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Abstract
The field of tissue engineering (TE) experiences its most exciting time in the current decade. Recent progresses in TE have 
made it able to translate into clinical applications. To regenerate damaged tissues, TE uses biomaterial scaffolds to prepare a 
suitable backbone for tissue regeneration. It is well proven that the cell–biomaterial crosstalk impacts tremendously on cell 
biological activities such as differentiation, proliferation, migration, and others. Clarification of exact biological effects and 
mechanisms of a certain material on various cell types promises to have a profound impact on clinical applications of TE. 
Chitosan (CS) is one of the most commonly used biomaterials with many promising characteristics such as biocompatibility, 
antibacterial activity, biodegradability, and others. In this review, we discuss crosstalk between CS and various cell types 
to provide a roadmap for more effective applications of this polymer for future uses in tissue engineering and regenerative 
medicine.

Keywords  Chitosan · Cell interaction · Intracellular signaling · Molecular pathways · Regulation · Immune system · Nerve 
system · Cancer · Stem cell

Introduction

Tissue engineering (TE) is a broad and important area of 
modern medicine. Every day, researchers are exploring new 
ways to enhance the efficacy of disabled tissues or even full 
restoration of missing organs. In this direction, using various 
biomaterials is considered as a promising approach. Bioma-
terial interaction with different cells is one of the most excit-
ing and challenging issues in this regard. Understanding how 
biomaterials alert the biological activities of a special cell 
type is a critical step to design better strategies in TE filed. 
To date, several natural and synthetic biomaterials have been 
introduced for TE applications. To design a suitable scaffold, 
the researchers may use more than one material for fabrica-
tion of biomaterials and scaffolds for TE.

An optimal TE scaffold should have a proper impact on 
cell behaviors such as cell adhesion [1], cell proliferation 
[2, 3], cell migration [4] and cell differentiation [5]. In addi-
tion, the antibacterial properties of the biomaterials used in 
TE should be considered as a critical point to avoid post-
implant infections [6]. Among the biomaterials utilized in 
TE applications, chitosan (CS) or CS-blended scaffolds have 
many excellent characteristics that attract the attention of 
the researchers [5, 7]. CS exhibits great biocompatibility, 
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biodegradability, antimicrobial properties and remarkable 
compositional properties with different materials which 
make it an excellent candidate in TE applications [8]. One of 
the major concerns of researchers in deleveraging of CS in 
TE is how CS changes and impacts the biological behaviors 
of different cell types. It is important from this perspective 
that this information can help researchers to design more 
effective strategies. In this review article, we discuss the CS 
crosstalk with various cell types.

Chitosan

CS is a polysaccharide polymer consisted of randomly 
repeated units of β-(1-4)-linked N-acetyl-d-glucosamine 
and d-glucosamine [9]. This polymer naturally finds in the 
invertebrate shelves [10]. But, at the industrial scale, CST is 
derived from partial deacetylation of chitin (more than 60%) 
[11]. Chitin is one of the most abundant natural polymers. 
In fact, it is the second natural polysaccharide after cellu-
lose [12]. In spite of magnificent properties, there are some 
limitations regarding the use of chitin in TE. For instance, 
chitin is not soluble in aqueous and routine natural solvents 

at pH < 6 because of its high hydrophobicity, resulting from 
the expanded hydrogen-bounded semicrystalline structure. 
But, CS exhibits appropriate solubility in aqueous solutions. 
The deacetylation process produces free amino groups in 
the structure of CS that makes this polysaccharide soluble 
at pH < 6 [13]. In addition, free protonated amino groups on 
d-glucosamine units endow CS the capability of binding to 
a wide range of natural and syntactic materials [14]. CS is 
utilized in various fields such as food industry [15], water 
waste treatment [16], paper and automotive industries [17, 
18], agriculture uses, and medical and pharmaceutical appli-
cations [19]. Moreover, CS has some remarkable character-
istics such as biodegradability, non-toxicity and antibacterial 
properties which can be used as an appropriate candidate in 
TE and drug control release systems (Fig. 1) [20].

Chitosan preparation

The first attempt to produce CS from chitin goes back to 
1859 where Rouget boiled chitin in a concentrated potassium 
hydroxide solution [21]. But basic studies on CS produc-
tion started in 1934 by Rigby [22]. Nowadays, CS is mainly 
produced by deacetylation of chitin using alkylation method 

Fig. 1   A schematic picture of 
the widespread applications of 
chitosan. This polymer is widely 
used in different fields such as 
medical and food applications, 
agriculture filed, wastewater 
treatment and even paper and 
automotive industries
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in which sodium hydroxide and water are exploited as rea-
gent and solvent, respectively [23]. The average molecular 
weight of commercially produced CS is between 3800 and 
20,000 Da [24]. Generally, CS with molecular weight up to 
10 kDa is known as CS oligosaccharide (COS) [25]. In this 
respect, various methods have been developed for the pro-
duction of CS oligosaccharides. These methods are derived 
from two chemical and enzymatic approaches. Acidic 
hydrolysis, as a chemical method, is a dominant approach 
for COS production at the industrial scale [26].

Deacetylation degree (DD) is a critical parameter of CS 
which has a great effect on biological and biomechanical 
activities of the polysaccharide [27]. The DD represents free 
amino groups in the CS structure and plays an important 
role in its physical, chemical and mechanical properties. 
This parameter is determined using different methods such 
as IR spectrometry, UV spectrophotometry, dye absorption, 
1H/13C NMR, and gas chromatography [28, 29]. Generally, 
depending on deacetylation degree, there are four different 
forms of CS. The low deacetylation degree of CS with DD 
between 55 and 70%, medium with DD between 70 and 85%, 
high with DD between 85 and 95% and ultrahigh CS with 
DD between 95 and 100%. In the traditional method for pro-
duction CS, chitin in a strict condition process is added to 
the concentrated alkali at the 95 °C and stirring for 6–7 h. 
The DD obtained from this method is nearly 80% [26]. Pro-
duction of fully deacetylation CS at the industrial scale is 
difficult. Therefore, various studies have been conducted to 
improve the traditional method and production of CS with 
the higher DD. Recently, Xiaofei et al. [26] developed an 
approach using the low concentration of alkali solution and 
high-pressure conditions. The results showed that ultrahigh 
DD value (up to 95%) is obtained when the alkali concentra-
tion varied from 5 to 15%.

Chemical parameters

Biological behaviors of a scaffold deeply depend on its 
mechanical and biomechanical properties such as water 
absorption, pore size, mechanical strength [30]. An appro-
priate scaffold effectively mimics the natural ECM and 
accelerates the regeneration process of the damaged tissue 
[31]. Mechanical and biological properties of chitosan-
based scaffolds are affected by various chemical param-
eters such as DA (degree of N-acetylation), molecular 
weight, distribution of the acetyl groups along the chain 
and even preparation methods. It has been reported by 
many studies that the lower DA degree is associated with 
smaller pore size, higher cellular activities and increased 
water content due to enhanced hydrophilicity when com-
pared to those with higher DA [32–36]. Moreover, DD 
parameter can change the cell adhesion and proliferation 
properties of CS scaffolds. An increase of free amino 

groups within the backbone of chitosan-based scaffolds 
remarkably promotes their adhesion capability to the 
mucosal surfaces with negative charges [37]. The DD also 
has a direct correlation with crystallinity so that CS with 
higher DD shows higher crystallinity. On the other hand, it 
has also reported that the maximum crystallinity of CS is 
achieved when the DD of chitosan is 0% (chitin) or 100% 
(fully deacetylated) [38]. Deacetylation of CS decreases 
its biodegradation rate. In the aqueous environment, highly 
deacetylated scaffolds show poor biodegradability index 
and are not fully degraded even after few months [39, 40]. 
To explain this phenomenon, two critical points should be 
noted. First, CS is a semi-crystalline polymer [41]. There 
is a relationship between the increase of crystallinity and 
decrease of biodegradability rate. Indeed, the maximum 
crystallinity is achieved when the DD of CS is 0% (chi-
tin) or 100% (fully deacetylated). Hence, the crystallinity 
decreases along with the decrease of DD, resulting in an 
increased biodegradability rate. Second, the distribution of 
acetyl groups within the CS chain is another critical factor 
which has a great role in the biodegradability rate of scaf-
folds [42]. Molecular weight (MW) shows a direct effect 
on the CS polymer. It is obvious that the fluidity behav-
iors of the polymer which has an important role in the 
tissue interaction can be controlled by altering viscosity. 
In addition, MW is inversely proportional to the swelling 
properties of CS scaffolds so that the CS membranes with 
the higher MW indicate more permeability in the aqueous 
environments [43].

One of the other parameters that affects the chemical 
structure of chitosan is the pH. The pKa range for CS, which 
usually is from 6 to 7 (~ 6.5), depends on the various param-
eters such as DD, the global dissociation constant of glu-
cosamine groups, and the cationic or anionic buffers. These 
factors profoundly affect the physicochemical properties of 
CS nanoparticles [44–46]. For example, in the acidic pH, CS 
nanoparticles become bigger due to intramolecular electro-
static repulsion. Given that the most CS-based complexes 
are made in acidic pH, there are concerns about the stabil-
ity of these complexes in the physiological state. One of 
the most popular methods to design CS-based carriers for 
drug delivery is the ionically crosslinked CS/tripolyphos-
phate (CS/TPP). Despite the favorable results of using CS/
TPP system in various studies [47–50], the stability of this 
complex seems to be controversial in the physiological pH. 
Recently, Mazancová et al. [46] evaluated the stability of the 
CS/TPP particles in a wide range of pH values. According 
to their findings, the CS/TPP complexes showed instability 
in the physiological pH and, in general, any pH higher than 
the pH in which the particles were prepared. In this cir-
cumstance, the CS/TPP complex is dissociated into the free 
CS and residual TPP. So, the clinical uses of the complex 
may face serious challenges. Moreover, the CS nanoparticles 
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intended to aggregate in pH > 9 [44, 51]. However, further 
studies are needed to elucidate the exact behavior of the CS-
based complexes in vivo.

Biological behaviors

Biological behaviors of TE scaffolds such as cell adhesion, 
proliferation, migration, cytotoxicity, stem cells differentia-
tion, and bioactivity directly affect their healing ability. In 
this light, cell adhesion property is a pivotal characteristic 
of a scaffold. Cell adhesion is defined as the ability of a cell 
to attach another cell or extracellular matrix (ECM). This 
innate behavior of the cells plays an important role in the 
regulation of cell communication via stimulation of the cell 
signaling pathways. Thus, the effects of TE scaffolds on the 
cell functions deeply depend on the cell adhesion property 
of the scaffold’s composition [52]. The cell adhesion and 
mucoadhesion properties of CS and CS-based polymers have 
been well documented in several studies (Fig. 2) [53–56]. It 
has been shown that there is a direct correlation between the 
DD of CS and cell attachment. Cui et al. [57] demonstrated 
that the higher deacetylated CS exhibits better cell adhesion 
property.

CS also shows a positive effect on cell proliferation and 
migration [58]. Cell proliferation and cell migration are two 
critical steps in the tissue repair process [59]. Nowadays, 
there is particular attention to the design of scaffolds to 
highly support cell proliferation and attract the cells involved 
in tissue repair into the damaged site. For instance, in the 
early phase of the wound healing process, fibroblasts move 
from the margins of the wound to the center area to produce 
new ECM [60]. CS shows the positive impact on the prolif-
eration of fibroblasts and thereby accelerates wound heal-
ing [61, 62]. In contrast to molecular mass which exhibits 
no remarkable effect on proliferation rate, DD rate of CS 
plays a critical role in the proliferation of cells. Howling 
et al. [63] showed that highly deacetylated (86–89%) CS 
solution at a concentration range of 5–500 µg/ml stimulated 

the proliferation rate of human primary fibroblasts. But, the 
effects of CS’s DD on the proliferation of keratinocytes are 
controversial. So, the highly deacetylated CS has an inhibi-
tory effect (26% at initial concentrations of 5 and 50 g/ml) 
on the proliferation of HaCaT and primary cultured keratino-
cytes, while Chatelet et al. [33] reported that CS films with 
lower DA increase proliferation of keratinocytes.

The effect of CS on cell migration is relatively contro-
versial and it depends on the cell types and the used form of 
CS. For example, CS solution at the concentration of 0.1 and 
1.0 mg/ml has been reported to reduce the migration abil-
ity of the fibroblasts (3T6) while inducing human umbilical 
vascular endothelial cell (HUVEC) ones at the same concen-
trations. In contrast to CS, the monomer and oligomer forms 
of CS reduced the migration of the HUVECs. Therefore, it 
should be noted that different forms of CS can be chosen 
depending on their applications [64].

CS has a broad-spectrum antimicrobial activity for bac-
teria, algae, yeasts, and fungi. CS is considered as both 
bactericidal and bacteriostatic agent; nevertheless, there is 
a tendency to consider CS as a bacteriostatic agent [65]. 
Although the exact antimicrobial mechanism of this poly-
mer is not completely understood, several mechanisms have 
been suggested to describe its antimicrobial property such 
as attachment to the negative charges on the microbial cell 
surface and changing the permeability of cell wall, binding 
to the microbial DNA and nutrition blacking [66]. Antimi-
crobial property of the CS is deeply affected by DA and MW 
parameters in which MW has a greater role in the antimi-
crobial activity of CS [65]. It has been proven that the CS 
with lower MW better inhibits the microorganism growth 
and proliferation. Size and conformation are two important 
parameters which may explain the inhibitory effects of low 
molecular weight (LMW) CS on the proliferation of micro-
organisms. A possible description is that the LMW may 
facilitate the attraction and ionic interactions which eventu-
ally cause an effectively extended conformation on the cell 
membrane [65].

Fig. 2   The scanning electron 
microscope (SEM) images show 
a suitable cell attachment of 
chondrocytes on a chitosan–alg-
inate and b chitosan scaffolds 
after 14 days (reprinted from 
Ref. [56] with permission from 
Wiley InterScience)
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Chitosan and cell surface interaction

So far, several studies have been conducted to clarify how 
CS interacts with the cell surface. Most of our knowledge 
in this context has been obtained by studying the interac-
tions between CS and immune cells. The role of various 
immune cell receptors such as Toll-like receptor (TLR-4), 
mannose receptor, CD14, CR3, and Dectin-1 in binding to 
the CS has been identified [67–69]. CS, in a phagocytosis 
dependent manner, activates the pyrin domain containing 3 
(NLRP3) inflammasome in macrophages which has a main 
role in the release of IL-1β in these cells [70]. It seems that 
other receptors are also involved in CS–cell interaction. 
For example, Yuan et al. [71] reported that the presence 
of the megalin receptor on the renal proximal tubule cells 
plays a pivotal role in the receptor-mediated endocytosis 
of LMWC. However, the presence of a specific receptor 
for CS has not been identified yet and further studies are 
needed in this regard.

In addition to the receptor-mediated endocytosis, CS 
nanoparticles enter the cells through the other mecha-
nisms such as clathrin-mediated endocytosis. The results 
of different studies showed that because of the positive 
charge of these particles in body fluids, they can change 
the conformation of the cell membrane and its embedded 
proteins, such as clathrin. Clathrin-mediated endocytosis 
is an energy-dependent pathway which is responsible for 
internalization of the most amounts of these nanoparticles 
[72]. Obviously, this type of internalization terminates into 
the lysosomal pathway which eventually causes the acidic 
and enzymatic degradation of CS nanoparticles [72]. 
Moreover, a few studies indicated that the caveolae-medi-
ated endocytosis and macropinocytosis also are the other 
mechanisms involved in the cellular uptake of CS nanopar-
ticles. In contrast to clathrin-mediated endocytosis, these 
internalization pathways do not end in the lysosomal des-
tination and the cargo is transported from basolateral to 
apical side of cells which is called transcytosis [73].

Chitosan and cell signaling

Chitosan and immunity system

CS can regulate innate and adaptive immune responses. 
There are some promising reports about the ability of CS 
in stimulating the immune response against tumors and 
also using it as an adjuvant in the preparation of various 
vaccines [74, 75].

CS as a nanoparticle has been shown to have the contra-
dictory effects on cytokine production. For instance, Lee 

et al. indicated that the diluted CS at the concentration of 
0.001 and 0.005% increased the expression of IL-2 and 
IFN-γ in porcine spleen cells via affecting the Th1 cells. 
They also reported that CS had no effect on expression 
of Th2-related cytokines including IL-4, IL-5, IL-6, and 
IL-10 [76]. But, in another study, CS nanoparticles could 
considerably up-regulate the mRNA expression of Th1 
(IL-2 and IFN-γ) and Th2 (IL-10) cytokines in the sple-
nocytes of immunized mice [77]. In an in vivo experiment, 
CS-adjuvanted H. pylori vaccine increased the Th1 (IL-
4) and Th2 (IL-10) cytokines levels in H. pylori-infected 
Balb/c model [78]. CS-based adjuvants also were reported 
to enhance Th1 and Th17 responses [75]. It seems that 
more investigations should be carried out to clarify how 
exactly CS affects lymphocytes.

It is reported that CS enhanced migration and activation 
of polymorphonuclear cells (PMN) and consequently led to 
some positive consequences such as wound healing (Fig. 3) 
[79–84]. In this regard, two possible mechanisms have been 
suggested: (1) inducing IL-8 secretion from neutrophils; 
(2) complement activation. It is found that neutrophils in 
the presence of CS showed an overexpressed level of IL-8. 
The IL-8 has known to be the main chemotactic agent for 
neutrophils. It is interesting that the degree of acetylation 
has a direct effect on IL-8 secretion from neutrophils. In 
this light, Park et al. [85] reported that the acetylation of CS 
increased the expression of IL-8 from these cells. They sug-
gested that N-acetylation increased the CS film hydropho-
bicity which could prolong the physical interaction between 
CS and PMNs. Simard et al. [86] evaluated the chemotac-
tic effect of two CS solutions with different DD (80% and 
95%) on PMNs at the concentration range of 10–100 µg/ml. 
They found that only the 80% deacetylated CS successfully 
attracted the PMNs in a dose-dependent manner. According 
to their reports, neither 80% nor 95% deacetylated CS had 
the activator role in degranulation and superoxide produc-
tion of PMNs. In another mechanism, CS indirectly causes 
neutrophil chemotaxis through interaction with complement 
proteins such as C3a and C5a in circulation [85].

CS enhances the function of macrophages. Macrophages 
are the dominant infiltrating cells that respond rapidly to 
the implanted biomaterials. In the inflammatory response, 
macrophages possess three main functions: antigen presen-
tation, phagocytosis, and production of various cytokines 
and active substances such as TNF-α, IL-1β and nitric oxide 
(NO). Macrophages also play critical roles in tissue regener-
ation via secretion a wide spectrum of cytokines and growth 
factors to regulate cell recruitment, proliferation, and dif-
ferentiation. The way macrophages respond to biomaterials 
depends on the size of materials [87, 88]. Da Silva et al. [89] 
reported the size-dependent effect of chitin in murine mac-
rophages. They showed that chitin induces IL-17A and IL-
17A receptor expression in macrophages. They also found 
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that these responses deeply depend on Toll-like Receptor 
2 (TLR-2) and MyD88 functions. CS oligosaccharide also 
mediates its biological impacts on macrophages through toll-
like receptor 4 (TLR-4) [90]. In a study, the COS solution (at 

the concentration range of 50, 100, and 500 μg/ml) inhibited 
the production of active molecules, including NO, IL-1β and 
TNF-α in LPS-stimulated RAW264.7 cells (in vitro mac-
rophage model system) through the NF-κB (nuclear factor 

Fig. 3   a Chitosan is a flexible material that can be used in various 
forms, including scaffold (reprinted from Ref. [79] with permission 
from springer), mat [81], film (reprinted from Ref. [80] with permis-
sion from Elsevier B.V.) and hydrogel (reprinted from Ref. [84] with 
permission from Royal Society of Chemistry). Each form possesses 
a unique characteristic that allows researchers to use them for differ-

ent purposes. b The hydrogel form of chitosan and chitosan-blended 
materials for the treatment of burn wounds in the rat model. As 
shown in the picture, chitosan exhibits a high potential for use as the 
wound dressing (reprinted from Ref. [82] with permission from Royal 
Society of Chemistry)
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kappa B) signaling pathway. These cytokines have an impor-
tant role in the pro-inflammatory stage of wound healing. 
Thus, CS could be used as a suppressive biomaterial in this 
stage [91].

There are also a few controversial studies about the 
impact of CS on mast cells function. Mast cells are associ-
ated with inflammatory responses and originated from pluri-
potent precursors of the bone marrow. These cells are very 
important to initiate inflammatory interaction and imme-
diate allergic reactions [92]. There are different pathways 
that activate these cells and eventually cause the releasing 
of α-granules from mast cells [93]. Vo et al. [94] reported 
the suppressive effect of the COS solutions (200, 500, and 
1000 μg/ml) on the RBL-2H3 mast cells activation in a 
dose-dependent manner. But these findings were not in line 
with those obtained from Farrugia et al. [95] investigation 
which shown the CS in the solution form (0.1 and 0.4 mg/
ml) caused the release of beta-hexosaminidase from mast 
cells. However, the molecular details about the effect of CS 
on mast cells are unclear, and it is important to find the 

molecular mechanism of interaction between CS and mast 
cells.

Chitosan and cancer cells

In the recent past, the anti-cancer property of CS has been 
well investigated by evaluating its effect on different cancer 
cell lines (Fig. 4). It is found that different CS parameters 
such as DD and MW can profoundly affect its anti-cancer 
characteristic [25]. In a study, the effect of various solu-
tions of HMWC-derived products obtained from enzymatic 
hydrolysis was investigated on three different cancer cell 
lines including Human PC3 (prostate cancer cell), A549 
(carcinomic human alveolar basal epithelial cell), and 
HepG2 (hepatocellular carcinoma cell) at a concentration 
range of 0.75–50 µg/ml. It was reported that the products 
with lower molecular weight and higher solubility, and DD 
showed better anti-cancer effects [25]. However, the effect of 
these CS parameters on cancer cell viability may vary based 
on the type of cancer cell lines. For instance, evaluating the 

Fig. 4   a Clonogenic assay 
results of RT112 cell line with 
and without chitosan and b 
chitosan could remarkably 
diminish the number of colonies 
of cisplatin-resistant RT112 cell 
lines (reprinted from Ref. [96] 
with permission from Elsevier 
B.V.)
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Table 1   A summary of anti-cancer activities of chitosan and its derivatives

CS/CS-derived products In vitro/in vivo Reported results MW/DA References Year

COS MDA-MB-231 (in vitro) Reduction in MMP-9 
secretion and activities

1 kDa < MW < 3 kDa Kyung et al. [196] 2009

COS LLC (in vitro)
HepG2 (in vivo)

Inhibition of MMP-9 
secretion

Inhibition of the tumor 
growth

MW = 23.99 kDa Shen et al. [103] 2009

COS PC-3, A549 (in vitro) Suppression of cancer cell 
growth

DD = 85–100%
MW = 360–2625 m/z

Park et al. [25] 2011

CSO–SA MCF-7, A549, Bel-7402 
(in vitro)

Discovered anti-cancer 
activities of podophyl-
lotoxin loaded on CSO–
SA micelles

DD = 95%
MW = 15.0 kDa

Huang et al. [197] 2012

Sulfated polysaccharide SKOV3 and ECV304 
cells (in vitro)

Inhibition of MMP-2 
expression

MW = 11.3 kDa Zong et al. [198] 2013

O-Carboxymethyl-
chitosan

Human normal liver cell 
L02, human hepatoma 
cell Bel-7402, human 
gastric cancer cell 
SGC-7901 and human 
cervical carcinoma cell 
Hela

Cytokine levels were 
compatible in vitro. 
In vivo, nontoxic to 
body and enhanced 
body immune response, 
serum levels of IL-2 
and TNF-α in sarcoma-
180-bearing mouse

DD = 78.0%
MW = 340 kDa

Zheng et al. [199] 2011

CSOSA-g-PEI Hela and MCF-7 Comparable transfec-
tion efficiency level 
of CSOSA-g-PEI to 
lipofectamine 2000

DD = 95.0%
MW = 17.5 kDa

Hu et al. [200] 2013

CSOAA (conjugate for 
doxorubicin (DOX) 
delivery)

FaDu cells (in vitro) and 
FaDu tumor xenografted 
mouse model (in vivo)

Control drug release pro-
file. In addition, cellular 
uptake

DD = > 90%
MW = 5 kDa

Termsarasab et al. [201] 2013

FA–PEG–COL BALB/c mice bearing 
OVK18 #2 tumor xeno-
graft (in vivo)

Showing much potential 
for effective ovarian 
cancer treatment via 
gene therapy

DD = > 90%
MW = 3–5 kDa

Li et al. [202] 2014

CTS RT112 bladder cancer cell 
lines (In vitro)

CS exhibited a remark-
able reduction in pro-
liferation of RT112 cell 
line. CTS with lower 
MW found to be more 
effective than higher 
MW ones

DD = 70–90%
MW = 5800 and 

19,800 g/mol

Younes et al. [203] 2014

CTS (LMWC) Ca922 cells (in vitro) G1/S cell cycle arrest sub-
tle increases of caspase 
activity

DD = 75–85%
MW = 50–190 kDa

Wimardhani et al. [98] 2014

CS Bladder carcinoma cells 
(RT112 and RT112cp)

Cytotoxic effect of 
chitosan increased with 
increasing DA and 
decreasing pH

MW had no effect on 
toxicity of CS

DD = 39–98%
MW = 75,000–110,000 g/

mol

Younes et al. [96] 2015

CS IMR 32/Hep G2 cells (in 
vitro)

Moderate anti-prolifera-
tive effect

DD = 90.2–93.3%
MW = 382.73–

423.43 kDa
212.93–548.75 kDa

Chien et al. [204] 2016
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cytotoxicity of the CS solution (500 µM) with different DA 
and MW on bladder carcinoma cells (RT112 and RT112cp) 
showed that the MW exhibited no significant effect on CS 
anti-cancer property, while DA played an undeniable role 
in the context [96].

The sensitivity of different cancer cell lines to CS is not 
similar (Table 1). Zou et al. [97] studied the anti-cancer 
effect of the COS solution on ten different cancer cell lines 
including BGC-823, SGC-7901, A549, NCI-H460, KCC-
853, 786-O, HCT-116, HT-29, MCF-7, and Bcap-37. In that 
study, COS exhibited a wide-spectrum anti-cancer activity 
against all the aforementioned cells with various IC50, 
depending on the cell line. According to their report, the 
highest and lowest IC50 value of COS was observed for 
HCT-116 (1329.9 ± 93.4 µg/ml) and MCF-7 (48.6 ± 7.0 µg/
ml), respectively. So far, different mechanisms have been 
suggested for the anti-cancer effect of CS. Induction of apop-
tosis and cell cycle arrest are two main involved mechanisms 
in the context [98]. Exposure of the LMWC solution to Ca9-
22 (oral squamous cell carcinoma) and HaCaT (non-cancer 
keratinocyte) showed the cytotoxic effect of CS on Ca9-22 
(IC50 = 800 ± 131.45), but not HaCaT cells. The G1/S cell 
cycle arrest and increased number of apoptotic cells with 
elevated caspase activity were found in the LMWC-treated 
Ca9-22 cells [98]. One possible explanation for the oppo-
site effect of LMWC on Ca9-22 and HaCaT is differences 
in cytotoxic mechanism due to a higher negative charge of 
the cancer cell membrane compared with normal cells [99]. 
The positive charge of CS amino groups effectively forms 
the electrostatic interaction between the polymer and the 
negative charge of the cell membrane. Targeting cancer cells 
by CS may occur through a direct attack on the cell mem-
brane, receptor-mediated manner or via endocytosis [72]. 

The electrostatic interaction between CS and cell membrane 
may disrupt it and lead to secretion of some inflammation-
related cytokines such as IL-6 and IL-8. The mitogenic 
effect of these cytokines on normal keratinocytes and fibro-
blasts has been well proved [100]. In the cancer cells, IL-6 
and IL-8 secretion in response to cell membrane damages 
may be impaired which gives another reason for differences 
in the cytotoxic effect of CS on cancer and normal cells. In 
the aforementioned study, LMWC-treated Ca9-22 showed a 
higher population of the cells arrested in G1/S, as well as a 
higher percentage of the cells in G1 phase [98]. In these cir-
cumstances, various cell signaling pathways such as ATM/
ATR-Chk1/Chk2-Cdc25A-Cdk2 and TGF β-p15/p27-Cdk4/
Cdk6 may play a role. Treatment the cells with LMWC may 
increase the expression of TGF-β which eventually causes 
cell cycle arrest in G1 and S phase. TGF-β activates a cas-
cade of intercellular signaling such as Smads 2/3, Smad 4, 
p15, and p21 that activates the secretion of reactive oxygen 
species (ROS) and ultimately cell senescence [101].

However, other mechanisms have also been suggested 
for cancer cytotoxicity of CS. MMP-9 is a well-known 
enzyme which is associated with metastasis risk [102]. 
This enzyme digests the extracellular matrix and makes 
the cancer cell susceptible to escape from a solid tumor. 
It is obvious that targeting MMP-9 could be an effective 
strategy to reduce the invasiveness of cancer cells. In this 
direction, Shen et al. [103] reported the dose-dependent 
inhibitory effect of the COS (100, 500, and 1000 µg/ml) 
on MMP-9 secretion in Lewis lung carcinoma (LLC) cells. 
The LLC mice model treated by COS showed regression 
of tumor growth, decreased number of metastatic colo-
nies in the lung, and lengthened survival time compared 
to controls.

Table 1   (continued)

CS/CS-derived products In vitro/in vivo Reported results MW/DA References Year

COS 10 tumor cell lines (In 
vitro)

S180-bearing mice (in 
vivo)

HCT-116 cells were the 
least sensitive to COS

MCF-7 cells were the 
most sensitive to COS

Stimulation of M1 type 
macrophage and pro-
duction of TNF-α

DD = 90–93%
MW = 1–2 kDa

Zou et al. [97] 2016

COS HeLa cells (in vitro) At concentration of 
40 mg/ml, an abnormal 
morphology was found 
in HeLa cells

DD = 80%
MW = 1.44 kDa

Chokradjaroen et al. 
[205]

2017

CS Ovarian cancer cell line—
PA-1 (in vitro)

100% growth suppression 
of the of PA-1 tumor 
cells at low concentra-
tion at 10 µg/ml

Not reported Srinivasan et al. [206] 2018

COS chitosan oligosaccharide, CS chitosan, CSO–SA stearic acid-g-chitosan oligosaccharide, CSOSA-g-PEI polyethylenimine-conjugated stearic 
acid-g-chitosan oligosaccharide micelles, FA–PEG–COL folic acid–poly(ethylene glycol)–chitosan oligosaccharide lactate, CSOAA chitosan oli-
gosaccharide–arachidic acid, LMWC low molecular weight chitosan, MMP matrix metalloproteinase, DA degree of acetylation



2706	 B. Farhadihosseinabadi et al.

1 3

In addition to the mentioned mechanisms, it seems the 
immune system has a part in the anti-cancer effect of CS. CS 
exerts its anti-tumor impact by activating the cells involved 
in the immune system such as lymphocytes, natural killer 
cells (NK), and macrophages [104]. For instance, oral 
administration of COS can effectively promote intraepi-
thelial lymphocytes to secrete some macrophage activator 
cytokines such as interferon (IFN)-γ and interleukin (IL)-12. 
Further studies show the ability of COS to increase lympho-
cyte cytokines by accelerating T cell proliferation. Besides 
these, intraperitoneal injection of COS has been associated 
with an increased number of tumor suppressor M1 mac-
rophages producing TNF-α. These findings suggest that TNF 
signaling pathway may also have a critical role in the anti-
cancer effect of CS [105].

Chitosan and platelet

CS hemostatic effect has been well investigated in the litera-
ture [106–108]. Studies show that CS through binding, acti-
vation, and aggregation of platelets can cause hemostasis, 
and accelerate the healing process of damaged tissue [109]. 
It is reported that the presence of CS causes remarkable 
changes in platelets at both morphological and gene expres-
sion levels. CS induces filopodia and lamellipodia in plate-
lets and promotes them to generate a grapes shape structure 
which eventually decreases hemostasis time. CS also induces 
the gene expression of platelet activation markers such as 
P-selectin and glycoprotein IIb/IIIa. These cell surface pro-
teins facilitate platelet accumulation around the damaged 
area. In addition, CS induces secretion of various cytokines 
from activated platelets such as EGF, TGF-β1, and PDGF-
AB [107, 109, 110]. CS significantly diminishes the blood 
coagulation time (BCT). Okamoto et al. [111] reported that 
the canine whole blood exhibited a decreased BCT in the 
presence of the CS micro-particle suspension (0.3 mg/ml). 
Moreover, CS mixed platelet-rich plasma (PRP) showed a 
promoted platelet aggregation (PA) in a dose-dependent 
manner (0.01–2 mg/ml). Change in intracellular calcium 
concentration is one of the proposed mechanisms for the 
effect of CS on platelets. Non-activated platelets maintain a 
low intracellular calcium ion concentration (0.1 µM). Plate-
let contact with the extracellular matrix such as collagen 
causes an increased cytosolic concentration of calcium, 
which in turn increases the expression of glycoprotein IIb/
IIIa. It is reported that CS similarly increases intracellular 
calcium concentration in platelets.

Chitosan and chondrocytes

Osteoarthritis (OA) is the most common age-related degen-
erative disease which is generally identified by joint dys-
function due to various factors such as articular cartilage 

degradation, chondrocyte apoptosis, extracellular matrix 
damage and a remarkable loss in tissue cellularity [112, 
113]. IL-1β seems to play a key role in the pathogenesis of 
OA. It is found that the expression of this protein is remark-
ably increased in patients with OA. IL-1β protein, directly 
or indirectly, involves in a series of biological events which 
eventually cause cartilage degradation [114]. Chondrocytes, 
as the main population cells of cartilage, are responsible for 
the production and maintenance of the extracellular matrix 
of cartilage [115]. Due to the presence of a large quantity 
of IL-1β receptors on chondrocyte surface, it is a basic tar-
get for this cytokine. It is conceivable that the inhibition 
of the IL-1β pathway can be a promising therapy to pre-
vent cartilage degradation during OA pathological process. 
In vitro study on IL-1β-induced chondrocytes showed the 
dose-dependent anti-apoptosis property of the COS solu-
tion on such cells at a concentration range of 50–200 µg/
ml. The COS could greatly increase the cell viability of 
IL-1β-induced chondrocytes as compared to controls. Mor-
phological analysis exhibited a strong impact of COS on the 
overall integrity of nuclear chromatin in the IL-1β-induced 
chondrocytes. The COS also stabilized the integrity of the 
mitochondrial membrane and prevented the destruction of 
the mitochondrial membrane potential. It is suggested that 
the cationic charge of this polysaccharide may have a part 
in the membrane stabilizing property of CS due to binding 
to the various cell surface glycoproteins. In that study, COS 
strongly shifted the Bcl-2/Bax balance in favor of Bcl-2. It is 
found that the polysaccharide effectively induced the expres-
sion of Bcl-2 in the IL-1β-induced chondrocytes which were 
significantly higher compared with the controls. Expression 
of Cas-3, as the main trigger of apoptosis cascade, was also 
remarkably diminished in the COS-treated IL-1β-induced 
chondrocytes [116, 117].

The NO, as a critical factor in chondrocytes apoptosis, 
is found to be increased in synovial tissue and articular 
cartilage of patients with OA [118]. Indeed, IL-1β pro-
vokes chondrocytes to up-regulate the expression of iNOS 
[119, 120]. NO increasing in IL-1β-induced chondrocytes 
leads to the activation of the p38/MAPK pathway. As 
mentioned before, p38/MAPK cell signaling involves 
many inflammatory and apoptosis-related responses (e.g., 
up-regulation of Cas-3 and downregulation of Bcl-2) 
[121, 122]. The p38/MAPK also regulates the expression 
of MMP and TIMP proteins. COS treatment of IL-1β-
induced chondrocytes revealed to decrease the expression 
of iNOS via decreasing the p38/MAPK phosphorylation. 
In addition, COS up-regulated the expression of TIMP 
proteins which have inhibitory effects on MMP function 
[117]. To confirm the in vitro findings, Xi Lu et al. [123] 
reported the therapeutic potential of the CS solution on 
rat knee cartilage. They revealed that the injection of 
0.2 ml of 0.1% CS solution inside the articular cavity of 
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the rat knee caused the growth of epiphyseal cartilage 
and positively affected the proliferation of fibrous tissue.

Chitosan and osteoblasts

CS accelerates bone regeneration. It is commonly used as 
a biomimetic material for treatment of bone trauma [124]. 
Due to its biocompatibility, biodegradability, and poros-
ity, CS has been considered as a popular biomaterial for 
orthopedic TE [125–127]. The underlying mechanism by 
which CS governs its effect on bone mineralization has 
not yet been elucidated in detail. A wide range of cellu-
lar and molecular events participate in controlling bone 
growth and fracture repair. It is found that osteocalcin 
(OCN) and alkaline phosphatase (ALP) are two typical 
osteoblast biomarkers involved in regulating ECM min-
eralization in osteogenesis and osteoblast function during 
bone regeneration [128]. These biomarkers would be up-
regulated during differentiation and maturation of osteo-
blasts [129, 130]. CS is able to enhance the ALP activity 
on osteoblasts in vitro. Ohara et al. [131] reported that 
COS solution at the optimized concentration of 0.005% 
w/v elevated the ALP activity of cultured osteoblasts. It 
seems that COS directly speeds up cell proliferation of 
osteoblasts via up-regulating gene expression of some 
cell binding and adhesion molecules such as neural cell 
adhesion molecule (CD56) and tissue-type plasmino-
gen activator (t-PA). It may explain why ALP activity is 
increased in such cells while there is no significant dif-
ference between ALP mRNA expressions of COS-treated 
cells and controls. Beside this, COS remarkably enhances 
BMP-2 gene expression in osteoblasts [131]. It is proven 
that BMP-2 protein initiates differentiation of osteogenic 
lineage from multipotent mesenchymal progenitor cell 
lines [132]. In brief, CS can stimulate both differentiation 
and proliferation in osteoblasts through BMP-2 mediated 
pathway.

Runt-related transcription factor 2 (Runx2) is a crucial 
transcription factor for osteoblast differentiation and min-
eralization [133, 134]. Overexpression of this protein leads 
to osteogenesis and bone regeneration [135]. Furthermore, 
it is reported that Runx2 mediates nitric oxide-induced 
osteoblast protection against apoptosis via controlling 
Bcl-2 expression [136]. CS also promotes differentiation 
of osteoblasts by activation Runx2 signaling pathway 
[137]. Ho et al. [138] note that seeding osteoblasts on chi-
tosan nanofiber scaffold caused activation of Runx2 sign-
aling pathway followed by maturation of osteoblasts. In 
view of this property, using CS nanofiber scaffold in vivo 
exhibits a powerful effect on promoting bone regeneration 
via improving production, connectivity, and thickness of 
the trabecular bone.

Chitosan and retinal cells

The eye has specific vulnerabilities due to constant contact 
with harmful environmental factors. Ocular diseases such 
as glaucoma, diabetic retinopathy, and age-related macular 
degeneration are often the result of oxidative stress. Using 
new approaches, such as antioxidant biomaterials, can be a 
strategy to treat such diseases. Recently, a lot of attention is 
given to CS as an antioxidant biomaterial. It is found that CS 
dramatically increases intracellular GSH (Glutathione) level 
in various cell lines [139, 140]. GSH directly interacts with 
the redox system (ROS) as a cofactor of the glutathione per-
oxidase enzyme to protect cells from oxidative stress [141]. 
Several studies show the inhibitory effect of COS on (NF-
κB) signal transduction pathway which can be activated in 
response to oxidative stress [142–144].

CS reduces oxidative-induced retinal damage through 
the inhibition of apoptotic pathways. Fang et al. reported 
that the COS solution (100 µg/ml) improved the activity of 
antioxidant enzymes including catalase, GSH, and SOD, and 
also decreased ROS levels in the retina. In the transcription 
level, COS attenuated the DNA-binding ability of NF-κB by 
decreasing expression of the p65 protein which is respon-
sible for initiation of transcription activity of NF-κB heter-
odimer. On the other hand, COS enhanced the expression 
level of IκB protein which plays an inhibitory role for NF-κB 
heterodimer in the cytosol. COS also effectively decreased 
Bax/Bcl ratios where they have an important role in cell 
apoptosis regulation [145]. Bax is a proapoptotic protein 
that leads to an apoptotic cascade, whereas Bcl-2 prevents 
apoptosis [146].

Fang et al. [147] reported that COS effectively protected 
the retinal cells from ischemia and reperfusion (I/R) injury 
in the rat model. According to their findings, intraperitoneal 
injection of the COS solutions (5 and 10 mg/kg), before 
inducing ischemia and reperfusion, attenuated oxidative 
stress by decreasing various factors such as inflammatory 
mediators (TNF-a, IL-1b, MCP-1, iNOS, ICAM-1), P53, 
and Bax. Moreover, COS affected two signaling pathways 
involved in oxidative stress by reducing the phosphorylation 
of JNK and ERK. They also showed that COS improved 
the phosphorylation level of P38 protein which is known 
as the main member of mitogen-activated protein kinase 
(MAPK). MAPK family consists of different factors which 
are involved in the secretion of various pro-inflammatory 
cytokines. It is suggested that the neuroprotective effect of 
P38 may be exerted via activation of Bcl-2 factor.

Chitosan and stem cells

CS’s effect on cell differentiation and proliferation of stem 
cells has been well documented in many studies [148–150]. 
Wang et al. [151] reported the great capacity of CS on 
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proliferation and differentiation of rat’s neural stem cells 
(NSCs). According to their finding, chitosan film changed 
the morphological properties of the attached NSCs into the 
neural-like cells. Mesenchymal stem cells seeded on the CS 
film exhibited an increased expression level of Oct4, Sox2, 
and Nanog compared with 2D culture systems. Besides this, 
the mesenchymal stem cells interestingly tend to differenti-
ate into the nerve cells and chondrocytes in the presence 
of CS film [152]. It is also reported that using blended chi-
tosan and alginate (CA) scaffold enhances self-renewal of 
human embryonic stem cells (hESCs) without requiring of 
fibroblast-conditioned media or feeder cell layer. Using a 
feeder layer is associated with an increased risk of environ-
mental contamination. Therefore, developing CS scaffold 
based-cell culture system for hESCs can be widely utilized 
in TE applications [153].

The lack of an efficient cell delivery system is one of the 
main concerns of researchers regarding cell-based myocar-
dial regeneration [154]. Improving the myocardial infarction 
(MI) microenvironment to enhance the engraftment, survival 
and homing of stem cells, has become a serious challenge 
in myocardial TE field. In this respect, Liu et al. developed 
an injectable CS hydrogel for delivery of adipose-derived 
mesenchymal stem cells (ADSC) into the ischemic heart. 
They reported that the presence of ROS in damaged tissue 
may have a negative effect on ADSC adhesion molecules 
(αV, β1, p-FAK, and p-Src) involved in engraftment and 
homing of such cells. On the other hand, ROS may impair 
some host myocardium ligands such as ICAM1 and VCAM1 
which are involved in stem cell engraftment. The developed 
CS hydrogel could improve the cell engraftment via remov-
ing ROS and also increases some cytokines involved in stem 
cell homing such as SDF-1 protein [155].

According to the literature, topographical structures of CS 
scaffolds can interestingly affect the behavior of stem cells. 
For instance, micro-hills on CS scaffold promote the prolif-
eration and alignment of MSCs [156]. It is also reported that 
the chondrogenesis of MSCs on CS microfiber scaffolds is 
significantly higher compared to CS macroporous sponge 
scaffolds. COS is also able to influence the gene expression 
and cytokine secretion of hMSC but no significant impact 
on mineralization [157].

Chitosan and nerve cells

Neurodegenerative diseases include a wide range of progres-
sive diseases with the destruction of neurons (nerve cells) 
in the central nervous system (CNS) that led to cognitive 
and motor disabilities in patients [158]. Alzheimer’s, Par-
kinson’s, and Huntington’s diseases are the most well known 
of such diseases [159]. These disorders can also appear as 
secondary complications in brain tumors, multiple sclerosis 
(MS), ALS, and spinal cord injury. Oxidative stress has been 

proven to play a pivotal role in their emergence [160]. The 
brain damages can elevate the oxidative stress via activating 
and producing the pro-inflammatory cytokines by microglial 
cells [161]. Beside this, increased oxidative stress can occur 
through other pathological conditions, such as increased glu-
tamate concentration and miss-folded proteins accumula-
tion in neurons [162, 163]. Until now, many efforts have 
been made to treat neurodegenerative diseases. CS has been 
shown to possess a promising neuroprotective effect. In gen-
eral, CS exerts its protecting influence on neurons through 
various mechanisms, most notably the anti-oxidative stress 
effect [164]. For instance, a study on glutamate-induced 
PC12 cells showed that the use of pre-acetylated chitosan 
(PACOS) at the optimized concentration of 200 µg/ml sig-
nificantly reduced the production of ROS in these cells 
[112]. In another study, Wei et al. [165] found that the COS 
had a protective effect on Cu (II)-induced cortical neuronal 
cells by reducing the production of ROS. The role of Cu 
(II) and another metal ions such as Fe(II) accumulation in 
initiating oxidative stress in neuronal cells and its associa-
tion with neurodegenerative disease such as Alzheimer have 
been well proven [166]. In Wei’s study, treatment of Cu 
(II)-induced cells with the COS solutions at concentrations 
of 0.1–0.4 mg/ml could increase cell viability in a dose-
dependent manner. Using the LDH assay, they also showed 
that the COS significantly reduced the Cu (II)-mediated cell 
membrane damages in the rat cortical neuronal cells [165].

Oxidative stress can occur as a result of increased gluta-
mate concentrations in cells. Two different mechanisms are 
involved in glutamate-mediated oxidative stress: the mas-
sive influx of extracellular Ca2+ and preventing of cysteine 
uptake [112, 167]. So, targeting these pathways provide 
a suitable strategy to prevent glutamate-mediated oxida-
tive stress. It is reported that COS treatment of glutamate-
induced rat hippocampal neurons could effectively improve 
their cell viability as compared with controls. Meanwhile, 
the measurement of intracellular Ca2+ concentration using 
Fluo-4-AM fluorescence dye showed that the COS (at the 
concentration of 1.0 mg/ml) remarkably diminished the 
entrance of Ca2+ into the hippocampal neurons and signifi-
cantly decreased the percentage of proapoptotic cells [168].

As previously mentioned, chronic inflammation can play 
a major role in the onset and progression of neurodegenera-
tive diseases [161]. Anti-neuroinflammatory characteristic 
of CS suggests it as a therapeutic option to reduce inflam-
mation and symptoms of neurodegenerative diseases such 
as Alzheimer’s. Kim et al. [169] investigated the effect of 
CS on the IL-1b and Ab fragment 25–35-induced human 
astrocytoma cell line (CCF-STTG1). According to their 
results, the CS solution (10 µg/ml) significantly decreased 
the secretion of IL-6 and TNF-α in the stimulated cells. CS 
treatment also reduced the expression level of iNOS in the 
cells. In another study, Pangestuti et al. [170] showed that 
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CS derivatives decreased the microglial activity. According 
to their reports, the COS solution (500 µg/ml) attenuated 
the production of nitric oxide and prostaglandin E2 and had 
a suppressive effect on the release and expression levels of 
IL-1β, IL-6, TNF-α, and JNK/MAPK2 phosphorylation.

The anti-apoptotic effect is another protective mechanism 
of CS on neuronal cells. Since neuronal cell apoptosis plays 
an important role in the clinical manifestations of neurode-
generative diseases, its prevention can be an effective way 
of reducing the progression of such diseases [171]. So far, 
the anti-apoptotic effect of CS on neuronal cells has been 
reported in several studies [172, 173]. Most of the find-
ings are related to the reduction of caspases activities and 
increasing the Bax/Bcl-2 ratio. For instance, glutamate-
induced PC12 cells in the presence of pre-acetylated chi-
tosan (PACO) exhibited lower expression of Bax protein. 
These cells also showed less activated Cas-3 and 9, as well 
as a lower percentage of cytochrome c release from mito-
chondria compared with those not treated with PACO [112]. 
Similar results were found in another study where the effect 
of CS on dibutyltin (DBT)-induced-PC12 cells was inves-
tigated. In that study, gene expression evaluation indicated 
that the CS solution (50–200 µg/ml) significantly reduced 
the expression of Bax, Bad, Apaf-1 and cytochrome c genes, 
and increased the expression of Bcl-2 and Bcl-xL genes in 
the DBT-stimulated PC12 cells in a dose-dependent man-
ner. This study also showed that the Cas-3 and -9 showed 
a significant reduction in the presence of CS in both genes 
and proteins level in the DBT-induced PC12 cells [172]. 
Prevention of apoptosis can also occur by inactivating the 
p53 protein [174]. CS has been shown to prevent apoptosis 
in the human astrocytes by inhibiting the activation of P53. 
Koo et al. [173] indicated that high-weight water-soluble 
chitosan (WSC) at the concentration of 10 µg/ml could sup-
press the serum starvation-induced activation of P53 in the 
astrocytes which eventually protected them from apoptosis.

The accumulation of β amyloid proteins, which form 
senile plaques, is a characteristic of some neurodegenera-
tive diseases, especially Alzheimer’s. The presence of these 
plaques in patients with Alzheimer’s disease is one of the 
main causes of clinical manifestations in these patients 
[175]. Significant failures in reducing symptoms of Alzhei-
mer despite current treatments have led researchers to seek 
out alternative therapeutic choices using natural ingredients. 
Regarding the non-toxicity of CS, this polymer has been 
studied as a therapeutic option to prevent the formation of 
amyloid plaques in several studies [142, 176]. For example, 
the COS solutions (2.5 and 5 mg/ml), in a dose-dependent 
manner, inhibited the aggregation of Aβ42 and the formation 
of β-sheet structures in the rat hippocampal neuron cells. 
CS also prevented the formation of Aβ42 fibrils and even 
disrupted the preformed fibrils in the hippocampal neuron 
cells [176]. Khodagholi et al. [142] reported that CS due to 

its anti-oxidative effect can inhibit the amyloid plaque for-
mation in the NT2 cells. According to their findings, CS at 
a concentration of 0.1–0.5 w/v could remarkably elevate the 
production of proteins involved in oxidative stress response 
including HO-1, c-GCS, Hsp-70 through activation of the 
Keap1–Nrf2 signaling pathway. These proteins are reported 
to have a protecting effect against oxidative stress. They also 
showed that CS reduced the expression of the NF-κB, which 
plays a major role in the production of pro-inflammatory 
cytokines. These results indicate the ability of CS to be 
applied in the treatment of patients suffering from Alzhei-
mer’s disease.

The application of CS for developing a suitable scaffold 
in neural TE has been associated with positive results. It is 
reported that CS improves the cell adhesion and cell growth 
of neural cells. According to Cao et al. [177] reports, neural 
cells exhibited better attachment and growth in the presence 
of a blended hydrogel containing agarose and CS. They sug-
gested that a steric hindrance effect of CS may play a part in 
morphological differences and desired cell attachment and 
outgrowth of such cells.

Chitosan and epithelial cells

Epithelial tissue contains different types of epithelial cell, 
covering various part of human organs such as skin, pan-
creas, salivary glands and digestive and respiratory tract 
[178]. Epithelial tissue is arranged in single or multiple 
layers which are characterized by tight intercellular con-
nection and keratin-based cytoskeleton [179, 180]. Despite 
the overall similarity, different epithelial cells show various 
responses to biomaterials. So far, the impact of CS on the 
different types of epithelial cells has been investigated.

Branch morphogenesis plays an important role in the for-
mation of glandular organs such as salivary and mammary 
glands. This phenomenon occurs due to the interconnection 
between epithelial cells, ECM and different signaling mol-
ecules [181]. Using CS as a scaffold for inducing branch 
morphogenesis has been accompanied by considerable 
results. It is reported that both CS parameters, DD and MW, 
have a direct effect on branch morphogenesis. DD directly 
influences the expression of ECM’s components such as 
COL I and COL III (Fig. 5) [182]. Hsiao et al. [182] used 
the CS solutions (0.3 mg/ml) with different DD for the cul-
ture of embryonic salivary glands. After 48 h, they assessed 
the formation of the branching structure. They found that 
the cells cultured on CS with DD of 49% showed the high-
est number of branching structures. It seems that the mor-
phogenesis inducing the effect of CS strongly depends on 
FGF10–FGF2Rb signaling pathway. Study on explanted 
murine embryonic mammary gland cells on CS indicated 
that the interaction between FGF family, especially FGF 10, 
and CS has a strong impact on the formation of branching 
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structures. CS, because of its cationic nature, provides a 
suitable anchorage for attaching and immobilizing various 
growth factors with the negative charge. Therefore, CS with 
higher MW better induces branching formation compared 
with the lower ones as a result of better interaction between 
chitosan chains themselves and also between chitosan and 
various growth factors [183].

The epithelium of the nasal cavity consists of two main 
cell types including stratified squamous epithelium and 
columnar ciliated epithelium which prevent the entry of 
small and large particles to the body by entrapping them in 
the cilia. Moreover, mucus-producing glands in the nasal 
cavity help it to keep its moisture and also entrap the air-sus-
pended particles and pathogens. In some situations such as 
sinus surgery, restoring the mucociliary mucosa and avoid-
ing post-surgery adhesion formation must be considered. 
To avoid postoperative difficulties, different chitosan-based 
polymers have been applied to enhance the healing pro-
cess. However, some interesting results have been obtained 
from the treatment of nasal epithelial cells (NECs) with 
CS [184]. Huang et al. [185] reported that CS solution (1% 
w/v) significantly diminished migration, proliferation, and 
mucociliary differentiation of the NECs. Morphological 
examination revealed that CS-treated NECs were found in 
an irregular shape without the formation of the tight junc-
tion. According to their results, CS via inducing TGF-β1/
Smad2/Smad3 signaling decreases the expression of ZO-1 
and changes the morphological structures of NECs. The CS 
also increased the expression of AQP3 and AQP5 which are 
involved in water balance and secretion of periciliary fluid 
in the nasal cavity. The effect of CS on the tight junctions 
has been investigated by several other studies. For example, 
CS via CaSR–Gq–PLC–IP3-receptor channel-dependent 
pathway increased the release of Ca2+ from endoplasmic 
reticulum which activated the AMPK signaling pathway 

in the T84 cells as a model for epithelial cells. Following 
AMPK activation, the tight junction assembly elevated, 
which decreased the secretion of chloride ion (Cl−) by sup-
pressing the CFTR channel. Hence, it seems that COS shows 
great potential as a therapeutic strategy in the treatment of 
colorectal cancer chemoprevention and secretary diarrhea 
disorders [181]. In another study, Smith et al. [186] inves-
tigated the effect of CS on barrier characteristics of Caco-2 
cell monolayers such as transepithelial electrical resistance 
(TEER). They reported that CS by translocation of ZO-1 
in a dose-dependent manner (0.05–0.5% w/v), significantly 
decreased the transepithelial electrical resistance of Caco-2 
up to 83%. According to cellular fraction analysis results, 
the concentration of both ZO-1 and occludin decreased at 
cytosol and cell membrane and increased at cytoskeleton 
fraction of the CS-treated cells. These data show the role of 
CS in the translocation of ZO-1 from cell membrane to the 
cytoskeleton, resulting in disruption of epithelial cell tight 
junctions.

In a few studies, the positive impact of CS in the treat-
ment of inflammatory intestinal diseases such as inflamma-
tory bowel disease (IBD) has been reported. Inflammatory 
bowel disease results from defection in the intestinal barrier 
and uncontrolled inflammatory responses to the damaged 
gastrointestinal tract. It is found that oral administration 
of COS may be an effective way in the treatment of IBD. 
In this respect, CS derivatives prevent NF-ƘB activation 
and also TNF-α and IL-6 production in the epithelial bar-
rier. CS also contributes to the amelioration of diabetes by 
increasing of glucagon-like peptide-1 (GLP-1) production 
and secretion by intestinal cells. It is reported that CS via 
p38/MAPK-dependent signaling pathway can effectively 
elevate the production of glucagon-like peptide-1. Secre-
tion of GLP-1 by intestinal L cells plays an important role 
in glucose homeostasis via inducing of insulin secretion, 

Fig. 5   Expression pattern of type I and III collagens in the embry-
onic murine submandibular gland in the presence of CS with different 
degrees of deacetylation. The highest expression rate of both type I 

and III collagens was observed in the chitosan groups (reprinted from 
Ref. [182] with permission from Elsevier B.V.)
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suppressing glucagon production, and decreasing food 
intake. These findings suggest CS as a suitable alternative 
for the treatment of diabetic patients [187].

Chitosan and endothelial cells

One of the most important reasons for the onset of the car-
diovascular disease is the increased oxidative damages in 
the vascular endothelial cells [188]. The production of ROS 
by vascular endothelial cells plays an undeniable role in 
the development of some critical clinical diseases such as 
atherosclerosis and hypocholesteremia [189, 190]. Increas-
ing ROS in cells can cause irreparable harm through vari-
ous ways such as inactivation of vital enzymes for the cell, 
oxidation of membrane lipids, and induction of apoptosis 
[191]. Therefore, the use of substances with the ability to 
reduce free radicals may have a preventative effect on oxi-
dative stress. CS is one of the biomaterials which help to 
reduce the oxidative stress damages. A study on the effect 
of chitosan on H2O2-treated ECV304 cells showed that the 
concentration of 100–200 µg/ml CS remarkably reduced the 
amount of the ROS in the treated cells [140]. One possible 
reason for this phenomenon is the protection of the endog-
enous antioxidants, such as SOD and GSH-Px, as well as 
the reduction of oxidation of lipids by CS. CS also signifi-
cantly increased the NO levels in the treated cells. NO has 
an important role in regulating the functions of endothelial 

cells, in turn, reducing NO levels can increase the oxidative 
flow in cells [140]. This finding was not in line with other 
studies in which CS prevented NO production in HT-29 
and RAW264.7 cells [69, 192]. This controversy appears 
to be due to the differences in the cell types and variabil-
ity in the pro-inflammatory cytokines. The effect of CS on 
H2O2-treated ECV304 cells showed that these cells exhibited 
a less pre-apoptotic phase compared with the control. Based 
on the flow cytometry results, the H2O2-treated cells showed 
a high percentage of cells arrested in the G0/G1 stage, which 
was different for CS-treated cells, so that the treatment with 
CS increased cell arrest in the G1/S and M phase. CS also 
promoted the proliferation rate of these cells compared 
with the control group [140]. The findings regarding the 
effect of CS on the induction of apoptosis in the aforemen-
tioned study were not consistent with the results obtained 
in other studies. For example, Wang et al. [193] reported 
that the N-acetyl-COS at a concentration of 250–1000 µg/
ml decreased the proliferation rate and showed an increased 
pre-apoptotic effect on the HUVECs cells. One explanation 
for this controversy can be differences in the applied doses 
of CS. The anti-apoptotic effect of this substance appears to 
be completely dose dependent, so at the high doses, it even 
has an apoptotic effect on the endothelial cells.

CS influences the secretion of cytokines in endothelial 
cells. For instance, COS at the concentrations of 50–200 μg/
ml inhibited the LPS-induced IL-8 production in endothelial 

Fig. 6   The effect of chitosan on cell signaling pathways in different cell types
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cells. This phenomenon occurs due to blockade of p38/
MAPK and PI3k/Akt signaling pathways [194]. Moreover, 
COS down-regulated the ICAM-1 (at the concentrations of 
50–200 µg/ml) and E-selectin (only at the concentration of 
200 µg/ml) expression in endothelial cells by inhibiting the 
phosphorylation of MAPK and activation of NF-ƘB [195] 
(Fig. 6). Liu et al. [153] found that the COS (50–200 µg/ml) 
decreased the IL-6 levels in endothelial cells after exposure 
to the LPS. It seems that NF-ƘB-independent P38/MAPK 
activation and NF-ƘB-dependent ERK1/2 are the two sign-
aling pathways involved in the context.

Conclusion and future perspective

Nowadays, with the advances in the tissue engineering 
field, new approaches based on cell and scaffold interac-
tion are being developed to treat the injured tissues. The 
increasing progress of this branch of medical sciences has 
opened a promising window to find definite and effec-
tive ways for the development of a whole tissue or organ 
in vitro to be replaced with the damaged ones in the body. 
To this end, researchers are studying various types of 

Fig. 7   Chitosan induces various cell responses in different cell types. 
Identifying the crosstalk between chitosan and different cell types and 
comparison of results help researchers to more wisely use of this pol-

ymer in their studies (up arrow: increase; down arrow: decrease; star: 
activation; perpendicular sign: blockage)
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natural and synthetic materials to find suitable scaffolds 
in the context. CS is one of the widely used materials in 
various aspects of TE. The characteristics such as appro-
priate biodegradability, high biocompatibility, antibacte-
rial properties, and suitable mechanical behavior make 
CS as a popular biomaterial among researchers. Numer-
ous studies have been carried out to survey the effect of 
CS on the behaviors and biological functions of different 
cell types (Fig. 7). The importance of these studies is that 
understanding the crosstalk between cells and materials 
provides a vital clue for the best design of scaffolds. As the 
behavior and function of the various cell types are unique, 
their response to a certain material would be different. In 
the present study, we aimed to review the literature on 
the interaction between CS and different cell types. It is 
obvious that there are many undefined signaling pathways 
involved in CS effect on the functions of various cell types. 
Future studies can help to further clarify the response of 
different cells to this popular biopolymer to design a com-
prehensive map for use in various aspects of the TE field.
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