedical applications,” IOP
Conference Series: Materials Science and Engineering,
vol. 209, article 012087, 2017.
[11] F. G. Torres, O. P. Troncoso, C. G. Grande, and D. A.
Díaz, “Biocompatibilty of starch-based ﬁlms from starch
of Andean crops for biomedical applications,” Materials
Science and Engineering, vol. 31, no. 8, pp. 1737–1740,
2011.
[12] K. Sakeer, T. Scorza, H. Romero, P. Ispas-Szabo, and M. A.
Mateescu, “Starch materials as biocompatible supports and
procedure for fast separation of macrophages,” Carbohydrate
Polymers, vol. 163, pp. 108–117, 2017.
[13] B. Komur, F. Bayrak, N. Ekren et al., “Starch/PCL composite
nanoﬁbers by co-axial electrospinning technique for biomedical applications,” BioMedical Engineering OnLine, vol. 16,
no. 1, pp. 40–13, 2017.
[14] S. Eaysmine, P. Haque, T. Ferdous, M. A. Gafur, and M. M.
Rahman, “Potato starch-reinforced poly (vinyl alcohol) and
poly (lactic acid) composites for biomedical applications,”
Journal of Thermoplastic Composite Materials, vol. 29,
no. 11, pp. 1536–1553, 2016.
[15] J. Venkatesan, B. Lowe, S. Anil et al., “Seaweed polysaccharides and their potential biomedical applications,” Starch,
vol. 67, no. 5-6, pp. 381–390, 2015.
[16] J. Venkatesan, I. Bhatnagar, P. Manivasagan, K. H. Kang, and
S. K. Kim, “Alginate composites for bone tissue engineering: a
review,” International Journal of Biological Macromolecules,
vol. 72, pp. 269–281, 2015.
[17] H. Liu, J. Cheng, F. Chen et al., “Biomimetic and cellmediated mineralization of hydroxyapatite by carrageenan
functionalized graphene oxide,” ACS Applied Materials &
Interfaces, vol. 6, no. 5, pp. 3132–3140, 2014.
[18] A. Alves, R. A. Sousa, and R. L. Reis, “In vitro cytotoxicity
assessment of ulvan, a polysaccharide extracted from green
algae,” Phytotherapy Research, vol. 27, no. 8, pp. 1143–1148,
2013.
[19] S. Islam, M. A. Rahman Bhuiyan, and M. N. Islam, “Chitin
and chitosan: structure, properties and applications in
biomedical engineering,” Journal of Polymers and the Environment, vol. 25, no. 3, pp. 854–866, 2017.
[20] B. K. Park and M.-M. Kim, “Applications of chitin and its
derivatives in biological medicine,” International Journal of
Molecular Sciences, vol. 11, no. 12, pp. 5152–5164, 2010.
[21] I. Aranaz, M. Mengíbar, R. Harris et al., “Functional characterization of chitin and chitosan,” Current Chemical Biology,
vol. 3, no. 2, pp. 203–230, 2009.

9
[22] I. Younes and M. Rinaudo, “Chitin and chitosan preparation
from marine sources. Structure, properties and applications,”
Marine Drugs, vol. 13, no. 3, pp. 1133–1174, 2015.
[23] I. Aranaz, R. Harris, and A. Heras, “Chitosan amphiphilic
derivatives. Chemistry and applications,” Current Organic
Chemistry, vol. 14, no. 3, pp. 308–330, 2010.
[24] J. Kumirska, M. X. Weinhold, J. Thöming, and P. Stepnowski,
“Biomedical activity of chitin/chitosan based materials—inﬂuence of physicochemical properties apart from molecular
weight and degree of N-acetylation,” Polymer, vol. 3, no. 4,
pp. 1875–1901, 2011.
[25] A. Grenha, S. al-Qadi, B. Seijo, and C. Remuñán-López,
“The potential of chitosan for pulmonary drug delivery,”
Journal of Drug Delivery Science and Technology, vol. 20,
no. 1, pp. 33–43, 2010.
[26] S. Kim, K. I. Requejo, J. Nakamatsu, K. N. Gonzales, F. G.
Torres, and A. Cavaco-Paulo, “Modulating antioxidant activity and the controlled release capability of laccase mediated
catechin grafting of chitosan,” Process Biochemistry, vol. 59,
pp. 65–76, 2017.
[27] M. Mahdy Samar, M. H. el-Kalyoubi, M. M. Khalaf, and
M. M. Abd el-Razik, “Physicochemical, functional, antioxidant and antibacterial properties of chitosan extracted from
shrimp wastes by microwave technique,” Annals of Agricultural Science, vol. 58, no. 1, pp. 33–41, 2013.
[28] N. Qinna, Q. Karwi, N. al-Jbour et al., “Inﬂuence of molecular
weight and degree of deacetylation of low molecular weight
chitosan on the bioactivity of oral insulin preparations,”
Mar Drugs, vol. 13, no. 4, pp. 1710–1725, 2015.
[29] C. T. Tsao, C. H. Chang, Y. Y. Lin, M. F. Wu, J. L. Han,
and K. H. Hsieh, “Kinetic study of acid depolymerization
of chitosan and eﬀects of low molecular weight chitosan
on erythrocyte rouleaux formation,” Carbohydrate Research,
vol. 346, no. 1, pp. 94–102, 2011.
[30] D. R. Yao, M. Q. Zhou, S. J. Wu, and S. K. Pan, “Depolymerization of chitosan by enzymes from the digestive tract
of sea cucumber Stichopus japonicus,” African Journal of
Biotechnology, vol. 11, no. 2, pp. 423–428, 2012.
[31] A. B. Kumar and R. N. Tharanathan, “A comparative
study on depolymerization of chitosan by proteolytic
enzymes,” Carbohydrate Polymers, vol. 58, no. 3, pp. 275–
283, 2004.
[32] V. Y. Novikov and V. A. Mukhin, “Chitosan depolymerization by enzymes from the hepatopancreas of the crab
Paralithodes camtschaticus,” Applied Biochemistry and
Microbiology, vol. 39, no. 5, pp. 464–468, 2003.
[33] C. Muanprasat and V. Chatsudthipong, “Chitosan oligosaccharide: biological activities and potential therapeutic applications,” Pharmacology & Therapeutics, vol. 170, pp. 80–97,
2017.
[34] S. Rodrigues, M. Dionísio, C. R. López, and A. Grenha, “Biocompatibility of chitosan carriers with application in drug
delivery,” Journal of Functional Biomaterials, vol. 3, no. 3,
pp. 615–641, 2012.
[35] T. M. Ways, W. M. Lau, and V. Khutoryanskiy, “Chitosan
and its derivatives for application in mucoadhesive drug
delivery systems,” Polymer, vol. 10, no. 3, pp. 1–37, 2018.
[36] D. Enescu and C. E. Olteanu, “Functionalized chitosan and its
use in pharmaceutical, biomedical, and biotechnological
research,” Chemical Engineering Communications, vol. 195,
no. 10, pp. 1269–1291, 2008.

10
[37] R. Cheung, T. Ng, J. Wong, and W. Chan, “Chitosan: an
update on potential biomedical and pharmaceutical applications,” Marine Drugs, vol. 13, no. 8, pp. 5156–5186, 2015.
[38] M. Zhang, X. H. Li, Y. D. Gong, N. M. Zhao, and X. F. Zhang,
“Properties and biocompatibility of chitosan ﬁlms modiﬁed
by blending with PEG,” Biomaterials, vol. 23, no. 13,
pp. 2641–2648, 2002.
[39] Y. Yuan, B. M. Chesnutt, W. O. Haggard, and J. D.
Bumgardner, “Deacetylation of chitosan: material characterization and in vitro evaluation via albumin adsorption and
pre-osteoblastic cell cultures,” Materials, vol. 4, no. 8,
pp. 1399–1416, 2011.
[40] S. Ahmed and S. Ikram, “Chitosan based scaﬀolds and
their applications in wound healing,” Achievements in the
Life Sciences, vol. 10, no. 1, pp. 27–37, 2016.
[41] Y. Zhang, T. Sun, and C. Jiang, “Biomacromolecules as
carriers in drug delivery and tissue engineering,” Acta Pharmaceutica Sinica B, vol. 8, no. 1, pp. 34–50, 2018.
[42] L. M. Bakar, M. Z. Abdullah, A. A. Doolaanea, and S. J. A.
Ichwan, “PLGA-chitosan nanoparticle-mediated gene
delivery for oral cancer treatment: a brief review,” Journal of
Physics: Conference Series, vol. 884, article 012117, 2017.
[43] S. Kim, J. Nakamatsu, D. Maurtua, and F. Oliveira, “Formation,
antimicrobial activity, and controlled release from cotton
ﬁbers with deposited functional polymers,” Journal of Applied
Polymer Science, vol. 133, no. 8, pp. 4305401–4305411, 2016.
[44] S. Kim, M. M. Fernandes, T. Matamá, A. Loureiro, A. C.
Gomes, and A. Cavaco-Paulo, “Chitosan–lignosulfonates
sono-chemically prepared nanoparticles: characterisation
and potential applications,” Colloids and Surfaces B: Biointerfaces, vol. 103, pp. 1–8, 2013.
[45] C. Silva, T. Matamá, S. Y. Kim et al., “Antimicrobial and antioxidant linen via laccase-assisted grafting,” Reactive and
Functional Polymers, vol. 71, no. 7, pp. 713–720, 2011.
[46] L. F. Zemljič, J. Volmajer, T. Ristić, M. Bracic, O. Sauperl,
and T. Kreže, “Antimicrobial and antioxidant functionalization of viscose fabric using chitosan–curcumin formulations,” Textile Research Journal, vol. 84, no. 8, pp. 819–830,
2014.
[47] Z. Zhang, L. Chen, J. Ji, Y. Huang, and D. Chen, “Antibacterial properties of cotton fabrics treated with chitosan,” Textile
Research Journal, vol. 73, no. 12, pp. 1103–1106, 2003.
[48] M. G. Tardajos, G. Cama, M. Dash et al., “Chitosan functionalized poly-ε-caprolactone electrospun ﬁbers and 3D printed
scaﬀolds as antibacterial materials for tissue engineering
applications,” Carbohydrate Polymers, vol. 191, pp. 127–
135, 2018.
[49] U. V. Brodnjak, A. Jesih, and D. Gregor-Svetec, “Chitosan
based regenerated cellulose ﬁbers functionalized with plasma
and ultrasound,” Coatings, vol. 8, no. 4, p. 133, 2018.
[50] M. Petriccione, F. Mastrobuoni, M. Pasquariello et al., “Eﬀect
of chitosan coating on the postharvest quality and antioxidant enzyme system response of strawberry fruit during cold
storage,” Food, vol. 4, no. 4, pp. 501–523, 2015.
[51] Y. Xing, Q. Xu, S. Yang et al., “Preservation mechanism of
chitosan-based coating with cinnamon oil for fruits storage
based on sensor data,” Sensors, vol. 16, no. 7, pp. 1–23, 2016.
[52] L. J. Bessa, P. Fazii, M. di Giulio, and L. Cellini, “Bacterial isolates from infected wounds and their antibiotic susceptibility
pattern: some remarks about wound infection,” International
Wound Journal, vol. 12, no. 1, pp. 47–52, 2015.

International Journal of Polymer Science
[53] E. Malinowska-Pańczyk, H. Staroszczyk, K. Gottfried,
I. Kolodziejska, and A. Wojtasz-Pajak, “Antimicrobial
properties of chitosan solutions, chitosan ﬁlms and gelatinchitosan ﬁlms,” Polimery, vol. 61, pp. 735–741, 2015.
[54] R. C. Goy, S. T. B. Morais, and O. B. G. Assis, “Evaluation of
the antimicrobial activity of chitosan and its quaternized
derivative on E. coli and S. aureus growth,” Revista Brasileira
de Farmacognosia, vol. 26, no. 1, pp. 122–127, 2016.
[55] H. K. No, N. Y. Park, S. H. Lee, and S. P. Meyers, “Antibacterial activity of chitosans and chitosan oligomers with diﬀerent
molecular weights,” International Journal of Food Microbiology, vol. 74, no. 1-2, pp. 65–72, 2002.
[56] K. Divya, S. Vijayan, T. K. George, and M. S. Jisha, “Antimicrobial properties of chitosan nanoparticles: mode of action
and factors aﬀecting activity,” Fibers and Polymers, vol. 18,
no. 2, pp. 221–230, 2017.
[57] M. Kaya, T. Baran, M. Asan-Ozusaglam et al., “Extraction
and characterization of chitin and chitosan with antimicrobial and antioxidant activities from cosmopolitan Orthoptera
species (Insecta),” Biotechnology and Bioprocess Engineering,
vol. 20, no. 1, pp. 168–179, 2015.
[58] Z. Zhong, R. Xing, S. Liu, L. Wang, S. Cai, and P. Li, “Synthesis of acyl thiourea derivatives of chitosan and their antimicrobial activities in vitro,” Carbohydrate Research, vol. 343,
no. 3, pp. 566–570, 2008.
[59] T. Takahashi, M. Imai, I. Suzuki, and J. Sawai, “Growth inhibitory eﬀect on bacteria of chitosan membranes regulated with
deacetylation degree,” Biochemical Engineering Journal,
vol. 40, no. 3, pp. 485–491, 2008.
[60] E. J. Jung, D. K. Youn, S. H. Lee, H. K. No, J. G. Ha, and
W. Prinyawiwatkul, “Antibacterial activity of chitosans with
diﬀerent degrees of deacetylation and viscosities,” International Journal of Food Science and Technology, vol. 45,
no. 4, pp. 676–682, 2010.
[61] I. Younes, S. Sellimi, M. Rinaudo, K. Jellouli, and M. Nasri,
“Inﬂuence of acetylation degree and molecular weight of
homogeneous chitosans on antibacterial and antifungal activities,” International Journal of Food Microbiology, vol. 185,
pp. 57–63, 2014.
[62] L. Y. Zheng and J. F. Zhu, “Study on antimicrobial activity of
chitosan with diﬀerent molecular weights,” Carbohydrate
Polymers, vol. 54, no. 4, pp. 527–530, 2003.
[63] M. S. Benhabiles, R. Salah, H. Lounici, N. Drouiche, M. F. A.
Goosen, and N. Mameri, “Antibacterial activity of chitin, chitosan and its oligomers prepared from shrimp shell waste,”
Food Hydrocolloids, vol. 29, no. 1, pp. 48–56, 2012.
[64] N. Liu, X. G. Chen, H. J. Park et al., “Eﬀect of MW and concentration of chitosan on antibacterial activity of Escherichia
coli,” Carbohydrate Polymers, vol. 64, no. 1, pp. 60–65, 2006.
[65] S. J. Jeon, M. Oh, W. S. Yeo, K. N. Galvão, and K. C. Jeong,
“Underlying mechanism of antimicrobial activity of chitosan
microparticles and implications for the treatment of infectious
diseases,” PLoS One, vol. 9, no. 3, pp. e92723–e92710, 2014.
[66] M. Kong, X. G. Chen, K. Xing, and H. J. Park, “Antimicrobial
properties of chitosan and mode of action: a state of the art
review,” International Journal of Food Microbiology,
vol. 144, no. 1, pp. 51–63, 2010.
[67] S. Kumar-Krishnan, E. Prokhorov, M. Hernández-Iturriaga
et al., “Chitosan/silver nanocomposites: synergistic antibacterial action of silver nanoparticles and silver ions,” European
Polymer Journal, vol. 67, pp. 242–251, 2015.

International Journal of Polymer Science
[68] S. Ghosh, T. K. Ranebennur, and H. N. Vasan, “Study of antibacterial eﬃcacy of hybrid chitosan-silver nanoparticles for
prevention of speciﬁc bioﬁlm and water puriﬁcation,” International Journal of Carbohydrate Chemistry, vol. 2011, Article ID 693759, 11 pages, 2011.
[69] D. dos Santos Lima, B. Gullon, A. Cardelle-Cobas et al., “Chitosan-based silver nanoparticles: a study of the antibacterial,
antileishmanial and cytotoxic eﬀects,” Journal of Bioactive
and Compatible Polymers, vol. 32, no. 4, pp. 397–410, 2017.
[70] A. Amato, L. M. Migneco, A. Martinelli, L. Pietrelli, A. Piozzi,
and I. Francolini, “Antimicrobial activity of catechol
functionalized-chitosan versus Staphylococcus epidermidis,”
Carbohydrate Polymers, vol. 179, pp. 273–281, 2018.
[71] T. M. Tamer, M. A. Hassan, A. M. Omer et al., “Antibacterial and antioxidative activity of O-amine functionalized
chitosan,” Carbohydrate Polymers, vol. 169, pp. 441–450,
2017.
[72] F. Sousa, G. M. Guebitz, and V. Kokol, “Antimicrobial and
antioxidant properties of chitosan enzymatically functionalized with ﬂavonoids,” Process Biochemistry, vol. 44, no. 7,
pp. 749–756, 2009.
[73] J.-H. Kim, D. Yu, S. H. Eom et al., “Synergistic antibacterial
eﬀects of chitosan-caﬀeic acid conjugate against antibioticresistant acne-related bacteria,” Marine Drugs, vol. 15,
no. 6, p. 167, 2017.
[74] S.-H. Eom, S. K. Kang, D. S. Lee et al., “Synergistic antibacterial eﬀect and antibacterial action mode of chitosan-ferulic
acid conjugate against methicillin-resistant Staphylococcus
aureus,” Journal of Microbiology and Biotechnology, vol. 26,
no. 4, pp. 784–789, 2016.
[75] S. Bhattacharya, “Reactive oxygen species and cellular defense
system,” in Free Radicals in Human Health and Disease, V.
Rani and U. C. S. Yadav, Eds., pp. 17–29, Springer, New
Delhi, India, 2015.
[76] A. Phaniendra, D. B. Jestadi, and L. Periyasamy, “Free
radicals: properties, sources, targets, and their implication
in various diseases,” Indian Journal of Clinical Biochemistry,
vol. 30, no. 1, pp. 11–26, 2015.
[77] V. I. Lushchak, “Free radicals, reactive oxygen species, oxidative stress and its classiﬁcation,” Chemico-Biological Interactions, vol. 224, pp. 164–175, 2014.
[78] P. Patlevič, J. Vašková, P. Švorc Jr, L. Vaško, and P. Švorc,
“Reactive oxygen species and antioxidant defense in human
gastrointestinal diseases,” Integrative Medicine Research,
vol. 5, no. 4, pp. 250–258, 2016.
[79] E. Birben, U. M. Sahiner, C. Sackesen, S. Erzurum, and
O. Kalayci, “Oxidative stress and antioxidant defense,”
World Allergy Organization Journal, vol. 5, no. 1, pp. 9–19,
2012.
[80] A. Bhattacharyya, R. Chattopadhyay, S. Mitra, and S. E.
Crowe, “Oxidative stress: an essential factor in the pathogenesis of gastrointestinal mucosal diseases,” Physiological
Reviews, vol. 94, no. 2, pp. 329–354, 2014.
[81] P. Pittayapruek, J. Meephansan, O. Prapapan, M. Komine,
and M. Ohtsuki, “Role of matrix metalloproteinases in photoaging and photocarcinogenesis,” International Journal of
Molecular Sciences, vol. 17, no. 6, p. 868, 2016.
[82] S.-J. Yoo, E. Go, Y. E. Kim, S. Lee, and J. Kwon, “Roles of reactive oxygen species in rheumatoid arthritis pathogenesis,”
Journal of Rheumatic Diseases, vol. 23, no. 6, pp. 340–347,
2016.

11
[83] M. Abbas and M. Monireh, “The role of reactive oxygen
species in immunopathogenesis of rheumatoid arthritis,”
Iranian Journal of Allergy, Asthma, and Immunology,
vol. 7, pp. 195–202, 2008.
[84] T. Rahman, I. Hosen, M. M. T. Islam, and H. U. Shekhar,
“Oxidative stress and human health,” Advances in Bioscience
and Biotechnology, vol. 3, no. 7, pp. 997–1019, 2012.
[85] W. Xie, P. Xu, and Q. Liu, “Antioxidant activity of watersoluble chitosan derivatives,” Bioorganic & Medicinal Chemistry Letters, vol. 11, no. 13, pp. 1699–1701, 2001.
[86] S. Hajji, I. Younes, M. Rinaudo, K. Jellouli, and M. Nasri,
“Characterization and in vitro evaluation of cytotoxicity,
antimicrobial and antioxidant activities of chitosans
extracted from three diﬀerent marine sources,” Applied Biochemistry and Biotechnology, vol. 177, no. 1, pp. 18–35, 2015.
[87] K. W. Kim and R. L. Thomas, “Antioxidative activity of chitosans with varying molecular weights,” Food Chemistry,
vol. 101, no. 1, pp. 308–313, 2007.
[88] T. Sun, D. Zhou, J. Xie, and F. Mao, “Preparation of chitosan
oligomers and their antioxidant activity,” European Food
Research and Technology, vol. 225, no. 3-4, pp. 451–456,
2007.
[89] S.-H. Chang, C.-H. Wu, and G.-J. Tsai, “Eﬀects of chitosan
molecular weight on its antioxidant and antimutagenic properties,” Carbohydrate Polymers, vol. 181, pp. 1026–1032,
2018.
[90] H. Li, Q. Xu, Y. Chen, and A. Wan, “Eﬀect of concentration and molecular weight of chitosan and its derivative on
the free radical scavenging ability,” Journal of Biomedical
Materials Research Part A, vol. 102, no. 3, pp. 911–916,
2014.
[91] M. Božič, S. Gorgieva, and V. Kokol, “Laccase-mediated
functionalization of chitosan by caﬀeic and gallic acids for
modulating antioxidant and antimicrobial properties,” Carbohydrate Polymers, vol. 87, no. 4, pp. 2388–2398, 2012.
[92] S. Khurana, K. Venkataraman, A. Hollingsworth, M. Piche,
and T. Tai, “Polyphenols: beneﬁts to the cardiovascular
system in health and in aging,” Nutrients, vol. 5, no. 10,
pp. 3779–3827, 2013.
[93] S. Kumar and A. K. Pandey, “Chemistry and biological activities of ﬂavonoids: an overview,” The Scientiﬁc World Journal,
vol. 2013, Article ID 162750, 16 pages, 2013.
[94] D. Vauzour, A. Rodriguez-Mateos, G. Corona, M. J. OrunaConcha, and J. P. E. Spencer, “Polyphenols and human
health: prevention of disease and mechanisms of action,”
Nutrients, vol. 2, no. 11, pp. 1106–1131, 2010.
[95] H. R. Fuller, E. L. Humphrey, and G. E. Morris, “Naturally
occurring plant polyphenols as potential therapies for inherited neuromuscular diseases,” Future Medicinal Chemistry,
vol. 5, no. 17, pp. 2091–2101, 2013.
[96] Q. Zhou, L. L. Bennett, and S. Zhou, “Multifaceted ability of
naturally occurring polyphenols against metastatic cancer,”
Clinical and Experimental Pharmacology and Physiology,
vol. 43, no. 4, pp. 394–409, 2016.
[97] M. Agrawal, “Natural polyphenols based new therapeutic
avenues for advanced biomedical applications,” Drug Metabolism Reviews, vol. 47, no. 4, pp. 420–430, 2015.
[98] N. Braidy, R. Grant, S. Adams, and G. J. Guillemin, “Neuroprotective eﬀects of naturally occurring polyphenols on quinolinic acid-induced excitotoxicity in human neurons,” The
FEBS Journal, vol. 277, no. 2, pp. 368–382, 2010.

12
[99] A. O. Aytekin, S. Morimura, and K. Kida, “Synthesis of chitosan–caﬀeic acid derivatives and evaluation of their antioxidant activities,” Journal of Bioscience and Bioengineering,
vol. 111, no. 2, pp. 212–216, 2011.
[100] M. Božič, J. Štrancar, and V. Kokol, “Laccase-initiated
reaction between phenolic acids and chitosan,” Reactive
and Functional Polymers, vol. 73, no. 10, pp. 1377–1383,
2013.
[101] A. Aljawish, I. Chevalot, B. Piﬀaut et al., “Functionalization of
chitosan by laccase-catalyzed oxidation of ferulic acid and
ethyl ferulate under heterogeneous reaction conditions,”
Carbohydrate Polymers, vol. 87, no. 1, pp. 537–544, 2012.
[102] F. Salehi, H. Behboudi, G. Kavoosi, and S. K. Ardestani, “Chitosan promotes ROS-mediated apoptosis and S phase cell
cycle arrest in triple-negative breast cancer cells: evidence
for intercalative interaction with genomic DNA,” RSC
Advances, vol. 7, no. 68, pp. 43141–43150, 2017.
[103] T. Iwamoto, “Clinical application of drug delivery systems in
cancer chemotherapy: review of the eﬃcacy and side eﬀects of
approved drugs,” Biological & Pharmaceutical Bulletin,
vol. 36, no. 5, pp. 715–718, 2013.
[104] A. Zong, H. Cao, and F. Wang, “Anticancer polysaccharides
from natural resources: a review of recent research,” Carbohydrate Polymers, vol. 90, no. 4, pp. 1395–1410, 2012.
[105] B. Sarmento and J. Neves, Eds.T. Cunha, B. Teixeira,
B. Santos, M. Almeida, G. Dias, and J. Neves, “Chitosanbased systems for biopharmaceuticals: delivery, targeting
and polymer therapeutics,” in Chapter 5. Biological and
Pharmacological Activity of Chitosan and Derivatives, B.
Sarmento and J. Neves, Eds., Wiley, 2012.
[106] J. K. Park, M. J. Chung, H. N. Choi, and Y. I. Park, “Eﬀects of
the molecular weight and the degree of deacetylation of chitosan oligosaccharides on antitumor activity,” International
Journal of Molecular Sciences, vol. 12, no. 1, pp. 266–277,
2011.
[107] K. Azuma, T. Osaki, S. Minami, and Y. Okamoto, “Anticancer and anti-inﬂammatory properties of chitin and chitosan
oligosaccharides,” Journal of Functional Biomaterials, vol. 6,
no. 1, pp. 33–49, 2015.
[108] Y. Jeon and S.-K. Kim, “Antitumor activity of chitosan oligosaccharides produced in ultraﬁltration membrane reactor
system,” Journal of Microbiology and Biotechnology, vol. 12,
pp. 503–507, 2002.
[109] Y. Xu, Z. Wen, and Z. Xu, “Chitosan nanoparticles inhibit the
growth of human hepatocellular carcinoma xenografts
through an antiangiogenic mechanism,” Anticancer Research,
vol. 30, pp. 5103–5110, 2010.
[110] L. Qi and Z. Xu, “In vivo antitumor activity of chitosan nanoparticles,” Bioorganic & Medicinal Chemistry Letters, vol. 16,
no. 16, pp. 4243–4245, 2006.
[111] L. Qi, Z. Xu, X. Jiang, Y. Li, and M. Wang, “Cytotoxic activities of chitosan nanoparticles and copper-loaded nanoparticles,” Bioorganic & Medicinal Chemistry Letters, vol. 15,
no. 5, pp. 1397–1399, 2005.
[112] X. Huang, X. Huang, X. H. Jiang et al., “In vitro antitumour
activity of stearic acid-g-chitosan oligosaccharide polymeric
micelles loading podophyllotoxin,” Journal of Microencapsulation, vol. 29, no. 1, pp. 1–8, 2012.
[113] F. Q. Hu, W. W. Chen, M. D. Zhao, H. Yuan, and
Y. Z. Du, “Eﬀective antitumor gene therapy delivered
by polyethylenimine-conjugated stearic acid-g-chitosan

International Journal of Polymer Science

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

oligosaccharide micelles,” Gene Therapy, vol. 20, no. 6,
pp. 597–606, 2013.
Z. H. Mirzaie, S. Irani, R. Mirfakhraie et al., “Docetaxel–chitosan nanoparticles for breast cancer treatment: cell viability
and gene expression study,” Chemical Biology & Drug Design,
vol. 88, no. 6, pp. 850–858, 2016.
H. Jin, J. Pi, F. Yang et al., “Folate-chitosan nanoparticles
loaded with ursolic acid confer anti-breast cancer activities
in vitro and in vivo,” Scientiﬁc Reports, vol. 6, no. 1, article
30782, 2016.
J. Varshosaz, F. Hassanzadeh, H. S. Aliabadi, F. R.
Khoraskani, M. Mirian, and B. Behdadfar, “Targeted delivery
of doxorubicin to breast cancer cells by magnetic LHRH
chitosan bioconjugated nanoparticles,” International Journal
of Biological Macromolecules, vol. 93, pp. 1192–1205, 2016.
S. J. Florczyk, G. Liu, F. M. Kievit, A. M. Lewis, J. D. Wu, and
M. Zhang, “3D porous chitosan-alginate scaﬀolds: a new
matrix for studying prostate cancer cell-lymphocyte interactions in vitro,” Advanced Healthcare Materials, vol. 1, no. 5,
pp. 590–599, 2012.
L. Mazzarino, G. Loch-Neckel, L. D. S. Bubniak et al., “Curcumin-loaded chitosan-coated nanoparticles as a new approach
for the local treatment of oral cavity Cancer,” Journal of
Nanoscience and Nanotechnology, vol. 15, no. 1, pp. 781–
791, 2015.
N. Khan, D. J. Bharali, V. M. Adhami et al., “Oral administration of naturally occurring chitosan-based nanoformulated
green tea polyphenol EGCG eﬀectively inhibits prostate cancer cell growth in a xenograft model,” Carcinogenesis, vol. 35,
no. 2, pp. 415–423, 2014.
H. Y. Yoon, S. Son, S. J. Lee et al., “Glycol chitosan nanoparticles as specialized cancer therapeutic vehicles: sequential
delivery of doxorubicin and Bcl-2 siRNA,” Scientiﬁc Reports,
vol. 4, no. 1, pp. 1–12, 2015.
J. Xu, J. Yu, X. Xu et al., “Development, characterization, and
evaluation of PSMA-targeted glycol chitosan micelles for
prostate cancer therapy,” Journal of Nanomaterials,
vol. 2014, Article ID 462356, 13 pages, 2014.
N. L. Dhas, P. P. Ige, and R. R. Kudarha, “Design, optimization and in-vitro study of folic acid conjugated-chitosan
functionalized PLGA nanoparticle for delivery of bicalutamide in prostate cancer,” Powder Technology, vol. 283,
pp. 234–245, 2015.
A. Mohandas, K. S. Snima, R. Jayakumar, and V.K. Lakshmanan, “Chitosan based AGR2 siRNA nanoparticle
delivery system for prostate cancer cells,” Journal of Chitin
and Chitosan Science, vol. 1, no. 2, pp. 161–165, 2013.
P.-H. Chang, K. Sekine, H.-M. Chao, S.-H. Hsu, and
E. Chern, “Chitosan promotes cancer progression and stem
cell properties in association with Wnt signaling in colon
and hepatocellular carcinoma cells,” Scientiﬁc Reports,
vol. 8, no. 45751, pp. 1–14, 2017.
M. Cheng, W. Zhu, Q. Li, D. Dai, and Y. Hou, “Anti-cancer
eﬃcacy of biotinylated chitosan nanoparticles in liver cancer,” Oncotarget, vol. 8, no. 35, pp. 59068–59085, 2017.
P. D. Potdar and A. U. Shetti, “Evaluation of anti-metastatic
eﬀect of chitosan nanoparticles on esophageal cancerassociated ﬁbroblasts,” Journal of Cancer Metastasis and
Treatment, vol. 2, no. 7, pp. 259–267, 2016.
Y. S. Wimardani, D. F. Suniarti, H.-J. Freisleben, S. I.
Wanandi, and M.-A. Ikeda, “Cytotoxic eﬀects of chitosan

International Journal of Polymer Science

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

against oral cancer cell lines is molecular-weight-dependent
and cell-type-speciﬁc,” International Journal of Oral
Research, vol. 3, article e1, 2012.
J. Gallo, M. Raska, E. Kriegova, and S. B. Goodman, “Inﬂammation and its resolution and the musculoskeletal system,”
Journal of Orthopaedic Translation, vol. 10, pp. 52–67, 2017.
V. N. Davydova, A. A. Kalitnik, P. A. Markov, A. V.
Volod’ko, S. V. Popov, and I. M. Ermak, “Cytokine-inducing
and anti-inﬂammatory activity of chitosan and its lowmolecular derivative,” Applied Biochemistry and Microbiology, vol. 52, no. 5, pp. 476–482, 2016.
A. J. Friedman, J. Phan, D. O. Schairer et al., “Antimicrobial and anti-inﬂammatory activity of chitosan-alginate
nanoparticles: a targeted therapy for cutaneous pathogens,”
The Journal of Investigative Dermatology, vol. 133, no. 5,
pp. 1231–1239, 2013.
M. I. Oliveira, S. G. Santos, M. J. Oliveira, A. L. Torres, and
M. A. Barbosa, “Chitosan drives anti-inﬂammatory macrophage polarisation and pro-inﬂammatory dendritic cell stimulation,” European Cells and Materials, vol. 24, pp. 136–153,
2012.
M. J. Chung, J. K. Park, and Y. I. Park, “Anti-inﬂammatory
eﬀects of low-molecular weight chitosan oligosaccharides in
IgE-antigen complex-stimulated RBL-2H3 cells and asthma
model mice,” International Immunopharmacology, vol. 12,
no. 2, pp. 453–459, 2012.
Y. Li, H. Liu, Q. S. Xu, Y. G. du, and J. Xu, “Chitosan oligosaccharides block LPS-induced O-GlcNAcylation of NF-κB and
endothelial inﬂammatory response,” Carbohydrate Polymers,
vol. 99, pp. 568–578, 2014.
P. Ma, H. T. Liu, P. Wei et al., “Chitosan oligosaccharides
inhibit LPS-induced over-expression of IL-6 and TNF-α in
RAW264.7 macrophage cells through blockade of mitogen
activated protein kinase (MAPK) and PI3K/Akt signaling
pathways,” Carbohydrate Polymers, vol. 84, no. 4, pp. 1391–
1398, 2011.
E. J. Yang, J. G. Kim, J. Y. Kim, S. Kim, N. Lee, and C. G.
Hyun, “Anti-inﬂammatory eﬀect of chitosan oligosaccharides in RAW 264.7 cells,” Central European Journal of
Biology, vol. 5, no. 1, pp. 95–102, 2010.
Y. Li, L. Chen, Y. Liu, Y. Zhang, Y. Liang, and Y. Mei, “Antiinﬂammatory eﬀects in a mouse osteoarthritis model of a
mixture of glucosamine and chitooligosaccharides produced
by bi-enzyme single-step hydrolysis,” Scientiﬁc Reports,
vol. 8, no. 1, article 5624, 2018.

13

Nanomaterial

Nanomaterials
Journal of

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Journal of

Applied Chemistry
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Scientifica
Hindawi
www.hindawi.com

Polymer Science
Volume 2018

Advances in

Volume 2018

Advances in

Chemistry
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Physical Chemistry
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
International Journal of

Analytical Chemistry

Advances in
Condensed Matter Physics

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Journal of

International Journal of

Chemistry
Hindawi
www.hindawi.com

Biomaterials
Volume 2018

High Energy Physics
Volume 2018

Materials

Corrosion

Volume 2018

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

BioMed
Research International

Journal of

International Journal of
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Engineering
Journal of

Advances in

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Advances in

Journal of

Nanotechnology
Hindawi
www.hindawi.com

Volume 2018

Advances in

Tribology

Hindawi
www.hindawi.com

Volume 2018

Materials Science and Engineering
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

