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Preface

Chitosan, a derivative of chitin, is a versatile biopolymer that is considered a

promising biomaterial due to its unique physicochemical and biological character-

istics. Hence, considerable efforts have been made to develop chitosan-based

materials for biomedical applications over the past few years. The reassuring out-

comes of these efforts have established the importance of chitosan and its deriva-

tives in biomedical fields. This volume summarizes recent advancements of

chitosan-based materials in the forms of nanomaterials, 3D-printed materials,

gels, hydrogels, membranes, films, and fibers as hemostatic agents, tissue sealants,

tissue engineering scaffolds, drug/gene/vaccine delivery carriers, and wound dress-

ings. Some chapters place emphasis on the fabrication techniques of chitosan-based

materials for hemostasis, periodontal and bone tissue engineering as well as in

regenerative medicine, while others focus on the construction of chitosan-based

theranostics and anticancer drug delivery carriers for advanced cancer therapy. The

chapters of this volume also summarize the recent progress of chitosan-based

topical and transdermal drug/growth factor delivery systems. This volume will be

of interest to material/clinical scientists, chemists, biologists, and researchers in the

fields of biopolymer science and biomaterials by providing a deep insight of

structure–property relationship of chitosan-based materials and through knowledge

to develop novel chitosan-based systems suitable for advanced biomedical and

various other applications.

Kochi, India R. Jayakumar

Chennai, India M. Prabaharan
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Abstract Hemorrhage is the leading cause of death in combat settings, trauma
injury, and during surgical procedures. Hemostatic agents and tissue sealants are
required when body’s coagulation cascade is not able to control hemorrhage effec-
tively. Chitosan because of its hemostatic and tissue adhesive property has gained
popularity as a topical hemostatic agent. Chitosan and derivatives of chitosan in
different forms such as sponge, hydrogel, dressing, and particles have been exten-
sively studied as hemostatic agent. This chapter provides an overview of the basic
hemostatic property of chitosan and also reviews the recent progress on different
forms of chitosan and its derivatives as hemostatic agents and tissue sealants.
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1 Introduction

Hemostasis is the process of stopping bleeding from the site of injury by clot
formation [1]. Hemostasis involves the interaction of endothelium, platelets, and
coagulation factors to form a stable hemostatic plug as shown in Fig. 1. The three
main steps involved in hemostasis are vasoconstriction, platelet plug formation, and
activation of coagulation cascade [2].

Primary and secondary hemostasis are the two main phases of hemostasis.
Damage to blood vessels initiates primary hemostasis, in which the damaged vessel
wall constricts to reduce blood loss, platelets adhere to exposed collagen, platelets
get activated and aggregation of platelets forms a soft platelet plug [3]. In the
secondary hemostasis, dense granules of platelets release factors that activate the
coagulation cascade. Activation of coagulation cascade leads to fibrin mesh forma-
tion over the platelet plug. The fibrin mesh is then cross-linked to form stable clot at
the site of injury [4]. Steps involved in primary and secondary hemostasis are shown
in Fig. 2.

Uncontrolled bleeding is a challenge during civilian/combat trauma and surgical
procedures. In these situations, the body’s natural coagulation system would not be
sufficient to control bleeding. Topical hemostatic agents and tissue sealants are used
as adjunct techniques to control bleeding during these critical situations [5]. Hemo-
static agents are categorized as passive and active hemostats based on their mech-
anism of action as shown in Fig. 3. Passive hemostats available in the market are
gelatin, collagen, oxidized cellulose, starch, and chitosan-based. These hemostats act
as a physical barrier at the injury site and help clot formation by aggregating RBCs/
platelets. Active hemostats like thrombin and a combination of fibrinogen and
thrombin directly act on the coagulation cascade to form clot at the bleeding site.
Thrombin converts fibrinogen to fibrin monomers which are then cross-linked to
form a stable fibrin clot. Thrombin has also been used in combination with passive
hemostats to improve the efficiency of the hemostat [6]. Tissue sealants are devel-
oped from natural or synthetic materials for variety of applications such as hemo-
static agents, wound closure, and healing agents [7]. Although most of the developed
bioadhesives exhibit poor adhesion in presence of body fluids, extensive research is
carried out in developing wet resistant adhesives. The development of an ideal tissue
sealant for sutureless wound closure is also a rising field of research.

Fig. 1 Schematic diagram showing the factors involved in hemostasis

2 M. N. Sundaram et al.
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Among the commercially available hemostatic agents, chitosan has gained pop-
ularity as a topical hemostatic agent [8]. Chitosan is a polycationic polysaccharide
consisting of repeating units of glucosamine and N-acetyl glucosamine formed by
partial deacetylation of chitin [9, 10]. Chitosan possesses hemostatic [11],
antibacterial [12–14], antimicrobial [15, 16], and mucoadhesive properties. Chitosan
in the form of composite sponge [17], nanoparticle for drug delivery [18], and
hydrogel as a carrier for angiogenic agents [19–22] deliver growth factors for bone
[23] regeneration, for wound healing [24] and also act as a matrix for tendon
[25, 26]/ligament [27, 28] and cartilage regeneration [29]. The hemostatic properties
of chitosan arise from the polycationic nature of the amino groups present in its
molecular chain. Several studies have proved the hemostatic mechanism of chitosan
[30, 31]. The RBCs and platelets with negatively charged cell membranes are
attracted to positively charged chitosan causing its entrapment and hemostatic plug
formation [32]. Degree of deacetylation (DDA) and molecular weight (MW) play an
important role in the hemostatic property of chitosan. It has been reported that
chitosan with higher DDA and MW showed improved aggregation of RBCs and
platelets [33]. Commercially available FDA approved chitosan-based hemostatic
agents are Hemcon®, Chitoflex®, Chitogauze®, Celox®, Omnistat®, Traumastat®,
and Axiostat®. These hemostatic agents are in the form of gauze, granules, and
sponge [34].

Fig. 3 Commercially available hemostatic agents and tissue sealants

4 M. N. Sundaram et al.



2 Different Forms of Chitosan and Its Derivatives
as Hemostatic Agent

There are several reports on the hemostatic property of chitosan and functionally
modified chitosan processed in different forms such as gauze, dressings, film,
scaffold, sponge, foam, granules, particles, powder, spray, hydrogel, and glue
(Fig. 4). These different forms of chitosan could be directly applied to the bleeding
site to bring about effective hemostasis.

2.1 Gauze/Dressing Based Hemostatic Agent

There are many FDA approved chitosan-based hemostatic dressing that has wide-
spread application as topical hemostatic dressings [35]. The first generation dressing
is a Hemcon® bandage that is a chitosan acetate-based wafer that has been reported
to control moderate to severe arterial and venous bleeding during military and
civilian trauma [36]. Hemcon® dental dressing has been widely used to control

Fig. 4 Diagram showing the different forms of chitosan and chitosan derivatives based hemostatic
agents
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bleeding during dental procedures [37, 38]. Hemcon bandages have also been used
in the sutureless repair of rupture of the left ventricle caused by myocardial infarction
[39]. Apart from Hemcon®, there is Chitoflex pro® which is a double-sided flexible
roll that is FDA approved as a topical hemostatic agent. This can be easily stuffed
into the wound site and control bleeding effectively [40]. Then comes the third-
generation chitosan dressing such as Chitogauze® XR PRO, Celox® gauze, Celox®

rapid, and Mini sponge dressings. The Chitogauze® XR PRO is a Z folded hemo-
static dressing of chitosan-coated polyester-rayon blended nonwoven gauze
[41]. This dressing is highly flexible and can conform to the injured area and stop
severe hemorrhage. The hemostatic dressing Celox® gauze was used by UK military
forces to control hemorrhage in combat causalities. Celox® gauze controls bleeding
by swelling and forming a gel-like plug at the site of application. Celox® rapid is an
improved form of Celox® gauze that has been reported to control severe arterial
bleeding with 60 s of compression compared to other chitosan-based hemostatic
dressings that require 3 min compression at the bleeding site. Celox® rapid gauze
speeds up packing time and reduces compression time [42]. At present, this chitosan-
based gauze is the product of choice to control severe hemorrhage caused by combat
wounds. The mini sponge dressing is a syringe like device loaded with chitosan-
coated small cylindrical cellulose sponges. At the site of injury, the sponges rapidly
absorb blood, expand filling the site, and aid in immediate control of blood loss [43].

There are also several reports on the development of chitosan-based dressings
with improved hemostatic property. Chan et al. prepared a chitosan gauze with
improved hemostatic property by coating the gauze with PolySTAT [32]. Plasma
treatment was done on the chitosan gauze to improve the absorption of PolySTAT
solution to form a uniform coating over the gauze. PolySTAT coated chitosan gauze
in contact with blood would help in rapid blood absorption. In femoral artery
hemorrhage created in rat, PolySTAT coated chitosan gauze when applied to the
site of injury exhibited decreased blood loss compared to commercially chitosan
gauze (Celox® Rapid). This could be because of the high absorbing capacity, cross-
linking of fibrin monomers, entrapment, and aggregation of RBCs in the PolySTAT
coated chitosan gauze. A bilayered hemostatic dressing was developed using
nanofibrous silk fibroin as the upper layer and chitosan and bacterial cellulose as
porous sub-layer [44]. Several coagulation cascade activators such as vitamin K,
protamine sulfate, and kaolin were incorporated in the sub-layer of the dressing. The
in vitro and in vivo blood clotting potential of the developed nano-micro layered
dressing was evaluated. In in vivo rat femoral artery model, the protamine sulfate
doped silk fibroin/chitosan/bacterial cellulose bilayer dressing showed reduced
blood clotting time. This could be because of the simultaneous action of
mucoadhesive nature of chitosan, absorption ability of cellulose, and platelet aggre-
gation caused by silk fibroin as it has a similar structure to collagen, and the
nanofibrous layer exhibits a high surface area to volume ratio. An electrospun
composite dressing-based hemostatic agent was prepared from silk fibroin, chitosan,
and halloysite nanotubes [45]. Incorporation of halloysite led to improved thermal
stability, mechanical and hemostatic property of the composite dressing. In in vitro
whole blood clotting study, the synthesized composite dressing could form a stable
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blood clot in 0.46 min. Increased concentration of halloysite decreased the blood
clotting time. Halloysite could absorb blood and concentrate coagulation factors and
at the same time the negative charge on halloysite could activate the coagulation
pathway.

Gu et al. prepared gelatin blended chitosan nanofibrous mats by electrospinning
technique [46]. The prepared mats were then sonicated to increase its pore size. The
hemostatic potential of the prepared nanofibrous mats was evaluated in vitro. The
sonicated gelatin blended chitosan nanofibrous mats exhibited better hemostatic
potential than chitosan nanofibrous mats. The hemostatic property of the developed
mats could be because of the improved blood absorption property and increased
platelet aggregation due to the blending of chitosan and gelatin. The sonicated mats
showed better fibroblast cell proliferation and infiltration which could be because of
its increased pore size. Chitosan dressing was chemically modified with succinyl,
carboxymethyl, and quaternary ammonium groups, and the hemostatic ability of the
chitosan nonwoven dressing was evaluated [47]. The hemostatic potential was
evaluated in the rabbit ear artery model in which among the three chemically
modified groups, succinyl modified chitosan showed the least clotting time of
147 � 3.7 s. This could be because of the ability of the negatively charged group
of succinyl modified chitosan to activate the intrinsic coagulation pathway. Chitosan
dressing with inorganic additives and levofloxacin was prepared and the developed
dressing was reported to act as hemostatic agent with wound healing properties
[48]. Commonly used inorganic additives are aluminium sulfate, aluminium chlo-
ride, and iron sulfate. These when incorporated in the chitosan dressing would aid in
the activation of coagulation pathways. In the in vivo mice tail amputation study, the
chitosan-aluminium sulfate-levofloxacin dressing exhibited good blood absorption
property because of which this dressing could achieve effective hemostasis.

2.2 Scaffold/Sponge/Foam/Film Based Hemostatic Agent

Hemostatic agents in the form of sponge have been commonly used even in clinics to
control blood loss. An absorbable chitosan sponge with different DDA (40% and
73%) was prepared and Huang et al evaluated its hemostatic potential in vivo in liver
hemorrhage model [49]. It was found that the absorbable hemostatic dressing
showed smaller pores, high swelling ratio and therefore in in vivo hemorrhage
model it exhibited faster blood clot formation with less blood loss compared to the
gelatin sponge that was used as control. The absorbable chitosan sponge with 40%
DDA showed better hemostatic property and biodegradability. Wang et al. prepared
phosphorylated chitosan with different degree of phosphorylation and evaluated its
hemostatic property [50]. Soluble and insoluble phosphorylated chitosan were
prepared and its hemostatic potential was evaluated in the mouse liver injury
model. In the in vivo evaluation among the soluble phosphorylated chitosan,
chitosan with 74% phosphate group showed blood clotting time of 39 s and
among the insoluble group, chitosan with 56% showed a blood clotting time of

Different Forms of Chitosan and Its Derivatives as Hemostatic Agent and. . . 7



56 s. Comparing the soluble and insoluble chitosan groups with similar phosphate
groups the insoluble chitosan phosphate could achieve hemostasis in reduced time.
The synergistic effect of chitosan on RBCs and phosphate group on activation of
intrinsic coagulation pathway could have attributed to its hemostatic property.

A hydrophobically modified chitosan foam that could achieve hemostasis even
without compression was prepared [51]. When applied at the bleeding site the
prepared foam can expand and fill the wound. As the prepared foam is hydrophobic
it attaches its hydrophobic chains into the cell membrane of blood cells leading to
clustering of the cells. In the in vivo rat liver hemorrhage model, compared to
unmodified chitosan and no-treatment groups, the hydrophobically modified
chitosan foam could achieve effective hemostasis without compression and therefore
the animals treated with the prepared foam showed good animal survival rate.
Dowling et al. further evaluated the efficiency of the sprayable foam in swine liver
hemorrhage model. When foams with different percentages of hydrophobic modifi-
cation were applied at the bleeding site, results showed a decrease in the amount of
blood loss with an increase in the percentage of hydrophobic modification
[52]. Therefore, the modified chitosan could exhibit better hemostatic property
even without compression because of the stability, integrity of the prepared foam
and its interaction with blood cells. Hydrophobically modified chitosan with zeolite
has been developed and its hemostatic effect was evaluated in rat femoral artery
injury model [53]. Hydrophobically modified chitosan sponge with zeolite showed
the shortest blood clotting time because zeolite could absorb blood and concentrate
coagulation factors while chitosan caused RBC aggregation. Chen et al. reported the
preparation of a polyelectrolyte using carboxymethyl starch and chitosan oligosac-
charide as hemostatic agent [54]. The polyelectrolyte could be formed by the ionic
interaction between negatively charged carboxymethyl starch and positively charged
chitosan oligosaccharide. In the in vivo study, the prepared polyelectrolyte complex
could achieve effective hemostasis in rabbit liver hemorrhage by simultaneous
activation of both the coagulation pathways.

A tannic acid cross-linked chitosan-gelatin composite sponge was prepared by
gradual base extraction and lyophilization technique [55]. The hemostatic efficiency
of the prepared composite sponge was evaluated by performing in vivo hemostasis
studies (ear artery and liver hemorrhage) created in rabbit. In the in vivo studies,
chitosan-gelatin composite sponge showed better hemostatic property than chitosan
or gelatin sponge alone. This could be because of the good liquid absorption,
enhanced RBC, and platelet aggregation property of the composite sponge that
would have led to quick blood clot formation. A chitosan-cellulose composite
sponge was developed by following the alkali-urea method [56]. The developed
composite sponge showed good absorption, better mechanical and shape recovery
property. In vivo hemostatic potential of the prepared composite sponge was eval-
uation in mouse tail amputation, rat liver and leg artery injury models and the time
taken by composite sponge to control blood loss was found to be 29 s, 20 s, and 34 s,
respectively. It was also reported that spherical-shaped composite sponge showed
good expansion property and when used in irregular or narrow wounds, the spherical
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compressed sponge would expand by absorbing blood and also exerts pressure on
the surrounding injured tissue. A composite hemostatic sponge made of
carboxymethyl chitosan and sodium carboxymethyl cellulose was developed
[57]. The cross-linker used in the preparation process (γ-(2, 3-epoxypropoxy)
propyltrimethoxysilane) caused the formation of capillary structure in the prepared
sponge. The prepared sponge possessed good absorption property and better
mechanical strength. The composite sponge with 1% each of carboxymethyl
chitosan, carboxymethyl cellulose and the cross-linker was chosen for further
studies. In in vivo rat femoral artery injury model, compared to the controls, the
developed composite sponge treated group exhibited the shortest time for hemostasis
(73 � 12 s) and least blood loss of 0.57 � 0.04 g. The unique capillary mimicking
structure of the composite sponge could absorb plasma rapidly and concentrate the
clotting factors; the presence of carboxyl groups could stimulate adhesion and
aggregation of platelets and also cause activation of the intrinsic coagulation
cascade.

A nanocomposite sponge was developed using oxidized bacterial cellulose
(OBC), chitosan, and collagen [58]. The nanocomposite sponge was formed by
the electrostatic interaction between anionic oxidized bacterial cellulose and cationic
chitosan. In the in vitro blood clotting study the OBC-Collagen-Chitosan
nanocomposite showed significantly higher blood clotting ability compared to
OBC alone and Surgicel a commercial hemostatic agent. The faster blood clotting
ability of OBC-Collagen-Chitosan than OBC could be due to the addition of
collagen to the nanocomposite sponge. The OBC-Collagen-Chitosan nanocomposite
sponge also exhibited better erythrocyte adhesion which could be one of the
mechanisms by which the composite works. In the in vivo rat liver injury model,
OBC-Collagen-Chitosan sponge exhibited least blood loss (58 mg) and the time for
hemostasis was recorded to be 86 s. The hemostatic action of the prepared
nanocomposite sponge could be due to the synergistic effect of the porous structure
of sponge that could absorb blood and concentrate plasma, Chitosan could aggregate
RBCs and platelets, and Collagen and OBC could trigger platelet adhesion and
activation followed by its aggregation. A cellulose-chitosan sponge was prepared for
control of blood loss from deep wounds [59]. The cellulose sponge was prepared
from Barca wood pulp with 2 wt% sodium dodecyl sulfate as a surfactant and 60 wt
% sodium sulfate as the pore foaming agent. The prepared cellulose sponge with
high porosity was then immersed in chitosan solution and freeze-dried to form the
cellulose-chitosan sponge. The cellulose sponge immersed in 1% chitosan solution
was used for in vivo studies. In the in vivo mouse tail amputation, rat liver and leg
artery injury studies were performed to evaluate the hemostatic potential of the
prepared 1% cellulose-chitosan sponge. The hemostasis time taken by the prepared
sponge in mouse tail amputation study was 67 s, in rat liver injury the time for blood
clot formation was 89 s, and in rat leg artery injury the time for hemostasis was 105 s.
Compared to the untreated group, gauze and gelatin sponge treated groups the
cellulose-chitosan sponge showed reduced hemostasis time. Therefore, cellulose-
chitosan sponge when placed on the wound site would rapidly absorb blood and
concentrate coagulation factors, it could expand by absorbing blood because of its
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rapid shape recovery property and compress the wound site, chitosan in the sponge
would aid in aggregation of platelets and erythrocytes thus helping in stable clot
formation.

A gallium-containing mesoporous bioglass incorporated chitosan sponge was
developed and its hemostatic potential was evaluated in vitro [60]. The prepared
composite scaffold exhibited better water absorption property as its percentage
porosity was found to be greater than 79%. In the in vitro blood clotting study, a
chitosan sponge containing 50% gallium-containing mesoporous bioglass showed
the least blood clotting time. The hemostatic effect of composite scaffold was by the
interaction of amine groups of chitosan with blood cells causing RBC and platelet
aggregation at the same time the scaffold could stimulate the release of Ca2+ ions that
would contribute to thrombin mediated fibrin clot formation. A collagen sponge was
prepared with the incorporation of chitosan-calcium pyrophosphate nanoflowers as a
hemostatic agent [61]. The prepared nanoflowers were grafted in the collagen
sponge by amide bonds formed between the carboxyl and amino group of collagen
and chitosan. The hemostatic ability of the prepared sponge was evaluated by
performing in vivo rabbit ear artery model and hepatic injury model. The collagen
sponge with chitosan-calcium pyrophosphate nanoflowers showed the shortest time
for bleeding control and the least blood loss. The hemostatic mechanism of each of
the components of the prepared sponge is as follows: collagen would cause platelet
adhesion and further initiation of coagulation, chitosan would interact electrostati-
cally causing aggregation of RBCs, and calcium would activate coagulation. The
prepared sponge also showed good absorption property and degraded in vivo in
21 days. A chitosan-collagen scaffold was developed with the addition of recombi-
nant batroxobin that could show a synergistic effect in controlling blood loss
[62]. Batroxobin is a snake venom that in contact with blood would cleave the
fibrinopeptide A of fibrinogen and enhances fibrin mesh formation. In vivo evalu-
ation of the developed sponge was performed in rat femoral artery and liver
hemorrhage model. In the rat femoral artery injury model the developed sponge
with collagen: chitosan (1:1) and 5BU/well of recombinant batroxobin stopped
bleeding in 240 s and in the liver injury model the sponge could control bleeding
in 180 s with the least blood loss. The hemostatic effect of the sponge could be
because of the synergistic effect of chitosan, collagen, and recombinant batroxobin.
N-alkylated chitosan/graphene oxide sponge was developed as a hemostatic agent
[63]. The addition of graphene oxide improved the mechanical strength of the
sponge. Incorporation of 20% ratio of graphene oxide to N-alkylated chitosan
could aid in achieving shorter hemostasis time (134.64 � 17.10 s) compared to
commercial chitosan hemostatic product Celox in rabbit femoral artery injury model.
The prepared porous sponge in contact with blood could cause RBCs/platelets
aggregation, promote the release of Ca2+ ions from adhered platelets, and also lead
to platelet activation.

Mesoporous silica nanoparticles incorporated N-alkylated chitosan sponge
(MSN/NACS) was synthesized [64]. The hydrophilicity of chitosan was improved
by modification of N-alkylated chitosan sponge with glycerol. Mesoporous silica
with a particle size of 60 nm and pore size of 15 nm was synthesized. The negative
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charge of mesoporous silica and the positive charge of chitosan would act simulta-
neously in contact with blood and aid in rapid clotting of blood. In the in vivo rabbit
femoral artery injury model, MSN/NACS could achieve hemostasis in 69 � 5.57 s
with the least blood loss (9.5 � 0.85 mL/kg). In rat liver injury the MSN-NACS
could clot blood completely in 64.33 � 3.06 s with least blood loss of
2.160 � 0.208 mL. The hemostatic efficiency of MSN/NACS was observed to be
better than commercial mineral-based hemostatic sponge combat gauze. A compos-
ite sponge made of hydroxybutyl chitosan-diatom biosilica was developed for
effective control of blood loss [65]. To make chitosan water-soluble and also impart
thermosensitivity, chemically modified with hydroxybutyl group was performed in
the hydroxyl (C-6) and amino (C-2) of chitosan. In the in vitro clotting study, the
prepared composite sponge showed the least clotting time of 383 � 20 s. The
composite sponge could absorb blood, concentrate clotting factors, activate intrinsic
coagulation pathway, and also cause erythrocytes and platelets aggregation.

An antibacterial and hemostatic sponge made of thiol-modified chitosan incor-
porated with silver nanoparticles (TMC-Ag NPs) has been reported [66]. The thiol
modification of chitosan was carried out by the addition of mercaptosuccinic acid.
The percentage porosity observed for the prepared sponge was found to be 99.42%.
Therefore, the prepared hemostatic sponge would absorb blood rapidly and promote
RBCs and platelet aggregation. In the in vivo rat liver injury and rabbit vein bleeding
model, the TMC-Ag NPs exhibited a blood clotting time of 50 s and 15 s, respec-
tively. The hemostatic time of the composite sponge was less compared to CS, TMC,
and commercial poly (vinyl alcohol) dimethyl-formal (PVF) sponges. The thiol
groups of the composite sponge could have activated the tissue factor pathway of
the coagulation cascade and caused platelet activation and aggregation. The differ-
ence in the hemostatic time observed between developed sponges (TMC and
TMC-Ag NPs) could be attributed to the Ag NPs added to prepare the composite
sponge. The incorporated Ag NPs also exhibited good antibacterial property. A
composite sponge made of chitosan-tilapia peptides microspheres incorporated in
the chitosan matrix was synthesized [67]. The tilapia is a good source of aqua
collagen that could substitute the use of animal collagen. Tilapia peptide was
obtained from tilapia collagen by chemical and enzymatic hydrolysis. First
chitosan-tilapia peptide microsphere with an average size of 15 μm was prepared.
In the in vivo evaluation of the hemostatic potential of prepared composite sponge,
the time for hemostasis observed for composite sponge was reduced by 6 and 15 s
compared to chitosan alone, chitosan-tilapia collagen microparticles, respectively.
The composite sponge could absorb blood and concentrate clotting factors and also
facilitate RBC and platelet aggregation due to which the synthesized composite
sponge could achieve rapid hemostasis. Chitosan-konjac glucomannan composite
sponge with the incorporation of thrombin coated microporous starch particles for
rapid hemostasis was studied [68]. The konjac glucomannan is a soluble polysac-
charide that has good absorption property. In in vivo rabbit ear injury the prepared
chitosan-konjac glucomannan composite sponge with 5% thrombin coated micro-
porous starch particles could control bleeding in 50 s and in liver injury it could
control bleeding in 40 s. The hemostatic actin of the composite sponge is as follows:
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(1) the positive charge of the sponge interacts electrostatically and causes aggrega-
tion of blood cells, (2) the porous structure of the composite sponge exhibits good
absorption property, and (3) thrombin would initiate intrinsic coagulation pathway
and aid in fibrin mesh formation trapping the aggregated RBCs and platelets. The
carboxymethyl chitosan grafted with marine collagen peptide was developed using
EDC chemistry [69]. The marine collagen peptide has gained advantage over the
other sources of collagen as its source is abundant, low immunogenicity, and easy to
obtain high yield. In the rabbit ear artery and liver hemorrhage model, the prepared
sponge could achieve hemostasis in 46.49� 3.58 s and 65.19� 5.47 s, respectively.
Therefore, the reduction in blood clotting time and amount of blood loss observed
for developed sponge was due to the simultaneous action of collagen that aids
platelet adhesion/aggregation and chitosan that would contribute to RBCs and
platelet aggregation.

2.3 Granules/Particles/Powder Based Hemostatic Agent

The second generation chitosan-based hemostatic agents in granular form (Celox
granules) were reported to be more effective than chitosan-based hemostatic ban-
dages [70]. Celox granules are easy to use and it fills even irregular-shaped wounds.
Celox has been reported to control moderate to severe bleeding [71] and could also
clot heparinized blood. Celox has been reported to control bleeding effectively in
sheep groin injury [72]. Following are the research articles that report the develop-
ment of chitosan-based hemostatic agents in the form of granules, particles, or
powder with the improved hemostatic property.

Diatom is a single-celled microalga that has a cell wall made of silica and it has a
3D architecture with an ordered porous structure. It can be obtained from diatom
culture or diatomite. Feng et al. reported the coating of extracted diatom with
chitosan solution to prepare chitosan-coated diatom [73]. In vitro characterization,
hemocompatibility, and blood clotting potential of different concentrations of pre-
pared chitosan-coated diatom were evaluated. The 1% chitosan-coated diatom
showed better absorption ability, hemocompatibility, and blood clotting potential.
Further in vivo rat tail amputation study showed the efficiency of the chitosan-coated
diatom to clot blood in least time with reduced blood loss compared to diatomite,
diatom, gauze, and commercial zeolite-based product Quick clot. The hemostatic
mechanism by which chitosan-coated diatom acts was by RBC aggregation by
chitosan along with activation of coagulation cascade by the silica present in the
diatom. Further Li et al. synthesized aerogel with chitosan-diatom biosilica as
hemostatic agent [74]. The tert-butyl alcohol was introduced to create porous aerogel
with better absorption property. The composite aerogel made of 2% chitosan-
dopamine-diatom biosilica and 30% tert-butyl alcohol exhibited the shortest blood
clotting time of 60.80 � 4.38 s and 64.67 � 4.93 s in in vivo rat tail amputation and
femoral artery and vein injury model, respectively. The hemostatic action of the
prepared aerogel would be by the porous structure of aerogel that would concentrate
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clotting factors, negatively charged silanol group of biosilica would cause activation
of the intrinsic coagulation cascade, and the amine group of chitosan could aid in
erythrocytes aggregation. A hemostatic composite beads made of chitosan, dopa-
mine, and diatom biosilica was developed [75]. Micro-meter sized diatom-biosilica
with nano-meter sized pores was used in this study. In the in vitro evaluation of the
blood clotting time, the prepared composite beads could clot blood in 1.35 min,
which was reduced because of the addition of diatom-biosilica to chitosan-dopamine
beads. Chen et al. developed mesoporous silica nanoparticles modified with chitosan
and hydrocaffeic acid [76] (MSN@CS-HCA). The hydrodynamic diameter of the
developed MSN@CS-HCA was found to be 211 nm with a PDI of 0.085. The
average pore distribution observed on MSN@CS-HCA was 7.437 nm. In in vivo rat
liver and femoral artery hemorrhage model, the developed MSN@CS-HCA reduced
blood clotting time by 62.6% and 67.7% compared to the control group, respec-
tively. Comparing the time for hemostasis observed for MSN, MSN@CS, and
MSN@CS-HCA in the in vivo hemorrhage models, the prepared MSN@CS-HCA
exhibited superior hemostatic performance due to the synergistic effect of negative
charge of silica nanoparticles that would activate coagulation cascade, chitosan
would aggregate RBCs and platelets and at the same time, the catechol-quinones
could help adhere the applied nanoparticles at the site of application.

Chitosan particles in the form of aerogel were prepared by following dripping and
supercritical dying process [77]. The prepared aerogel possessed both micro and
mesopores with large surface area and better porosity. In the in vivo pig femoral
artery injury, the aerogel particles when applied to the site of injury adhered to the
wound site and formed a stable clot. The chitosan aerogel particles could induce
platelet adhesion and aggregation thereby it could form a stable platelet plug at the
site of injury. The preparation of chitosan microspheres by microemulsion followed
by thermally induced phase separation technique was reported [78]. The hemostatic
potential of the prepared microspheres was tested in vivo in rat liver injury and tail
amputation model. The pore size of the microspheres was found to be 2 μm.
Chitosan microspheres exhibited improved hemostatic potential in in vitro and
in vivo studies. In the rat liver injury model, the prepared microsphere could clot
blood in 70 s which was less compared to compact chitosan nanoparticles. The
prepared porous chitosan microspheres could absorb blood and concentrate the
coagulation factors and at the same time, chitosan could cause RBC aggregation
by electrostatic interaction. Chitosan-PVA spheres were prepared by electrospraying
technique followed by ionotropic gelation [79]. Spheres made of 50% each of
chitosan and PVA with a particle size of 1.2 mm reduced blood clotting time to
11.2 min in in vitro study. In vivo study conducted in rat liver hemorrhage with 50%
each of chitosan-PVA with a particle size of 1.19� 0.32 mm exhibited clotting time
of 5.33 � 0.34 min which was significantly lower than control gauze group. This
could be because the spheres could agglutinate blood cells due to the positively
charged amine groups and the large surface area of spheres could absorb plasma
coagulation factors thereby enhancing the clotting. A hemostatic microparticles
composed of carboxymethyl chitosan, tannic acid, starch, and hyaluronic acid was
prepared [80]. Tannic acid was used as a cross-linker in the microparticle

Different Forms of Chitosan and Its Derivatives as Hemostatic Agent and. . . 13



preparation. The microparticles were prepared by inverse emulsion and cross-linking
of the surface of the particles by the use of tannic acid. In the in vitro evaluation of
the hemostatic property of the prepared microparticles using thromboelastogram the
prepared microparticles significantly shortened the clotting time to 126 s. Increasing
tannic acid concentration shortened the clotting time but beyond a certain level
increase in tannic acid concentration prolonged the blood clotting time. Therefore,
the synergistic effect of carboxymethyl chitosan, hyaluronic acid, and corn starch
contributed to the hemostatic, antibacterial, and wound healing property of the
prepared microparticles.

Chitosan-gelatin microspheres were synthesized using genipin as cross-linker
[81]. The chitosan-gelatin microparticles prepared with 0.75 mL (0.1 mmol/L)
genipin in contact with blood exhibited the shortest clotting time and in in vivo rat
skin injury, the prepared microspheres could stop bleeding in 12 s. The hemostatic
potential of the microparticles could be due to its blood-absorbing property because
of the high surface area that would have contributed to RBC and platelet aggrega-
tion. Microsphere composed of carboxymethyl chitosan, sodium alginate, and col-
lagen was developed and evaluated its hemostatic potential in vivo [82]. The average
size of the prepared microspheres is 39.33 μm. Rat tail amputation study was
conducted in which the prepared microparticles exhibited the shortest clotting time
of 249.2� 44.7 s. The decrease in clotting time would be because of the action of the
microparticle on multiple hemostasis mechanism when in contact with blood.
Hemostatic property of the prepared microparticles arises due to its good absorption
property, RBC aggregating property of carboxymethyl chitosan, activation of coag-
ulation cascade by the Ca ions of alginate and activation leading to aggregation of
platelets by collagen. Porous chitosan microspheres with zinc ion were synthesized
by microemulsion followed by thermal phase inversion and the average particle size
was found to be 70 μm [83]. In in vivo rat liver injury and tail amputation study, the
prepared microparticle showed reduced clotting time of 73 � 5 s and 134 � 5 s
which was significantly less compared to its control groups. The hemostatic potential
of the microparticles arises from the synergistic effect of electrostatic interaction of
chitosan with RBCs, activation of coagulation pathways by Zn2+ ions, and plugging
of the bleeding site by applied microparticles. A composite microsphere of
carboxymethyl chitosan-sodium alginate and collagen was prepared and evaluated
for its blood clotting property in vitro [84]. The microspheres exhibited higher
absorption property, higher platelet adhesion, and aggregation compared to the
commercial polysaccharide hemostatic powder. Prepared microspheres in contact
with blood could swell and because of its large internal structure, the microspheres
can adsorb plasma proteins and activate the coagulation cascade that would result in
stable clot formation. Liu et al. compared the hemostatic potential of chitosan
microspheres with carboxymethyl chitosan microspheres [85]. The particle size of
the prepared 3% chitosan and 3% carboxymethyl chitosan microspheres were
3,561.3 and 2,375 nm. The hemostatic potential of the microspheres was evaluated
in rat liver injury model wherein the prepared 3% carboxymethyl chitosan micro-
spheres showed better swelling property and accelerated blood clotting potential
than chitosan microspheres in both in vitro and in vivo studies. The swelling
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property and large surface area of carboxymethyl chitosan microspheres could have
contributed to better blood clotting potential.

Chitosan powder from the shell of Antarctic krill was prepared and the in vitro
and in vivo hemostatic potential of the prepared chitosan was examined in compar-
ison with commercially available chitosan powders with the same MW and DDA
[86]. In in vivo mice tail amputation study, the prepared chitosan powder could
reduce clotting time by 38%. The hemostatic property exhibited by prepared
chitosan powder was better than the commercial products. The prepared chitosan
powder showed better absorption property and the DDA of chitosan could have
contributed to platelet adhesion and RBC aggregation on the Antarctic krill chitosan.
A composite hemostatic material of carboxymethyl chitosan-Ag+-nano TiO2 was
synthesized and evaluated [87]. In the in vivo mice tail amputation study the
synthesized composite powder shortened the blood clotting time which could be
because of the combined effect of the hemostatic effect of carboxymethyl chitosan,
antimicrobial activity of Ag+ in the form of silver nitrate and antibacterial effect of
nTiO2. Similarly, Wang et al. synthesized composite hemostatic powder by com-
bining chitosan nanoparticles with silver nitrate and calcium chloride [88]. Even this
nano Chitosan-Ag+-Ca2+ composite powder could act simultaneously and reduce the
blood clotting time observed during mice tail amputation study. Porous chitosan-
starch composite particles were synthesized by cross-linking using sodium-
trimetaphosphate [89]. Chitosan with a MW of 100 kDa was chosen to prepare the
particles and ratio of starch: chitosan selected was 2:1 because it showed good
absorption property. The hemostatic property of prepared chitosan-starch particles
was evaluated by performing rat tail amputation and femoral artery injury model. In
rat tail amputation and liver hemorrhage study, the chitosan-starch composite
showed shortened time for hemostasis, 164.42 � 8.67 s and 145.2 � 19.2 s, respec-
tively, compared to control. This reduction in blood clotting time observed for the
prepared composite particle was because of the combined effect of porous starch and
chitosan in contact with blood.

2.4 Hydrogel-Based Hemostatic Agent

Hydrogel is a 3D structure of hydrophilic polymer that can absorb and hold large
amount of water in its interstitial space. Surgi shield is made of carboxymethyl
chitosan (8%) and water (92%) and is available in the form of a hydrogel from
D. med. Chung YJ et al. evaluated the hemostatic efficiency and wound healing
ability of this chitosan hydrogel applied after endoscopic sinus surgery in refractory
chronic rhinosinusitis patients [90]. The carboxymethyl chitosan showed reduced
time to attain hemostasis, reduced postoperative adhesion and also there was no
adverse side effect caused by the applied gel. This study enfaces on the effective use
of carboxymethyl chitosan hydrogel to control blood loss and for better wound
healing in patients after endoscopic sinus surgery. Tranquilan-Aranilla et al. devel-
oped carboxymethyl κ-carrageenan and chitosan with different degrees of
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substitution and evaluated the blood clotting potential of the prepared hydrogel
in vitro [91]. Carboxymethyl κ-carrageenan and carboxymethyl chitosan with
increasing degree of substitution and increase in the number of cross-linking steps
showed accelerated clot formation and more platelet aggregation. The hemostatic
potential of the developed hydrogels was found to be comparable to commercial
product Celox®. A hemostatic hydrogel-based poly(vinyl alcohol)/human-like-col-
lagen/carboxymethyl chitosan-based dressing with tween-80 as a pore-forming
agent has been reported [92]. The prepared hydrogel showed good absorption and
hemostatic property. The hemostatic property of the lyophilized hydrogels was
studied in the rabbit ear artery bleeding model. The poly (vinyl alcohol)/human-
like-collagen/tween-80 and poly(vinyl alcohol)/human-like-collagen/carboxymethyl
chitosan/tween �80 based dressing showed the least time for blood clot formation.
The poly(vinylalcohol)/human-like-collagen/tween-80 dressing could control bleed-
ing in 55.25 s. This reduction in blood clotting time could be due to the porous
structure of these hydrogels that could have improved its absorption property.
Therefore, these hydrogels when applied on the bleeding site could absorb blood,
concentrate clotting factors, and contribute to rapid blood clot formation. An inject-
able viscous nanocomposite of chitosan and rectorite was prepared by intercalating
quaternized carboxymethyl chitosan into rectorite (layer silica) [93]. The developed
nanocomposite showed a human blood clotting time of 4 min in in vitro blood
clotting study. The combined effect of chitosan and rectorite in contact with blood
could have led to a decreased time for clot formation. An injectable hydrogel was
made from Schiff base reaction between carboxymethyl chitosan, oxidized sodium
alginate, and gelatin [94]. In in vivo rat liver hemorrhage model, the prepared
hydrogel could bring about effective hemostasis in 62 s and reduce clotting time
by 82.2% compared to the untreated wound. This could be because of the good tissue
adhesive property and synergistic effect of carboxymethyl chitosan, oxidized
sodium alginate, and gelatin present in the hydrogel.

A short peptide of I3QGK that can change from sol to gel in the presence of
transglutaminase occurs by the formation of isopeptide bonds that promote gelation.
Hao et al. reported the preparation of O-Carboxymethyl chitosan (O-CMCS) nano-
structured hydrogel with I3QGK peptides [95]. In the in vitro blood clotting study,
the concentration of O-CMCS and I3QGK optimized to show the shortest clotting
time of 10 � 2 s are 0.44 and 5.03 mg/mL, respectively. In in vivo mice tail
amputation study, the prepared O-CMCS (1.32 mg/mL) and I3QGK (7.55 mg/mL)
hydrogel decrease the hemostasis time to 15 � 3 s and blood loss to 64 � 10 mg. In
the rat liver injury model, the prepared hydrogel exhibited blood clotting time of
8.7� 2.7 s and blood loss of 92� 50 mg. The reduction in hemostasis time could be
because of the synergistic effect of O-CMCS and I3QGK. The peptide I3QGK
interacted with O-CMCS by enzymatic (γ-carboxamide and amine group) and
electrostatic interactions and formed a gel in contact with blood. An injectable
hydrogel made of tannic acid-O-carboxymethyl chitosan in presence of
1,4-benzenediboronic acid was developed [96]. The addition of
1, 4-benzenediboronic acid was to reduce the gelation time and also improve the
mechanical properties of the prepared hydrogel. The injectable hydrogel is formed
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by a hydrogel bond between TA and O-carboxymethyl chitosan and boronate ester
bonds between TA and 1, 4-benzenediboronic acid. The prepared hydrogel
displayed a gelation time of 10 s mainly because of its interconnected porous
structure. In in vivo mouse liver injury model, the prepared injectable hydrogel
reduced blood loss by about 77% compared to the control group. The wet adhesion
property of tannic acid and O-carboxymethyl chitosan could have contributed to the
firm adhesion of the prepared hydrogel at the site of injury. A thermo-responsive
chitosan hydrogel was developed by addition of hydroxybutyl group (1, 2-butene
oxide) to its backbone by etherification reaction [97]. The hydroxybutyl chitosan
hydrogel was found to be hydrophilic with good porous structure and also could
form a gel at body temperature (37�C). In the in vivo study conducted in the rat renal
artery model, the 5% hydroxybutyl chitosan hydrogel aggregated RBCs and adhered
to the vessel wall thereby occluded blood flow in the applied renal artery. A catechol
modified chitosan/β-glycerol phosphate/oyster peptides based thermosensitive
hydrogel was developed as hemostatic agent [98]. The main source of oyster
peptides are marine organisms and the peptides possess good absorption property
and are also biocompatible. The hemostatic performance of the developed hydrogel
was evaluated in vivo in mouse liver injury and tail amputation study. The time taken
by the thermosensitive hydrogel to clot blood in the mouse liver injury model was
reduced by 19.5% and the amount of blood loss during tail amputation study was
decreased by 18.9%. Compared to the gelatin sponge the prepared hydrogel
exhibited 95.87% higher RBC aggregation. The developed thermosensitive hydro-
gel could achieve hemostasis in shorter duration because of the action of the
hydrogel on different mechanisms of hemostasis. In addition to this, the porous
structure of the hydrogel enhanced its hemostatic property.

An injectable chitosan hydrogel with whitlockite nanoparticles was developed
[99]. The average size of the prepared whitlockite nanoparticles was 75� 5 nm. The
composite hydrogel was then prepared by physical mixing of whitlockite
nanoparticles added to chitosan hydrogel. In in vivo rat liver and femoral artery
injury model the prepared injectable hydrogel showed reduced time for hemostasis
62 � 3 s and 229 � 9 s, respectively. The time taken by the prepared hydrogel was
even found to be less compared to the commercial hemostatic agent Floseal®. The
hemostatic effect of the injectable composite hydrogel was because of the simulta-
neous action of amine groups of chitosan and magnesium, calcium, and phosphate
ions released from whitlockite nanoparticles that would have caused RBCs/platelet
aggregation and activation of the coagulation cascade (Fig. 5). Similarly, an inject-
able composite hydrogel consisting of chitosan and bioglass nanoparticles was also
reported [100]. In the in vivo rat liver and femoral artery injury model, the developed
chitosan-nano bioglass hydrogel exhibited clotting time of 54 � 3 s and 185 � 9 s,
respectively. Time taken by chitosan-nano bioglass hydrogel was found to be less
compared to control chitosan hydrogel. This could be due to the action of the amine
group of chitosan along with silica, phosphorus, and calcium ions released from
nano bioglass.

Leonhardt et al. synthesized a hemostatic hydrogel that was formed on
β-cyclodextrin polyester that acts as a sacrificial template into which
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honeycomb-like nanofibers of chitosan (9.2 � 3.7 nm) were imprinted (CDPE-
Chitosan) [101]. Dianhydride was used as a cross-linker to obtain the prepared
cyclodextrin polyester so that the carboxylate groups would react with chitosan
and form the hydrogel. The hemostatic potential of the prepared hydrogel was tested
on injuries created in rats, rabbits, and pig models. In the in vivo studies developed
CDPE-Chitosan hydrogel exhibited faster hemostasis with lower blood loss com-
pared to blank CDPE hydrogel and commercial products Surgicel, Curaspon. A
tough hydrogel for hemostasis and wound healing was developed by doping calcium
carbonate into acetate chitosan [102]. The acidic nature of acetate chitosan could
trigger the release of Ca2+ ions from calcium carbonate and would cross-link
chitosan to form a tough hydrogel. In in vitro blood clotting study, the prepared
hydrogel exhibited the least clotting time which could be because of the combined
effect of cationic groups of chitosan and Ca2+ ions of calcium carbonate that would
have aggregated blood cells and also activated the coagulation cascade. An inject-
able composite hydrogel was synthesized by the incorporation of vasoconstriction
and coagulation activator [103]. The vasoconstrictor and coagulation activator used
in the study were potassium aluminium sulfate and calcium chloride, respectively. In
the in vivo rat femoral and liver injury model the developed hydrogel could stop
bleeding in 105 � 31 s and 20 � 10 s, respectively. This could be because of the
synergistic effect of components present in the hydrogel that would have caused the
reduction in blood clotting time (Fig. 6).

Cryogels are supermacroporous gels prepared by polymerization of monomers at
sub-zero temperature [104]. Cryogels based hemostatic agents have gained attention
nowadays as it exhibits outstanding water absorption property and flexibility than
hydrogels. Zhao et al. synthesized quaternized chitosan-based cryogel functionalized

Fig. 5 Schematic representation of mechanism of hemostasis by Chitosan-Whitlockite hydrogel
[99]. Reproduced with permission, Copyright American Chemical Society
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with carbon nanotube and glycidyl methacrylate [105] (QCSG-CNT). The porous
nature of cryogel would absorb and concentrate blood cells, meanwhile the posi-
tively charged amino and quaternary ammonium groups would aggregate negatively
charged plasma proteins and the carbon nanotubes would activate platelets. The
synergistic action of all the above-mentioned factors contributed to the hemostatic
performance of the developed cryogel in mouse liver injury and tail amputation
study. The shape memory property of the carbon nanotubes reinforced cryogel was
studied in a rabbit liver injury model. Developed QCSG-CNT4 showed reduced
amount of blood loss because of its robust mechanical property. Therefore, the
QCSG-CNT cryogel could fit into irregular-shaped injury sites and absorb blood
thereby concentrating coagulation factors and aid in effective bleeding control. An
injectable chitosan-polydopamine (CS-PDA) cryogel with expansion and blood
clotting potential to control blood loss from lethal deep penetrating wounds was
reported [106]. The cryogel prepared from 20 mg chitosan and 4.5 mg dopamine was
chosen for in vivo studies. In the mouse liver injury model and rat liver injury model,
the CS20-PDA4.5 showed the least blood loss which could be because of the rapid
blood absorption and concentration of clotting factors leading to clot formation. In
rabbit liver injury model, the application of CS20-PDA4.5 cryogel showed a signif-
icant reduction in blood clotting time (0.7 min) and blood loss (0.25 g). Further
thrombin was incorporated into the CS20-PDA4.5 cryogel and the hemostasis
potential of the cryogel was evaluated in coagulopathy hemorrhage created in
swine. Incorporating thrombin in the cryogel significantly reduced blood loss
(12.2 mg) during mouse liver injury and in rabbit liver hole injury, thrombin
incorporated cryogel showed reduced blood loss of 0.13 g and hemostasis time of
23 s. The prepared cryogel could be easily injected into the irregular-shaped wound,
where it could expand by absorbing blood forming a physical barrier to stop bleeding

Fig. 6 Schematic representation of mechanism of hemostasis by Chitosan-Potash alum and
Calcium chloride hydrogel [103]. Reproduced with permission, Copyright Elsevier

Different Forms of Chitosan and Its Derivatives as Hemostatic Agent and. . . 19



and at the same time, it could also concentrate clotting factors and aid in rapid blood
clot formation. A semi-interpenetrating cryogel with a pore size of
124.57 � 20.31 μm was synthesized by cross-linking oxidized dextran and thiolated
chitosan where in locust bean gum was introduced to impart hydrophilicity to the
prepared cryogel [107]. The addition of locust bean gum increased the swelling rate
and also the compressive modulus of the cryogel. The prepared cryogel was
cytocompatible to fibroblast cells and was also hemocompatible. In the in vitro
blood clotting study the prepared semi-IPN cryogel showed the least blood clotting
index which signifies its better blood clotting potential. The hemostatic ability of the
cryogel could be due to its absorption property that would have concentrated
coagulation factors. Along with the absorption property, the cationic group of
chitosan could aggregate platelets and RBCs thereby aiding in stable blood clot
formation. A polysaccharide-peptide-based cryogel for bleeding control and wound
healing was synthesized by copolymerization of glycol chitosan methacrylate and
ε-polylysine acrylamide (GC-EPL). In the in vivo evaluation of the hemostatic
potential in rat liver injury model, prepared cryogel exhibited decreased blood loss
(more than 90%) compared to control groups (Combat gauze and gelatin sponge).
Blood loss in the glycol chitosan and GC-EPL hydrogel group was found to be more
compared to the prepared cryogel. This could be because of the microporous
architecture of the prepared cryogel. The enhanced hemostatic effect of the
GC-EPL cryogel is by the addition of ε-polylysine acrylamide that would have
imparted more positive groups to glycol chitosan and the microstructure that could
absorb blood and concentrate coagulation factors.

3 Chitosan and Its Derivatives as Tissue Sealants

Tissue sealants/adhesives can be used for different applications including hemosta-
sis, wound closure, and tissue repair. The natural polysaccharides like chitosan,
gelatin, alginate and its derivatives are widely used for such applications. Numerous
studies have been reported on chitosan-based tissue sealants and their applications
due to its biocompatibility. The use of tissue adhesives as hemostatic agents is
advantageous as it provides better contact between the bleeding site and hemostatic
material.

An in situ forming adhesive hydrogel was prepared using chitosan hydrochloride
and oxidized dextran [108]. The Schiff base formation occurs instantaneously
between aldehyde group of oxidized dextran and amine group of chitosan and
shows good tissue adhesive properties and better adhesive strength than commer-
cially used fibrin glue. The hemostatic effects were assessed in rabbit liver injury
model and show good hemostatic effects [108]. Similar Schiff base cross-linking
was adopted by Liu et al., to develop an in situ forming adhesive hydrogel using
aldehyde hydroxyethyl starch and aminocarboxymethyl chitosan. The material was
found to be biocompatible with the vital organs in vivo and exhibits hemostatic
effects thereby reducing the blood loss [109]. Since no external cross-linkers are
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required for Schiff base reaction, it was a widely accepted cross-linking method to
develop hydrogels. Another Schiff base cross-linked hydrogel was developed using
carboxymethyl chitosan and oxidized dextran. The mechanical strength and adhe-
sive strength of the gel was enhanced with the incorporation of chitin nanowhiskers.
The developed material has hemostatic, tissue adhesive, and antibacterial activity
[110]. A self-healing adhesive hydrogel with dodecyl-modified chitosan (DCS) and
four-armed benzaldehyde-terminated poly(ethylene glycol) (BAPEG) was devel-
oped through the Schiff base formation between the aldehyde and amino groups in
the polymers. The material exhibits excellent tissue adhesion as the dodecyl tails can
be anchored onto the lipid bilayer of the cell membrane and also shows effective
hemostasis and antibacterial properties. Incorporation of VEGF into the hydrogel
could aid in proliferation of cells and tissue remodeling in the wound site [111]. To
combat weakening of adhesive strength under wet condition, hydrogels are devel-
oped with hydrophobic surfaces which can react spontaneously with the tissue
surface. Inspired from biofilms produced by bacteria and mussel adhesives, a
hydrogel based on chitosan grafted with methacrylate (CS-MA), dopamine (DA),
and N-hydroxymethyl acrylamide (NMA) was developed via a facile radical poly-
merization process. CS-MA mimics the structure of Staphylococcal polysaccharide
intercellular adhesin (PIA) with hydrophobic residues and a cationic free amine
group. The developed hydrogel integrates well with the wet tissue surfaces and has
effects in sealing the wound and rapid hemostasis in wet and beating hearts. The
hydrogel also shows good biocompatibility and excellent wound healing in S. aureus
infected cutaneous tissue [112]. An in situ gelling multifunctional chitosan-based
adhesive was developed [113]. The glycol chitosan derivative modified with
hydroxypropionic acid was cross-linked via Ru-catalyzed photo cross-linking mech-
anism and was incorporated with the drug amoxicillin. The developed material
exhibits good tissue adhesive property in egg membrane and shows hemostatic
effects after 10 s in mice liver injury model. The drug loaded in the hydrogel
shows an initial burst release for 10 min followed by a slow release for 10 h and
shows antibacterial activity against E. coli and S. epidermidis [113]. Inspired from
mussel adhesives that are rich in 3,4-dihydroxyphenyalanine and lysine residues,
different chitosan-g-polypeptide polymers were prepared via ring opening polymer-
ization of 3, 4-di-hydroxyphenylalanine-N-carboxyanhydride (DOPA-NCA), cyste-
ine-NCA (Cys-NCA), and arginine-NCA (Arg-NCA). Chitosan is used as an
initiator with partially protected amino group. These chitosan graft polypeptides
exhibit better adhesive property with tissues and metal. They also show low cyto-
toxicity and good biodegradability with good hemostatic potential and wound
healing properties [114].

Mussel adhesion mechanism is used in developing a pH dependent adhesive
hydrogel with hydrocaffeic acid conjugated glycol chitosan. Higher percentage of
glycol chitosan conjugate was required to exhibit similar hemostatic effects as that of
chitosan-catechol conjugate as glycol units hinder the catechol mediated blood
coagulation. However it results in negligible undesired immune responses than
chitosan-catechol conjugate confirming it as a promising alternative [115]. A wet
adhesive based on chitosan was developed by grafting catechol and lysine groups
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into chitosan. The catechol group in chitosan provides the wet adhesion and lysine
group enhances the solubility of chitosan and antibacterial effects. When dry poly-
mer comes in contact with the blood, it gets hydrated and adheres to the site without
causing any adverse effects to the cells. The hemostatic property of the wet adhesive
was studied inWistar rats by applying the adhesive on gauze followed by application
at the bleeding site and the adhesive coated gauze shows less bleeding compared to
the normal ones. The adhesive was also tested by coating on needles to make
functional hemostatic needles and shows excellent blood clotting effects by
preventing oozing blood from femoral artery [116]. Sanandiya et al. [117] also
acquired inspiration from nature to develop tissue adhesive hydrogels where they
incorporated pyrogallol groups to chitosan to mimic the self-healing properties of
tunichrome in tunicates. The presence of pyrogallol groups enhanced the solubility
and adhesiveness. They also show excellent platelet adhesion and blood clotting
effects. Natural structure of the tunicates can be mimicked by fabricating this
chitosan derivative as electrospun mats [117]. A multifunctional tissue adhesive
cryogel in the form of a hemostatic tape was developed with rapid blood clotting
effects. It is composed of quarternized chitosan cross-linked with polydopamine.
The cryogel exhibited better hemostatic effects than gauze and gelatin sponge in
in vivo bleeding models and can be used as a non-pressing hemostatic
dressing [118].

4 Summary

Bleeding during surgeries and other situations has always been a concern and the
necessity of an effective hemostatic technique is always important. To address the
limitations due to toxic effects of hemostatic agents, different natural polymers are
utilized in developing hemostatic agents with multifunctional properties. The natural
polymers like chitosan endow excellent properties for application in the field of
biomaterials. As discussed in the chapter, different types of hemostatic materials are
developed from chitosan with good potential in effective bleeding control.
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Abstract Chitosan, a natural biopolymer, has been widely explored in the field of
biomedical engineering. Because of its chemical similarity to the extracellular matrix
(ECM) components, chitosan is known to be extremely biocompatible. It has been
fabricated into various scaffold forms such as membranes, hydrogels, films, beads,
particles, etc. for a large number of regenerative applications. Chitosan nanofibrous
membranes are quite popular in the field of tissue regeneration because of their
structural and chemical similarity to the natural ECM. The nanostructure very
closely mimics the ECM and also provides increased surface to deliver
biotherapeutics. This chapter attempts to summarize and highlight some of the recent
research efforts that have been carried out to explore the tissue engineering, drug
delivery, and wound healing applications of chitosan nanofibrous membranes. It also
discusses some of the human trials where chitosan membranes have been effectively
used to treat certain conditions, and also mentions issues which need to be addressed
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before chitosan nanofibrous membranes can be translated to the clinics for
human use.

Keywords Chitosan · Drug delivery · Electrospinning · Nanofibers · Tissue
engineering · Wound healing

1 Introduction

Chitosan nanofibrous membranes have been investigated for a wide range of bio-
medical applications. Because of their biocompatibility with various types of cells,
these membranes have been evaluated for a wide range of tissue regenerative
purposes. Chitosan membranes very closely mimic the extracellular matrix (ECM),
both structurally and chemically. Chitosan, a natural biopolymer, is chemically
similar to the glycosaminoglycans that make up the ECM, and the nanofibrous
structure of the membranes closely represents the fibrous structure of the ECM,
thereby making these membranes ideal surfaces for cells to attach and grow [1–
3]. Further, the nanostructure of these membranes makes them an attractive option
for drug delivery applications because of their increased surface area [1]. Chitosan
nanofibrous membranes have been investigated for regenerating tissues like bone,
tendon, ligament, liver, skin, nerve, etc. and to deliver drugs for antimicrobial and
wound healing applications [4–8]. Figure 1 lists the different applications for which
chitosan nanofibrous membranes have been used in the past few years.

Fig. 1 List of some of the recent tissue engineering, drug delivery, and wound healing applications
using chitosan nanofibrous membranes
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Electrospinning is extensively used for fabricating these nanofibrous membranes.
In this technique, the polymer solution is subjected to a very high electric field,
which draws the polymer into thin fibrous structures and deposits them on to a
collector plate [9]. The diameter of the fibers can be manipulated by changing the
electric field potential, molecular weight of the polymer, viscosity and flow rate of
the polymer solution, and the distance between the solution and collector plate
[10]. For example, while spinning chitosan and poly-caprolactone (PCL) dissolved
in a mixture of formic acid and acetic acid, Sharifi et al. obtained fibers in the range
of 400 nm, whereas membranes fabricated by Jhala et al. had fiber diameter of
around 75 nm [11, 12]. The concentrations of polymers used, the ratio of the
solvents, applied voltage and the distance between the solution and the collector
plate were slightly different in both these cases, which were thought to cause the
variations in the fiber diameters. Electrospinning is a versatile process, as it enables
spinning a wide variety of polymers and polymeric solutions loaded with drugs,
nanoparticles (NPs), ceramics, and so on (as long as they are compatible with the
solvent used to dissolve the polymer) [2, 13–15]. Chitosan blended membranes are
fabricated using co-spinning (blended solution), layer-by-layer spinning, or co-axial
spinning process. Figure 2 represents the schematic of different electrospinning
techniques and lists the classes of biotherapeutics that have been incorporated into
the electrospun membranes.

Despite the advantages of chitosan membranes, electrospinning chitosan has
mainly been restricted by its high crystallinity, poor solubility in a regular solvent,
and increased surface tension of the chitosan solution, which makes it difficult to
form uniform fibers [16]. As an attempt to overcome this issue, several solvent
systems have been investigated. Table 1 lists some of the commonly used solvents
for making chitosan solution which include acetic acid, trifluoroacetic acid (TFA),
and formic acid to name a few. However, using acidic solvents makes the chitosan
membranes hydrophilic, causing them to swell and lose their nanofibrous structure
when placed in aqueous environment [17]. To protect the membranes from swelling,
they are often neutralized in an alkaline solution, or crosslinked using agents like
glutaraldehyde, genipin, or UV exposure [18–20]. However, these techniques, more

Fig. 2 A schematic of different types of electrospinning techniques used to make chitosan
membranes for delivering various biotherapeutics like nanocomposites, drugs, herbal extracts,
growth factors, and nanoparticles
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often than not, decrease the cytocompatibility of the membranes, make the mem-
branes brittle, and eventually lead to either partial or complete loss of the fibrous
structure [21].

As an alternative to the neutralizing or crosslinking techniques, Su et al. devel-
oped a novel chemical treatment procedure to stabilize the nanofibers. In this
technique, the acidic salts on the nanofibers are removed using triethylamine in an
acetone solution and the amino groups of chitosan are protected using tert-
butyloxycarbonyl (tBOC) groups [4]. In another technique developed by Wu
et al., the hydroxyl groups of chitosan were acylated with fatty acids to form a
hydrophobic protective wrap around the chitosan polymeric chains [22]. Membranes
treated with these two techniques, maintained their nanofibrous structure for over 2
weeks in an aqueous environment and promoted bone formation in rat calvaria
comparable to commercially available BioMend ExtendTM Collagen membranes
[4, 22, 23].

To improve the solubility of chitosan, the polymer has been modified or
functionalized with some chemical groups, to make it water soluble. For example,
Chen et al. grafted water soluble N-maleoyl functional groups on to the amino
groups of chitosan [24]. This modified chitosan produced nanofibrous membranes
with a diameter of 300 nm and was successfully tested as a drug delivery carrier
[24]. In another work, Mahoney et al. depolymerized chitosan by subjecting high
molecular weight chitosan to oxidative degradation [6]. The depolymerized chitosan
was soluble in water, and the nanofibrous membranes of this chitosan effectively
promoted the growth and attachment of epithelial cells [6].

To improve the spinnability of chitosan solutions, a fiber forming agent, poly-
ethylene oxide (PEO), is often dissolved with chitosan, to improve the fiber quality.
However, this solution undergoes phase separation and has to be electrospun within
24 h of blending [16]. Numerous other synthetic as well natural biopolymers have
been electrospun with chitosan to improve the spinnability of the polymer solution,
to improve the mechanical properties of the membranes and/or to make it compatible
with specific cell types. In case of blended polymer spinning, it was interesting to
note that, as the concentration of chitosan increased, the diameter of the fibers tended

Table 1 Solvent systems
commonly used to dissolve
and form chitosan and/or
chitosan-polymer solution

TFA- DCM

Acetic acid � DMSO

TFE-water

Acetic acid-formic acid

Chloroform-acetic acid-water-ethanol

Succinic acid, water

Chloroform-acetic acid

HFIP-TFA-DCM

Acetic acid-water

Formic acid-acetone

TFA trifluoroacetic acid, DCM dichloromethane, DMSO
dimethylsulfoxide, HFIP hexafluoroisopropanol, TFE
trifluoroethanol
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to decrease [6, 25]. This decrease in the fiber diameter could be thought to have
increased the cytocompatibility of the membranes.

This chapter aims to discuss some of the recent advances in the field of tissue
engineering, drug delivery, and wound healing, using chitosan nanofibrous mem-
branes and certain drawbacks and challenges that need to be overcome before these
membranes can be translated to clinical use.

2 Chitosan Nanofibrous Membranes in Regenerative
Medicine

2.1 Tissue Engineering

2.1.1 Guided Bone Regeneration and Bone Tissue Engineering

Electrospun chitosan nanofibrous membranes have been extensively evaluated for
their application as guided bone regeneration membranes in a bone grafting setting.
Table 2 summarizes some of the recent studies using chitosan nanofibrous mem-
branes for bone regeneration applications. The currently used membranes either
require a second surgery for their removal, as in the case of non-resorbable
polytetrafluoroethylene, degrade into acidic by-products, like poly-lactic and poly-
glycolic acid (PLA, PGA), or are susceptible to premature degradation, like collagen
membranes [34–36]. Chitosan membranes treated using the tBOC protection tech-
nique and the acylation technique described above demonstrated a controlled deg-
radation rate. These membranes maintained good barrier function and promoted
better bone density than a commercial collagen membrane, when evaluated in rat
calvarial defects for 8 weeks (Fig. 3) [26]. These membranes were fabricated by
dissolving chitosan in a mixture of TFA and dichloromethane (DCM) and had a fiber
diameter of 200 nm [26]. Both fibroblasts and bone cells showed improved prolif-
eration in the presence of these membranes [26].

Chitosan and chitosan-PEO membranes crosslinked with genipin and glutaralde-
hyde, having a fiber diameter of 150 nm, also supported proliferation of bone cells,
similar to tissue culture plastic (control) [18, 19]. However, when these membranes
were neutralized using sodium hydroxide (NaOH), instead of being crosslinked, the
fiber diameter increased to around 300 nm and the membranes supported better
differentiation of mesenchymal stem cells (MSCs) than the controls [20]. Also, the
random fiber membranes with 300 nm diameter promoted better mineralization than
aligned fiber membranes with more than 400 nm diameter [20].

When comparing electrospun polycaprolactone (PCL) membranes with chitosan-
PCL membranes, osteoblasts were more viable and proliferated better on chitosan-
PCL membranes than PCL membranes [12]. The blended membranes also supported
better mineralization of these osteoblasts with increased calcium deposition, bone
nodule formation, and alkaline phosphatase (ALP) activity [12]. Jhala et al. observed
that MC3T3 osteoblasts spread better and confirmed to their polygonal morphology
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when seeded on chitosan-PCL nanofibrous membranes as opposed to tissue culture
plastic, where the cells displayed an elongated fibroblast-like structure (Fig. 4)
[11]. It has been reported previously that cell spreading and attachment was essential
for precursor bone cells to undergo osteogenic differentiation, in the absence of
which they tend to differentiate into adipose cells [11, 37].

In another study by He et al., it was observed that increasing chitosan percentage
in the blend from 30 to 50% decreased cell viability and proliferation, but did not
affect the differentiation of bone marrow MSCs [27]. The decrease in cell viability
was thought to be because of the presence of nodules in the membrane structure
which increased with increasing chitosan concentration. Interestingly, when
co-spinning PEO with chitosan, increasing chitosan concentration from 10 to 20%
increased the viability of bone cells seeded on them [30]. These membranes however
did not have any nodule formation due to the presence of chitosan. Natural polymers
like collagen have also been cospun with chitosan and evaluated for their osteogenic
potential [33]. Membranes made of a blend of chitosan, collagen, and PCL were able
to promote better proliferation of periodontal ligament cells and stimulated higher

Fig. 3 Micro computed tomography analysis of bone density in rat calvarial defects treated with
tBOC protected membrane (TEA/tBOC treated chitosan), acylated membrane (BA treated
chitosan), and a commercial collagen membrane (collagen) at 3 and 8 weeks. The defects treated
with the tBOC protected and acylated membranes had significantly higher bone density than the
commercial collagen membrane at both time points. [26] Figure reproduced with kind permission
from Elsevier
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bone volume and complete defect healing by 8 weeks in 5 mm rat calvarial defects as
compared to collagen membranes [33].

To further improve the bone healing potential of chitosan and chitosan-blended
membranes, nanocomposites like hydroxyapatite (HaP) and calcium phosphate
(CaP) have been incorporated into them [28, 31, 32]. As expected, membranes
with the nanocomposites promoted better osteogenic differentiation of cells
in vitro and promoted better bone formation in animal models [28, 31, 32]. For
example, MSCs seeded on chitosan-PCL membranes incorporated with strontium
doped CaP promoted enhanced osteogenic differentiation and vascular endothelial
growth factor (VEGF) expression than control membranes [28]. In another study by
Lai et al., MSC-seeded, chitosan-silk fibroin membranes incorporated with HaP,
stimulated ectopic bone formation in nude mice with significant vascularization in
8 weeks [31].

Fig. 4 Morphology of MC3T3 cells grown on tissue culture plastic (TCPS) (a and c) and chitosan-
PCL membranes (b and d) for 7 days reported by Jhala et al. The black arrows show cell attachment
with the fibrous membranes. Cells grown on the membranes displayed filopodia indicating good
cell attachment which is critical for osteogenic differentiation [11]. Figure reproduced with kind
permission from Elsevier
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2.1.2 Soft Tissue Regeneration

Chitosan membranes have been investigated to regenerate non-calcified tissues like
tendon and ligament, muscle, skin, nerve, liver, cardiac and the lung epithelium [6–
8, 25, 38–44] (Table 3). Other than for bone regeneration, chitosan-PCL membranes
incorporated with HaP have been evaluated for tendon and ligament regeneration
using osteoblasts [43]. Chitosan-PEO membranes with aligned and random fiber
orientation, crosslinked with dibasic sodium phosphate, were evaluated with myo-
blasts to assess their biocompatibility for soft tissue regeneration [38]. Though
initially cells adhered better on control surfaces than the membranes, with time,
they attached and proliferated more on the aligned membranes than the random
ones [38].

Skin Chitosan-PCL blended membranes have been explored for their skin regen-
eration potential using fibroblasts [39–41]. The cells seemed to adhere, proliferate,
and integrate well with the blended membranes as compared to PCL control mem-
branes [39], and adding silk fibroin to the chitosan-PCL blend further seemed to
improve the cytocompatibility of the membranes [41]. However, when chitosan-
PCL-gelatin membranes were studied for regenerating skin tissue, it was interesting
to note that the cells grow less on chitosan membranes as compared to the blended
membranes [40]. The cells adhered in the order of PCL/gelatin > chitosan/gelatin >
chitosan/PCL/gelatin > chitosan/PCL, whereas the fiber diameter increased in the
order of PCL/gelatin (424 � 177 nm) < chitosan/gelatin
(919 � 230 nm) < chitosan/PCL/gelatin (1,236 � 254 nm) [40]. This indicated
that fibroblasts might prefer adhering to smaller nanofibrous structures than on larger
fibrous structures in the micrometer range. It was also interesting to note that the
membranes without chitosan had a higher cell attachment, indicating that cells prefer
surfaces that are moderately hydrophilic.

Nerve Chitosan-PCL membranes have also been investigated to regenerate nerve
tissue [8, 42]. Schwann cells seemed to attach and proliferate better on blended
membranes than control membranes [8]. To improve membrane conductivity, they
have been doped with gold NPs [42]. It was observed that increasing chitosan
concentration led to greater gold ion reduction, which in turn increased the electrical
conductivity of the membranes [42]. Also, the Schwann cells proliferated better on
gold doped membranes. However, there was no difference in the extent of attach-
ment between gold doped membranes and non-doped membranes [42].

Liver Semnani et al. demonstrated the cytocompatibility of chitosan-PCL mem-
branes with liver epithelial cells [44]. Rajendran et al. evaluated the long-term liver
functions of hepatocytes on electrospun chitosan membranes coated with fibronectin
[7]. Hepatocytes, fibroblasts, hepatocellular liver carcinoma cells, and liver sinusoi-
dal endothelial cells, all showed excellent viability in the presence of fibronectin
coated chitosan membranes [7]. Endothelial cells attached and spread well on
fibronectin coated chitosan membranes. Hepatocytes co-cultured with fibroblasts
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on coated chitosan membranes secreted higher levels of albumin and demonstrated
higher cytochrome P-450 activity than monoculture of hepatocytes [7].

Respiratory and Cardiac Chitosan-PCL membranes have also supported the
growth and attachment of porcine tracheobronchial epithelial cells demonstrating
their potential in respiratory tissue engineering [6]. Apart from that, chitosan-PLA
membranes have exhibited improved cell viability of cardiomyocytes [25]. The cells
adhered and maintained higher viability on aligned fibrous membranes than on
random fibrous membranes with increased expression of α-actinin and Tn-I [25].

Though a large number of studies have evaluated the regenerative potential of
chitosan membranes and have extensively characterized them in vitro, very few
studies have tested these membranes in in vivo animal models. In fact, in the papers
discussed in this section, only studies evaluating chitosan membranes for bone tissue
engineering tested the membranes in animal models [4, 22, 26, 32, 33]. Though cell
culture provides credible insight into the cytocompatibility of the membranes, their
true potential needs to be tested in a physiological environment. The static nature of
cell culture might influence the membranes’ behavior very differently than a
dynamic biological environment. Therefore, it is essential to develop efficient and
reliable in vivo models to test the regeneration potential of chitosan nanofibrous in
regenerating tissues like liver, heart, nerve, and skin.

Further, it was noticed that the fiber orientation of the membranes had different
effects on different cell types. In case of MG63 osteosarcoma cells grown on
chitosan-PEO membranes, the cells attached and differentiated better on random
fibrous membranes than on aligned fibrous membranes [20]. However, when being
evaluated for potential soft and cardiac tissue regeneration, myoblasts and
cardiomyocytes attached and proliferated better on aligned chitosan-PEO and
chitosan-PLA membranes, respectively, as compared to their respective random
counterparts [25, 38]. Also, the cardiomyocytes grown on aligned chitosan-PLA
membranes expressed higher levels of α-actinin [25]. These studies indicate that
cells grow better on surfaces that mimic their native tissue structure. Since muscle
and cardiac tissue are naturally aligned, their respective cells grew better on mem-
branes that resembled the aligned structure of their native ECM. Thus, the orienta-
tion of the membrane fibers needs to be carefully considered during the fabrication
process, as it significantly influences the cell proliferation and growth. This orien-
tation would change based on the specific application of the membrane.

2.2 Drug Delivery

Because of the increased surface area and biocompatibility of chitosan nanofibrous
membranes, they have been investigated for several drug delivery applications in
in vitro, in vivo, and even human models [45–48]. The increased surface area of the
nanofibrous membranes provides increased sites for biotherapeutics to bind and
incorporate into the nanostructure. The binding can be simple physical adsorption
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or chemical bonding by means of hydrogen bonding, covalent bonding, electrostatic
interactions, hydrophobic/hydrophilic interactions, or even ionic bonding [5, 49–
52]. Some of the recent studies where chitosan nanofibrous membranes have been
evaluated for drug delivery applications have been discussed in the following
sections.

2.2.1 Antibacterial

Since chitosan inherently possesses antibacterial property, chitosan nanofibrous
membranes have been investigated for their antibacterial potential [53–55]. The
protonated amino groups of chitosan interact with negatively charged bacterial
surfaces to damage membrane permeability, cause cell leakage and finally cell
death. Chitosan-PCL membranes showed antibacterial activity against Escherichia
coli (E. coli) and the activity increased with increasing chitosan concentration [53].

In order to further improve the antibacterial potential of chitosan nanofibrous
membranes, they are often incorporated with bioactive agents like antibacterial
molecules, drugs, or NPs [56–59]. Table 4 summarizes some of the recent studies
where chitosan membranes have been investigated as antibacterial drug delivery
scaffolds. The controlled release of these agents from the membranes allows them to
be present at the target site for prolonged duration and be more effective in inhibiting
bacterial growth. For example, Monteiro et al. demonstrated that grafting gentamicin
loaded liposomes on chitosan membranes promoted a very gradual and sustained
gentamicin release for 24 h as compared to a burst release of gentamicin from drug
loaded liposomes within the first hour followed by a plateau in 10 h [60]. The
membranes with sustained gentamycin release were more effective in reducing
bacterial growth [60]. In another study, while comparing chitosan-PEO nanofibers
and sponges for delivering tea-tree oil (known to have wound healing and antimi-
crobial properties) loaded liposomes, the membranes released 60% of the tea-treeoil
in about 7 days, whereas the sponges had a small burst release in 1 h and plateaued
out in 12 h [56]. The tea-tree oil loaded liposome incorporated membranes effec-
tively inhibited the growth of Staphylococcus aureus (S. aureus), E. coli, and
Candida albicans (C. albicans) [56]. Chitosan-PEO membranes have also been
used to deliver colocasia tuber protein, which is known to have antibacterial property
[57]. These membranes not only reduced bacterial growth, but also supported
fibroblast proliferation for 7 days [57].

Because of their well-established antimicrobial properties, silver NPs (Ag NPs)
have also been incorporated into chitosan membranes. Chitosan-PEO membranes
incorporated with Ag NPs and chlorhexidine demonstrated a 100% chlorhexidine
release in 2 days, whereas a sustained release of silver for more than 28 days
[58]. The burst release is thought to be crucial to eliminate any initial infection at
the bacterial wound site and the prolonged release is expected to prevent further
infection while the wound was healing. In this study, Ag NPs were formed by
reducing AgNO3 in the chitosan solution and chlorhexidine was added to this
solution before electrospinning [58]. Interestingly, when AgNO3 was reduced by
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Falcaria vulgaris herbal extract, known to possess antioxidant and antimicrobial
property, and added to chitosan-PEO solution for electrospinning, there seemed to
be a burst release of silver within 9 h, followed by a plateau in 48 h [61]. Apart from
Ag NPs, zeolitic imidazolate NPs and drug loaded zinc oxide NPs have also been
incorporated into chitosan-PEO nanofibrous membranes and proven to have good
antibacterial property [62, 63]. Drug levels releasing out of hydrocortisone-
imipenem/cilastatin-loaded ZnO NPs showed enhanced antibacterial properties
against S. aureus and E. coli even after 15 days of release [63].

Other than PEO, membranes formed by co-spinning poly(vinyl alcohol) (PVA)
and chitosan have also been explored for delivering antibacterial agents [59, 64, 66,
67]. While comparing PVA and chitosan-PVA membranes for delivering mafenide
acetate, an antibacterial agent used for treating burn scars, Abbaspour et al. showed
that the drug release from blended membrane was more sustained than the PVA
membranes [64]. Further, the drug loaded membranes inhibited bacterial growth
within 4 h of exposure and the antibacterial effect of the membranes increased with
increase in chitosan concentration [64]. The antibacterial and wound healing prop-
erty of honey motivated Sarhan et al. to evaluate its controlled release from chitosan-
PVA membranes [59, 65, 71]. Interestingly, though membranes loaded with 20 and
30 wt% honey were able to effectively inhibit the growth of gram positive S. aureus
in a dose-dependent manner, no such effect was seen against gram negative E. coli
[59]. Further, the antibacterial effect of 30 wt% honey loaded membranes increased
with increase in chitosan concentration, with a more pronounced effect on
S. aureus [59].

In another study, graphene oxide incorporated chitosan-PVA membranes dem-
onstrated effective antibacterial activity against gram negative E. coli and gram
positive S. aureus [55]. Chitosan-PVA membranes have also been incorporated
with Ag NPs and have shown to be slightly more effective in inhibiting the growth
of S. aureus than E. coli [66]. Chitosan-PVAmembranes have also been evaluated as
dual drug delivery systems by delivering lidocaine hydrochloride and erythromycin
loaded gelatin NPs, simultaneously [67]. Erythromycin showed a sustained drug
delivery of about 70% in 72 h, whereas lidocaine hydrochloride from the membranes
showed a short burst release of 30% in 2 h followed by a sustained release of over
80% in 72 h (after which the study was terminated) [67]. The dual drug loaded
membranes showed good antibacterial activity against S. aureus and P. aeruginosa,
while lidocaine alone loaded membranes were not antibacterial [67].

In an attempt to develop stimuli responsive chitosan membranes, Chen et al.
fabricated tetracycline hydrochloride loaded N-maleoyl functional chitosan-PVA
membranes, which were responsive to glutathione [24]. These modified chitosan-
PVA membranes were able to crosslink in the presence of UV and allyl sulfide and
released 20% of the drug in 5 h, followed by a sustained release till 72 h and ~95%
release in 120 h [24]. However, the release rate of the drug was effectively increased
by exposing these crosslinked membranes to glutathione, which cleaved the disul-
fide crosslinking and released 40% of the drug in 6 h, followed by 90% in 24 h and
97% in 120 h [24]. This type of stimuli response would be effective in treating acute
wounds, which require larger doses of the drug to control wound site infections.
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These drugs loaded membranes effectively reduced E. coli growth and supported
fibroblast viability.

Tetracycline hydrochloride has also been incorporated with chitosan-PCL mem-
branes [69]. These membranes showed 10–15% release on day one followed by
60–80% release in five days [69]. Interestingly, the drug loaded membranes were
able to inhibit bacterial growth when the drug concentration in the membranes
increased from 3 to 20 w%, but beyond 20 wt%, no significant reduction in bacterial
activity was observed [69]. Curcumin, another natural antibacterial agent with
established antibacterial and anticancer properties has also been incorporated into
a core-shell PCL-chitosan membrane [68]. The loading efficiency and the release
profile were investigated by loading the drug in the core and shell components of the
fiber. When loaded in the core, the loading efficiency was 82.4%� 1.3% and 20% of
the drug released in 4 h, followed by a sustained release of ~80% in 5 days [68]. On
the other hand, when loaded in the shell, the loading efficiency dropped to
66.7% � 0.9% with ~45% release in 4 h, and 80% release in <10 h [68].

It was interesting to note that while in some studies the blank chitosan membranes
showed antibacterial effect while in some others they did not (Fig. 5). For example,
in a study conducted byWang et al., where silver ions and calcium phosphate loaded
chitosan membranes were being evaluated for their antibacterial effects, the mem-
branes without silver ions did not inhibit bacterial growth [72]. However, in another
study conducted by Kohsari et al., blank chitosan membranes did inhibit bacterial
growth to certain extent [61]. The antibacterial effect of chitosan was thought to be
influenced by the source, molecular weight, and degree of deacetylation of chitosan
and also the type of bacteria being tested [73]. Thus, to make accurate decisions on
the best type of chitosan to be used for making antibacterial drug delivery scaffolds,
it is important to characterize the chitosan thoroughly and test the scaffold with a
wide a variety of microbial species.

Fig. 5 (a) Inhibition zone of Ag-chitosan/PEO membranes against S. aureus (SA) and E. coli (EC).
The membranes labelled 0 are blank chitosan membranes, not showing any antibacterial activity
[72]. (b) A table summarizing the antibacterial effect of different chitosan membranes. The blank
(CS-PEO) chitosan membranes showed close to 80% bacterial inhibition [61]. Figure and table
reproduced with kind permission from Sage and Elsevier

52 V. P. Murali and P. Sundararaju



2.2.2 Dental and Bone Regeneration

Chitosan nanofibrous membranes have also been used to deliver and control the
release of drugs that can fight infection and also improve bone healing. These studies
have been summarized in Table 5. Calcium phosphate (CaP) and silver doped CaP
were incorporated into chitosan membranes and investigated for antibacterial and
stem cell proliferation potential [73]. The membranes showed a burst release of 76%
of silver in 24 h, followed by a sustained release till 28 days [73]. When tested with
bacteria, the silver doped CaP loaded membranes effectively inhibited their growth.
However, when tested with rat bone marrow derived mesenchymal stem cells
(BMSCs), the non-Ag CaP loaded membranes stimulated better cellular proliferation
and attachment than Ag containing membranes, but all the composite membranes
performed better than blank chitosan membranes [73]. In another study, chitosan
membranes were subjected to different hydrophobic fatty acid treatments to improve
their stability in aqueous environment [5]. These membranes were then loaded with
an anti-cholesterol hydrophobic drug called simvastatin that is known to have
osteogenic potential [5]. It was noted that as the hydrophobicity of the membranes
increased, the drug release decreased. All the membranes showed a sustained drug
release with no burst release [5]. The non-toxic drug loaded membranes when tested
with W20-17 mouse stromal cells, stimulated their osteogenic differentiation with
and without the presence of bone morphogenetic protein-2 (BMP-2) growth
factor [5].

Chitosan blended with other natural and synthetic polymers have also been used
to deliver agents to improve bone regeneration. Chitosan-gelatin membranes loaded
with an antibacterial peptide and nano HaP have been investigated for their
antibacterial and osteogenic potential [74]. The membranes released 35% of the
peptide in 24 h followed by a cumulative release of 65% in 4 days [74]. Further,
these membranes showed antibacterial activity even after 4 weeks of release and
promoted rat BMSC proliferation, attachment, and osteogenic differentiation by
stimulating increased ALP activity [74]. In another study, HaP and titania were
incorporated in chitosan-gelatin membranes which stimulated osteogenic differenti-
ation of mouse embryonic fibroblasts within 7 days [75].

In an attempt to incorporate both osteoinductive and osteoconductive agents in
nanofibrous membranes to support faster bone regeneration, Shalumon et al. fabri-
cated BMP-2 loaded chitosan-silk fibroin-HaP membranes [47]. Two different
amounts of BMP-2 were loaded in the membranes –17 μg BMP-2/g of membrane
(thick membranes) and 28 μg BMP-2/g of membrane (thin membranes) [47]. It was
interesting to note that the thickness of the membranes did not seem to affect the drug
release profile of BMP 2 as both the membranes released around 20% of BMP-2 in
24 h followed by a sustained release of 80% in 2 weeks [47]. Interestingly, though all
the BMP-2 membranes supported osteogenic differentiation, the thin BMP-2 loaded
membranes stimulated higher ALP expression in MSCs than the thick membranes
on days 7 and 14 [47]. Further, subcutaneous implantation of MSC-seeded thin
BMP-2 membranes stimulated ectopic bone formation with increased expression of
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osteocalcin and collagen1 [47]. Interestingly, the acellular membranes promoted
significant tissue ingrowth within 4 weeks of implantation [47].

Instead of using natural polymers, Rehman et al. used PVA to fabricate chitosan
composite scaffold to deliver non-steroidal anti-inflammatory drugs that are com-
monly administered to reduce periodontal destruction [76, 77]. Meloxicam and
piroxicam were incorporated into chitosan-PVA-HaP membranes and their drug
release profile and cytocompatibility was evaluated [76, 77]. Meloxicam and
piroxicam had a burst release of >60% and 50%, respectively, in 1 h followed by
a 100% release in 24 h [76, 77].

There have been a few human trials where drug loaded chitosan-PVA and
chitosan-PCL membranes have been tested for their potential in treating dental
caries and periodontitis [45, 46, 78]. Samprasit et al. fabricated chitosan-PVA and
thiolated chitosan-PVA membranes loaded with a natural extract, mangostina, that is
known to have antioxidant and antimicrobial properties [46]. Both the membranes
released 80% of the drug in 1 h and 100% of the drug in 4 h [46]. When tested with
Streptococcus mutans and Streptococcus sanguinis, both the drug loaded mem-
branes inhibited bacterial growth within 30 min [46]. However, higher drug loaded
membranes (3 and 5%) were toxic to keratinocytes and fibroblasts when grown for
more than 1 or 2 h [46]. Further, when these drug loaded membranes were placed in
the buccal mucosa of human volunteers for 15, 30 and 60 min, a significant reduction
in the oral bacteria was seen within 15 min [46]. Similarly, Khan et al. investigated
tinidazole (another antimicrobial drug) loaded chitosan-PCL membranes for treating
periodontitis [45]. The drug loaded membranes showed a 30% release in 8 h
followed by a 90% release in 18 days [45]. These membranes inhibited bacterial
growth but supported fibroblast proliferation for 21 days [45]. When placed in
periodontal pockets of human volunteers after the standard scaling and probing
treatment, the drug loaded membrane group showed improved healing within
4 weeks as compared to the control and non-drug loaded membrane groups [45].

2.2.3 Others

Other than regeneration and antibacterial applications, drug loaded blended chitosan
membranes have also been investigated for delivering anticancer agents
[51, 79]. Two composite membranes made of chitosan-PLA-graphene oxide-TiO2

and chitosan-cobalt ferrite-TiO2 loaded with doxorubicin showed significant toxicity
towards cancer cell lines without inhibiting the growth of fibroblasts [51, 79]. The
chitosan-PLA membranes showed a sustained release of the drug for over 14 days,
with the encapsulation efficiency decreasing with increase in drug concentration
[79]. The drug release from chitosan-cobalt ferrite-TiO2 membranes were controlled
by subjecting them to alternating magnetic field as an external stimulus [51]. In the
absence of a magnetic field, the membranes released ~35% (pH 7.4) and 60%
(pH 5.3) of the drug in 3 days, whereas in the presence of a magnetic field, the
release increased to 50 and 80%, respectively [51]. It was interesting to note that the
membranes released higher drug levels at acidic environments (typical to cancer
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cells) than at physiological conditions, which explained their toxicity towards the
cancer cells and cytocompatibility with fibroblasts [51, 79].

Other than the applications, discussed here, drug loaded chitosan membranes
have been investigated for a few other wound healing and tissue engineering
applications. These studies are summarized in Table 6.

2.3 Wound Healing

Chitosan membranes have played a major role in wound healing application because
of the well-established biocompatibility, bioresorbability, and antimicrobial proper-
ties of chitosan. Membranes fabricated using different synthetic and natural polymer
blends have been tested in several in vitro and in vivo animal models. Many of such
recent studies have been summarized in Table 7. Synthetic polymers like PCL, PVA,
polyaniline, PLA, PEO, etc. and natural polymers like gelatin, silk, and hyaluronic
acid (HA) have been investigated for this application.

Mahmoudi et al. showed that chitosan-Poly(vinyl pyrrolidone)-PEO membranes
incorporated with 1.5 w/w% graphene oxide nanosheets promoted in vitro cell
proliferation and significantly improved wound healing in rat full thickness wounds
within two weeks [84]. The improved biological property of the membranes was
thought to be because of the graphene oxide nanosheets which increased the specific
surface area of the membranes, in turn promoting increased cell attachment and
viability. The graphene oxide incorporated membranes also had improved mechan-
ical properties with a controllable water permeability similar to the natural skin [84].

In another attempt to mimic the skin ECM, Bazmandeh et al. fabricated a
two-layered chitosan/gelatin-chitosan/HA membranes [88]. When placed in an
aqueous environment, the chitosan/HA component formed a gel, whereas
chitosan/gelatin component remained as a nanofibrous membrane, forming a
gel/fibrous structure. This structure significantly promoted cell proliferation and
supported maximum wound healing in an animal model, with reduced inflammation,
better organized collagen fibers and regeneration of skin adnexal elements within
14 days [88]. The presence of gelatin and HA in the membranes seemed to support
enhanced wound healing. In another study, membranes fabricated using oleoyl
grafted chitosan and gelatin, with and without human amniotic membrane-derived
stem cells, promoted significantly better wound healing in an animal model than a
commercially used occlusive wound dressing material within two weeks of implan-
tation [86]. This enhanced wound healing was attributed to the presence of the oleoyl
groups, which reduced the inflammation mediators, raft formation, and fluidity of
cell membrane, which are vital for wound repair [92].

Chitosan-PEO-PCL membranes have been investigated for treating acute skin
lesions [89, 90]. Skin lesions on mice backs treated with these blended membranes
healed faster with greater presence of smooth muscle actin and collagen deposition
than the control PCL membranes [89]. Chitosan membranes blended with poly
(vinylidene fluoride) and poly(hydroxybutyrate) have been investigated to treat
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post-surgical ulcers [91]. These membranes loaded with gentamycin showed a 30%
release in 2 h, followed by a sustained release for 6 days, and the release increased
with increase in chitosan concentration [91]. No further in vitro and in vivo studies
were carried out to test their biological response.

2.3.1 Antibacterial Wound Healing

Apart from the antibacterial studies mentioned in the previous drug delivery section,
chitosan membranes have been incorporated with antibacterial therapeutics specif-
ically to promote wound healing. In an attempt to develop an antibacterial wound
dressing, Woo et al. fabricated a bilayer composite membrane made of TiO2

incorporated chitosan nanofibrous membrane and a human adipose-derived ECM
sheet [93]. The TiO2 layer served as the antibacterial barrier and the ECM layer
promoted tissue regeneration. When tested in full thickness rat wounds, though the
control and test membranes showed similar levels of wound healing, wounds treated
with test membranes promoted higher vascularization, which is crucial in the
regeneration process [93]. To enhance the antibacterial property of chitosan,
Ti3C2Tz flakes have been incorporated and electrospun with chitosan [94]. These
membranes inhibited bacterial growth but were non-toxic to HeLa cells
[94]. Ti3C2Tz or MXenes are a relatively new family of 2D transition metal layered
hexagonal ternary carbide and/or nitrides, whose application in various fields has
just started to be investigated [95, 96].

In a study conducted by Antunes et al., chitosan membranes and arginine grafted
chitosan membranes were evaluated for their wound healing potential [97]. The
arginine grafted chitosan membranes inhibited bacterial growth to a greater extent
while supporting fibroblast attachment and proliferation on them [97]. The grafted
membranes also promoted enhanced wound healing in rat full thickness wound
model with increased re-epithelialization and tissue reorganization [97]. Other than
these, several blended chitosan membranes loaded with drugs like tetracycline,
doxycycline, ciprofloxacin, lidocaine, mupirocin, etc., natural wound healing
extracts from Aloe vera, Cleome droserifolia, and Allium sativum, growth factors
like EGF and bFGF and NPs made of silver and iron oxide have been investigated
for antibacterial wound healing purposes [71, 98–101]. Some of such recent studies
have been listed in Table 8.

2.3.2 Anti-Leishmania Wound Dressing

Apart from antibacterial treatments, chitosan membranes have also been investigated
for anti-parasitic treatments as well (Table 9). These dressings were fabricated using
a blend of chitosan, PEO and PCL and loaded with drugs like Glucantime and
Berberine [111–113]. Glucantime is the standard drug used to treat the parasitic
infection – leishmaniasis, caused by the organism of the genus Leishmania, and
Berberine is a natural alkaloid with anti-inflammatory properties and is known to be
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effective against the parasite [112, 118]. The blended membranes released 50% of
the loaded berberine in 12–18 h, followed by a sustained release of 80% for 8 to
14 days depending on the initial drug loading [111]. In the case of glucantime, the
membranes released more than 80% of the drug in 9 h [113]. All these drug loaded
membranes were effective in reducing parasitic growth in vitro while not showing
any toxicity toward fibroblasts [111, 113]. When tested in Balb/c mice with parasitic
infection, the berberine loaded blended chitosan membranes showed wound healing
similar to the positive controls of berberine or glucantime [112].

2.3.3 Burn and Diabetic Wound Healing

Burn Wound Healing Chitosan-PEO membranes loaded with bromelain were
investigated to treat burn wounds in rat back burn wounds (Table 9) [114–116]. In
vitro, 2% drug loaded membranes seemed to release >90% of the drug within 24 h,
whereas when the loading increased to 4%, the drug release continued for 6 days
(90% cumulative) [114]. In vivo, the 2% drug loaded membranes completely healed
the wound in 21 days with increased collagen fiber formation and complete
re-epithelialization (Fig. 6) [114]. In order to treat infectious burn wounds, Abid
et al. fabricated ZnO NPs and ciprofloxacin loaded chitosan-PEO membranes
[115]. These membranes were effective in reducing bacterial growth while not
being cytotoxic to the cells. Interestingly, the membranes showed a larger drug
release in an acidic environment [115].

Chitosan-PVA-alginate core-shell membranes loaded with asiaticoside have also
been evaluated for burn wound management. These membranes released 20% of

Fig. 6 Images of a second degree burn on rat’s dorsal skin healing over 21 days. Chitosan
nanofibrous membranes loaded with Bromelain (therapeutic extract from pineapple) showed almost
complete wound healing with complete re-epithelialization in 21 days [114]. Figure reproduced
with kind permission from Elsevier
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the drug in 1 h and 85% in 12 h [116]. Despite a burst release, when used to treat a
burn wound in rat, these drug loaded membranes promoted wound healing similar to
positive control in terms of increased blood vessel formation, re-epithelialization and
collagen formation and decreased inflammatory cytokine expression [116]. How-
ever, observational studies showed that the drug loaded membranes promoted better
wound healing than the positive control with better wound closure and hair
growth [116].

Diabetic Wound Healing Since diabetic wounds take extended time to heal,
investigators have attempted to develop chitosan-PVA membranes that can promote
diabetic wound healing (Table 9) [52, 117]. When used to treat wounds in
streptozotocin-induced diabetic rats, there was a significant improvement in wound
closure, epidermal layer restoration and blood vessel formation as compared to the
untreated diabetic or non-diabetic wounds [117]. To improve the effectiveness of
these membranes, ZnO NPs were incorporated into them to provide antibacterial
properties [52]. ZnO loaded membranes effectively reduced bacterial growth in 24 h
and promoted complete wound healing in diabetic rabbit subcutaneous wounds
within 12 days of implantation [52].

3 Future Direction and Conclusion

Though several improvements are being made in the field of regenerative medicine,
not a lot of electrospun biomaterial-based scaffolds are currently being used in the
clinics. Though chitosan nanofibrous membranes have proved effective in a wide
range of biomedical, regenerative applications, they still need to be evaluated in
appropriate (large) animal models in order to establish their efficiency in treating
damaged tissue or promoting wound healing. Further, since chitosan is obtained
from a wide variety of natural sources, it is critical to thoroughly characterize the
polymer and make efforts to reduce batch-to-batch variability. In order to further
improve chitosan’s popularity in the field of tissue regeneration, newer and more
reliable efforts need to be made to modify chitosan to improve its solubility in
non-harsh solvents. While fabricating nanofibrous membranes, the target tissue and
application need to be kept in mind, since one type of chitosan membrane will not be
able to effectively regenerate all types of tissues or deliver all types of
biotherapeutics efficiently. Therefore, thorough evaluation of chitosan nanofibrous
membranes in large animal models with appropriate characterization is crucial for
the future translation of these membranes into clinical use.
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Abstract Regeneration of defective or diseased tissue by 3D-printed biomaterials is
an emerging area of research, and 3D printing technology will meet the shortage of
organ transplantation and therapeutic clinical applications. The development of
novel bio-inks for 3D printing has challenges, including the rheological, physical,
chemical, and biological properties of materials, the risk of an immune response,
cytotoxicity, and regeneration rate. In recent years, chitosan and its composites as
bio-inks for 3D bioprinting to develop artificial organs have been studied. The
results infer that the regenerative capacity of the 3D printed chitosan composites
varies depending on size, porosity, stimulating effect, cell interaction, cell adhesion,
and the differentiation potential of stem cells. In this review, the types of 3D printing
technology for the fabrication system and their role in tissue engineering applica-
tions are studied in detail.

Keywords 3D printing · Bio-ink · Growth factors · Stimulators · Tissue engineering

1 Introduction

Organ/tissue replacement is the state in which the damaged or defective organ/tissue
is replaced by clinical surgery. It requires external clinical procedures to maintain
homeostatic conditions. Autograft or allograft transplants are the most common
organ transplant techniques. For instance, bone is the most necessary tissue to
replace tissue loss from trauma, cancer, and accidents. Traditionally, clinicians
follow autograft, as they are immunologically safe and tissue-compatible. It is a
conventional method in which bone tissue can be collected from the iliac crest of the
same patient [1]. Chronic pain, scar formation, bleeding, inflammation, and infection
at the injury site are the inconvenience of autograft, in addition to the second surgery.
There is no autograft treatment option, in case the need for bone is high at the
defective site [2]. Allograft transplantation is the second bone grafting technique that
uses the donor graft. It poses a high risk for infection and immune rejection. By this
allograft method, the bone tissue from the donor has been demineralized as well as
treated with radiation and kept for freeze drying before transplantation. This leads to
limitations in osteo-inductive properties and disease transmission like HIV and
hepatitis [3]. As well, available clinical inventions of bone cement and bone mor-
phogenic proteins fail to show angiogenesis and osteoinductions. As a result, the
alternative synthetic bone graft material is needed to replace the traditional bone
graft technique [4]. 3D printing is the future imminent technology that will make the
native tissues by using printed cells in the biomaterials. In regenerative medicine and
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tissue engineering, 3D culture scaffolds have been used to imitate tissue anatomy.
These scaffolds can be individual or blended with two to more biomaterials (com-
posites). Pluronic, polyethylene glycol, and alginate are renowned for their rheolog-
ical behavior. Collagen, gelatin, chitosan, fibrin, extracellular matrix decellularized
scaffolds have poor rheology and mechanical resistance. But mixing both in a form
of composite blend promotes bio-ink production with reliable mechanical strength
and biological attributes [5]. The 3D bioprinting cell culture naturally imitating the
biology is further effective toward the therapeutic strategies to repairing and restor-
ing the diseased organs. Printed 3D culture scaffolds and their composites are
expected to have porosity for cell growth, proliferation, and differentiation while
the traditional scaffold system has inability to recapitulate cell growth. In tissue
engineering, chitosan is the most commonly used biomaterial for fabricating the
scaffolds for both soft and hard tissues. In this review, we discussed the different
types of 3D printing method for the development of chitosan composites. Further,
preparation of bio-inks, stem cell interaction, tissue engineering, drug delivery, and
biosensor applications of 3D printed chitosan composites are discussed (Table 1).

2 Tissue Engineering

Tissue engineering is a promising discipline in the medical sector that holds
multidisciplinary applications in technology, life sciences, and biotechnology to
regenerate diseased organs and maintain homeostatic conditions. Successful regen-
eration will require scaffolds with niche factors and cells. The scaffolds can be
fabricated by many conventional methods but they also have their disadvantages
including improper pore structure, customized scaffold size and volume, and
mechanical strength. As a remedy for these limitations, additive manufacturing
techniques have been introduced. Subsequently, the researchers and clinicians
believed that the scaffolds that have been fabricated by the 3D printing can provide
a cell support device for the cells to adhere to the surface. The paracrine cell
signaling, endocrine signaling, epigenetic signaling, cytokines, oxygenation, and
transcription factors are the primary cues required for cells to grow, repair, restore,
and regenerate. The extracellular matrix of the cell provides the essential appropriate
niche factors needed.

In addition to that, the cells behave according to the type of biomaterial. For
instance, the production of glycol-amino acid varies according to the scaffolds in
cartilage tissue engineering. Selecting the cell type source is the critical background
in tissue engineering [6, 7]. The innovative scaffold architecture and high-quality
scaffold techniques have been highly important for tissue engineering applications.
3D-printed scaffolds have stimulated cell development and transformation into
tissue regeneration. The behavior of the cells within the scaffolds depends on the
type of target cell and the structure of the scaffolds. The mineralization has to deposit
on the surface of the scaffolds. The nano-scale topography of scaffolds influences the
cellular habit of proliferation capacity. To construct the scaffold architecture for 3D
printing, magnetic resonance imaging (MRI) and computed tomography (CT)
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Table 1 3D-printed chitosan composites and their applications

Composites Methods
Cell line used/
animal model Applications Reference

Chitosan Pneumatic – Wound healing [38]

Chitosan Extrusion Chondrocyte
cells/ATDC5
cells

Cartilage tissue
engineering

[22]

Chitosan ducts Extrusion – Tissue
engineering

[61]

Chitosan Extrusion – Tissue engi-
neering and
drug delivery

[62]

Chitosan 3D bio plotter Osteoblast cells Drug release
and bone tissue
engineering

[63]

Chitosan Extrusion Normal dermal
human fibroblast
cells/Aneuploid
immortal
keratinocyte cells

Skin restoration
and soft tissue
healing

[64]

Chitosan Fused deposition
model

C84 fibroblast
cells

Tissue
engineering

[65]

Chitosan Pneumatic L929 fibroblast
cells

Tissue
engineering

[66]

Chitosan hydrogels Extrusion – Skin restoration
and soft tissue
regeneration

[67]

Carboxymethyl
chitosan

Extrusion L929 fibroblast
cells

Soft tissue
regeneration

[68]

Methacrylated
chitosan

Extrusion SH-SY5Y cells Tissue
engineering

[69]

Methyl-furan
functionalized
chitosan

Extrusion Human glioma
U87- MG cells

Tissue
engineering

[70]

Chitosan (CHI-MA) Digital light
processing printing

Human umbilical
vein endothelial
cells

Tissue
engineering

[71]

Hydroxyl butyl
chitosan polymer
gel

Dispenser type 3D
printer for
thermoresponsive
polymer

Human-induced
pluripotent stem
cell-derived
cardiomyocytes
and normal
human cardiac
fibroblasts
(NHCF) cells

Cardiac tissue
regeneration

[72]

Hydroxybutyl
chitosan

Robotic dispensing
3D printer

Normal human
cardiac fibroblas-
tic cells and
human cardiac
microvascular
endothelial cells

Regenerative
medicine and
tissue
engineering

[73]

(continued)
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Table 1 (continued)

Composites Methods
Cell line used/
animal model Applications Reference

Carboxymethyl
chitosan

Pneumatic and piston-
driven

Rabbit
chondrocytes
cells

Cartilage tissue
engineering

[14]

Chitosan–guar gum Extrusion – Biomedical
applications

[74]

Chitosan–
hydroxyapatite

3D printed pore-
forming mold

MC3T3E1 cells Tissue
engineering

[39]

Chitosan–graphene
oxide

Extrusion – Biomedical
applications

[75]

Chitosan–silk Pneumatic Human skin
fibroblast cells

Soft tissue
engineering

[44]

Chitosan–beta-
tricalcium
phosphate

3D printing New Zealand
rabbit/bone mar-
row mesenchy-
mal stem cells

Anatomic
radial head
shape

[76]

Chitosan–polylactic
acid

A solid-freeform fab-
rication of 3D printing

Human fibroblast
cells

Drug delivery [77]

Chitosan–polylactic
acid

Fused deposition
model

– Tissue
engineering

[78]

Chitosan–polylactic
acid–alginate

Extrusion Human adipose
tissue-derived
mesenchymal
stem cells

Repair tym-
panic mem-
brane
perforation

[79]

Chitosan–1-ethyl-3
methylimidazolium
acetate

Flow injection NIH3T3 fibro-
blast cells

Hemostatic
dressings

[80]

Chitosan–poly
(gamma glutamic
acid)

Pneumatic 3D bio
plotter

Human dermal
fibroblasts

Tissue
regeneration

[81]

Chitosan–
hydroxyapatite

Fused deposition
model

Human osteosar-
coma cells

Bone
regeneration

[82]

Hydroxybutyl
chitosan- oxidized
chondroitin sulfate
hydrogel

Hydrogel fabrication
by 3D bioprinting
system

Mesenchymal
stem cells

Cartilage-
subchondral
bone
regeneration

[83]

Chitosan–gelatin
methacryloyl

Extrusion L929 fibroblast
cells

Soft tissue
engineering

[84]

Chitosan–collagen Extrusion – Tissue
engineering

[85]

Chitosan–starch Temperature con-
trolled 3D printing

CCL-131 mouse
neuroblastoma
cells

Neural cell
growth

[86]

Chitosan–
polycaprolactone

Electrospinning and
rapid prototyping

– Fabrication of
artificial vascu-
lar graft

[45]

(continued)
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Table 1 (continued)

Composites Methods
Cell line used/
animal model Applications Reference

Chitosan–Genipin
bio-ink

Pneumatic Human epider-
mal keratinocyte
cells and human
dermal fibroblast
cells

Skin
regeneration

[87]

Chitosan–gelatin
hydrogel

3D bio plotter – Tissue
engineering

[40]

Chitosan–poly(eth-
ylene glycol)
diacrylate

Extrusion Mouse bone
marrow-derived
mesenchymal
stem cells

Cartilage
regeneration
and wearable
device
applications

[88]

Hydroxybutyl
chitosan hydrogels–
poly(lactic-co-
glycolic acid)

Electrospinning Human mesen-
chymal stem
cells

Cartilage
restoration

[89]

Chitosan–collagen Thermoplastic
extrusion

Neural stem cells Axon regenera-
tion and neuro-
nal recovery

[90]

Chitosan–
polymethacrylate

Stereolithography 3D
printing

– Wound healing [91]

Chitosan–carbon
microtubes

3D bio plotter – Strain sensor
applications

[92]

Chitosan –

polylactic acid
Extrusion – Filament pro-

duction for bio-
medical tools
or implants

[93]

Chitosan–pectin
hydrogel

Fused deposition
model

– Wound dress-
ing application

[94]

Chitosan–Genipin Extrusion Human skin
fibroblast cells

Chronic wound
healing

[95]

Chitosan–poly
(vinyl alcohol)

Extrusion – Hard tissue
regeneration

[96]

Chitosan–silk
particle

3D bio plotter Human skin
fibroblast cells

Soft tissue
repair

[97]

Chitosan–multiwall
carbon nanotubes

Extrusion – Stretchable
sensors

[98]

Poly (L-lactide)/
chitosan-quercetin-
polydopamine

Fused deposition
model

MC3T3-E1 cells Bone tissue
engineering

[20]

Chitosan–catechol Extrusion L929 fibroblast
cells

Writable
bio-ink
preparation

[99]

Chitosan polyion–
alginate

3D bio plotter Human adipose-
derived stem
cells

Tissue
engineering

[100]

(continued)
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Table 1 (continued)

Composites Methods
Cell line used/
animal model Applications Reference

Chitosan–sodium
alginate

3D inkjet printer – Bone tissue
engineering

[46]

Chitosan–
polycaprolactone

Electrohydrodynamic
jet 3D printing

Human embry-
onic stem cell-
derived fibroblast
cells

Tissue
engineering

[101]

Chitosan–polylactic
acid

Temperature based
3D printer

Normal human
foreskin fibro-
blast cells

Biomedical
applications

[102]

Peptide chitosan–
dextran core/shell

Pneumatic Human bone
marrow-derived
mesenchymal
stem cells

Wound healing [103]

Chitosan–polyvi-
nyl-alcohol

Extrusion Human adipose
tissue-derived
mesenchymal
stem cells

Corneal stro-
mal
transplantation

[104]

Chitosan–alginate Extrusion L929 fibroblast
cells

Biomedical
applications

[105]

Chitosan–poly(lac-
tic acid)–
hydroxyapatite

Fused deposition
model

Human mesen-
chymal stem
cells

Bone tissue
engineering

[106]

Hydroxybutyl
chitosan–hydrogel

3D nanoplotter Chondrocytes
cells/neonatal
Sprague-Dawley
rats

Biomedical
applications

[107]

n chitosan–dextran
sulfate
microparticles

3D bio plotter Mesenchymal
stem cells

Tissue
engineering

[108]

Chitosan hydro-
chloride–
Hydroxypropyl
methylcellulose

Rapid prototyping C2C12 cells Drug delivery [109]

Chitosan–polyeth-
ylene glycol
diacrylate resin

Stereolithography 3D
printing

Human mesen-
chymal stem
cells

Cartilage tissue
engineering
Applications

[110]

Methacrylate
chitosan–Laponite
nano silicate
composite

Extrusion MC3T3-E1 cells Bone tissue
engineering

[111]

Chitosan–egg shell
chitosan

Extrusion Human mesen-
chymal stem
cells

Bone graft
applications

[112]

Chitosan
hydrogels–
Lactoferrin-loaded
carboxymethyl cel-
lulose glycol

Thermoplastic
extrusion

MC3T3-E1 cells Tissue
engineering

[113]

(continued)
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Table 1 (continued)

Composites Methods
Cell line used/
animal model Applications Reference

Glycol chitosan-
oxidized
hyaluronate–
superparamagnetic
iron oxide
nanoparticles

Extrusion ATDC5 cells Wound healing [48]

Chitosan–beta
cyclodextrin–prop-
olis extract

Pneumatic Dermal human
fibroblast cells

Ulcers and
wound
Healing

[114]

Carboxymethyl
chitosan–hydroxy-
apatite–
polydopamine

Pneumatic MC3T3-E1 cells Bone tissue
engineering

[115]

Chitosan–polylactic
acid–keratin

Fused deposition
model

Human gingival
fibroblast cells

Tissue
engineering

[116]

Chitosan–silk
fibroin–collagen

Extrusion Bone marrow
mesenchymal
stem cells/Wistar
rat

Tissue
engineering

[117]

Polycaprolactone–
chitosan–hydrogel
biocomposites

Thermoplastic
printing

Human umbilical
vein endothelial
cells

Cardiovascular
regeneration

[118]

Carboxymethyl
chitosan hydrogel–
gelatin–sodium
alginate

Extrusion Bone mesenchy-
mal stem cells

Tissue engi-
neering and
regenerative
medicine

[41]

Gelatin
methacrylamide–N-
maleyl chitosan
methacrylate

Multiphoton
polymerization

Human dental
pulp stem cells

Orofacial bone
tissue
engineering

[119]

Methacrylated
chitosan–chemi-
cally converted
graphene–graphene
oxide

Extrusion L929 murine
fibroblasts cells

Tissue
engineering

[120]

Chitosan–gelatin–
hydroxyapatite

Fused deposition
model

– Bone tissue
engineering

[121]

Hydroxybutyl
chitosan–oxidized
chondroitin sulfate
hydrogels

Pneumatic Human adipose-
derived mesen-
chymal stem
cells

Cartilage tissue
engineering

[122]

Glycol chitosan–
oxidized
hyaluronate–adipic
acid dihydrazide

Extrusion ATDC5 cell line Wound healing
and cartilage
regeneration

[123]

Chitosan–gelatin–
hyaluronic acid

Extrusion Bone marrow
stem cells

Osteochondral
Healing

[124]

(continued)
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Table 1 (continued)

Composites Methods
Cell line used/
animal model Applications Reference

Chitosan–poly
(caprolactone)
diacrylate–poly
(ethylene glycol)
diacrylate

Digital light
processing printing

L929 cells Tissue
engineering

[125]

Polyethylene glycol
(PEG) grafted
chitosan–alpha
cyclodextrin–
gelatin

Extrusion Mesenchymal
stem cells/
C57BL/6 mice

Bio-ink prepa-
ration for tissue
engineering
application

[126]

Chitosan–
graphene–gelatin–
tricalcium
phosphate

Pneumatic Human osteo-
blast (hOB) cells

Bone fracture
healing

[50]

Chitosan–halloysite
nanotubes–tea
polyphenol

Extrusion – As an
antioxidant

[127]

Chitosan–polylactic
co glycolic acid–
Nano hydroxyapa-
tite–recombinant
human bone mor-
phogenetic protein-
2

Thermoplastic
printing

New Zealand
white rabbits

Mandibular
bone
regeneration

[128]

Chitosan–polylactic
acid–
polycaprolactone–
silk fibroin

Fused deposition
model

Human
chondrosarcoma
cells

Bone
regeneration

[129]

Chitosan–hydroxy-
apatite–collagen–
recombinant human
bone morphoge-
netic protein-2

Rapid prototyping Human mesen-
chymal stem
cells

Drug delivery
and bone tissue
repair

[130]

Carboxymethyl–
chitosan–alginate–
agarose

Extrusion Human neural
stem cells

Neuronal
regeneration

[131]

Chitosan–
Hyaluronan–silk
fibroin–
polyurethane

Inkjet printing Mouse embry-
onic fibroblasts,
and SNLP 76/7-4
feeder cells
induced pluripo-
tent stem cells/
ICR mouse

Tissue
engineering

[132]

Chitosan–alginate–
gelatin–Gellan gum
or collagen type I
hydrogels

Extrusion Human dermal
microvascular
endothelial cells

Tissue
engineering

[47]

(continued)
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pictures were translated to CAD files. Subsequently, the CAD files are sliced and
converted to ASC II STL (Standard Tessellation Language) files, which are used to
build the implant scaffolds [8, 9] (Fig. 1).

3 Chitosan

Chitosan (Fig. 2) is a naturally occurring derivative polymer widely used for
biomedical and agricultural purposes. It is found in natural sources such as fungi,
bacteria, crabs, and shrimps. Chitosan is an easily soluble chitin polymer with a
greater availability on the market. The chitosan and its composites have been
extensively used in tissue engineering applications, especially in wound dressing
and bone tissue engineering because of its biocompatibility, biodegradability,
nontoxicity, and excellent antimicrobial activity. The strength of chitosan is very
low, so it has always been mixed with other hydroxyapatite composites, zirconia,
and other polymers to negotiate effects [11]. Certain nosocomial pathogenic organ-
isms acquired from the hospital, such as S. aureus and S. epidermidis, cause harmful
effects during titanium implantation. Antibacterial activity of these bacterial species
has been explained by the use of N-carboxymethyl chitosan (CMC), O-CMC, or N,
O-CMC [12, 13].

4 Chitosan Bio-Ink Production

The development of bio-ink is important for the biomedical engineering areas. It can
print the scaffolds, which can be provided to the hospitalized users for the immediate
requirements of tissue repair. Bio-ink has the capability to provide appropriate
mechanical strength and can print and store the scaffolds for long-term use with
unique physical and biochemical properties. Chitosan can be formulated into

Table 1 (continued)

Composites Methods
Cell line used/
animal model Applications Reference

Chitosan–calcium
phosphate–poly
(lactic acid)–gelatin

Thermoplastic
printing

– Bone tissue
engineering

[133]

Chitosan-induced
pluripotent stem
cells–alginate–
carboxymethyl–
agarose–calcium
chloride

3D bio plotter Induced pluripo-
tent stem cells

Drug develop-
ment and
regenerative
medicine

[49]
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hydrogel bio-ink where their mechanical ability has been improved by the count of
ethylene diamine tetraacetic acid (EDTA). The calcium has been used as the physical
cross-linker in a neutral pH environment. This bio-chitosan hydrogel ink has been
widely applied in cartilage tissue engineering applications [14]. GelMA is a widely
used bio-ink which contains both anionic (alginate, xanthan, and κ-carrageenan) and
cationic hydrogel (chitosan, gelatin, and gelatin methacrylate). The printing hydro-
gel should meet the time-dependent printing conditions, shape fidelity, and should
have structural integrity and biocompatibility with living cells and tissues. Besides,
printing bio-ink must have interfacial strength, before and after printing to avoid
layer defects [15]. Printability, print fidelity, viscosity recovery, long-term shape
fidelity are the perfect features of bio-ink production. Several methods were adapted
to change the viscosity behavior. Viscosity varies according to temperature, molec-
ular weight, polymer concentration, and molecular interactions [16]. During cell
deposition during printing, minimal force is required (Yield strain) for the homoge-
neity of the encapsulated cells. The yield stress is measured by a stress ramp
experiment [17].

Cellink skin, Cellink fibrin, Cellink bone, Gelxa skin, Gelxa fibrin, Gelxa bone,
Bio conductink, Gelma fibrin, Gelxa cartilage, Cellink a-RGD, Cellink rgd, Gelxa

Fig. 1 Diagram of the fundamental stages of 3D printing – based on skin tissue engineering
approach. Figure reproduced with permission from [10]
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lamininks, Cellink lamin inks, Cellink bio-ink, Gelma bio-ink, Gelma A, Gelma C,
Gelx series, Gelxg, Chitoink are the commercially available bio-inks supplied by the
bio-ink exporter cell ink [18].

5 3D-Printed Chitosan Composites

In tissue engineering, tissue restoration will depend upon the composition of the
materials. Each material has only its function in restoring tissues. Polymers are the
source of biomaterials, either organically or inorganically to mimic the exact com-
position of the desired tissue regeneration. For example, the bone matrix has an

(A)

(B)

Fig. 2 Structure of (a) chitosan and (b) chitosan derivatives
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organic matrix of 60%. Polymers can be synthetic or naturally occurring. Polymers
could blend with any type of substrate material for adhesion, proliferation, and
differentiation of specific stem cells. In most tissue engineering applications,
chitosan has been used as a mixture material (Fig. 3). Moreover, in some studies,
the biomaterials are functionalized to enhance their fast healing activity as well as to
maintain the regeneration and degeneration kinetics [19]. The following table
indicates the type of 3D printed chitosan composites and their target tissue engi-
neering applications.

6 Different Methods Used in 3D Printing

6.1 Additive Manufacturing

3D printing is well commonly known for the techniques of solid-freeform fabrica-
tion, additive manufacturing, and rapid prototyping with the aid of computer-based

Fig. 3 Chitosan and its composite scaffolds (a) SEM Image of the chitosan composites (b) FESEM
image of chitosan composites and its internal architecture. Figure reproduced with permission from
[20]
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software. Additive manufacturing (AM) is a 3D printing technology extensively
used in the biomedical sector for tissue engineering applications. AM is the
computer-aided software (CAD) based fabrication unit that controls the internal
infill density and outer perimeters with multiple geometries required for suitable
scaffolds fabrication. In medical implanting scaffolds, it overcomes the drawbacks
and limitations of such conventional material scaffold preparation methods. 3D
bioprinting is the blooming emerging technologies that can print the cells with
materials. It is one such technique that uses bio-inks for the 3D organ culture. The
3D bioprinter has its sterilization unit, clean chamber options, and printing surface
area for well plates, glass slides, or the petri dishes with suitable size for fabricating
the scaffolds. The highest challenges for 3D printing are the print resolution, print
speed, temperature, and rheology of the biomaterial ink. The specific automatic
program of the 3D printer controls the geometric shape and spatial pattern of the cells
to be printed [21]. The main drawback of bioprinting is the blockage of materials at
the ends of the cartridge and nozzle.

6.2 Extruder

Extrusion-based bioprinting is the most common additive manufacturing unit. In
general, polymers are most often used in such extruders. Particularly the chitosan
scaffolds are studied for the cartilage tissue engineering application. It follows a
fluid-based dispensing system where external pressure is required to push the bio-ink
down for printing (Fig. 4) [22]. It contains the movable print head with software
aided to control the pressure, temperature including bed, nozzle, and extruder. Multi-
head extruders are used to print two materials simultaneously. For instance, the
bioprinting of 3D organs accumulates the combination of stem cells, growth factors,
and biomaterials layer by layer. This scaffolding system mimics as much as possible
the niche conditions of the artificial biological organs of the physiological conditions
[23–25]. Pneumatic and piston-based extruders are used in multi-nozzle bioprinting
[26]. The reports are published based on a mixture of biomaterials and cells (bio-ink)
used in extrusion-based bioprinting. This organic ink must have physiological,
mechanical, biological, and rheological characteristics. High viscous biomaterials
with cells need high compressed air for easy extrusion (prevent the nozzle clogging)
to print the structure of the 3D cell but that may harm the cells. On the other hand,
low-viscous biological inks reduce the blockage of the nozzle and allow cells in a
viable state, but cannot retain the structural capability of the 3D cell. To illustrate,
high-viscosity bio-inks are readily extruded and can retain their shape after extru-
sion. However, they require strong deformation forces during extrusion, which can
affect the encapsulated cells. Various control methods have appeared to manage the
settings of the bio 3D printer. The use of these technologies to produce tissue
engineering scaffolds is widely explored because they can overcome the limitations
of traditional porous material fabrication methods (such as solvent casting/salt
leaching, and phase separation) in terms of geometry and process coherence [27–30].
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6.3 Fused Deposition Model (FDM)

FDM is the first extruded additive manufacturing system that uses the polymer to
melt for the fabrication system. It can provide architectural adaptation of micro-level
and high-strength functional biomaterial parts for tissues to develop. Many 3D
printers are available with unique features to print the desired tissue from scaffolds
in a morphological kind. Some printers use hard or soft materials for fabrication.
Selective laser sintering (SLS) and fusion depository modeling (FDM) are selected
3D printing technologies that have been used for fabrication [31]. This is a widely
available and economically feasible technology. Thermoplastics materials and tem-
perature maintenance in an extruder nozzle are the basic adjustments of FDM
printing. The FDM needs the desired materials in an unwound filament coil. The
applying temperature heats the extrusion nozzle to melt the desired materials and
makes it possible to print the scaffolds. Occasionally, the printed scaffolds are coated
with other materials to enhance antibacterial activity, in particular PLA scaffold with
chitosan coated for antibacterial action in bone implants.

Fig. 4 Extrusion-based bioprinting of chitosan. Figure reproduced with permission from [22]
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6.4 Selective Laser Sintering (SLS)

This is the powder melting process where the high-power laser has been used to
manufacture 3D models. They have their pros and cons. Complicated 3D parts can
be successfully manufactured with this type of printing. It is structurally stronger as
the laser falls where the other side gives way. In particular, the particle size and the
viscosity of the powder are the key criteria in the laser sintering [32]. It fails to
fabricate the heat-sensitive biological molecules of proteins, drugs, and cells in
scaffolding. In particular, it can print even the tissue with complex anatomy struc-
tures, including craniofacial bone or cartilage. The powdered materials are used as
the support to fabricate layer by layer structures through a laser beam. The
bioceramic materials, and organic synthetic polymers of polylactic acid (PLA),
polycaprolactone (PCL), poly ethyl ether ketone (PEEK), and polyether ketone
(PEKK) are the suitable temperature-dependent materials used in the SLS. The
hydroxyapatite and the growth factors are the processing, stimulating factors used
to integrate within the scaffolds after printing [33, 34].

6.5 Inkjet Printing

The piezoelectric actuator is the inkjet-based multi-nozzle bioprinter. Inkjet printing
has been used to print the living cells directly with high-resolution in a 3D form.
Aqueous gelatin is used as a bio-ink to produce a 3D scaffold with cells. The droplet
form of printing has been patterned as the desired structure in a substrate. The inkjet
heating extruder generates the air bubbles that help the ink drops eject from the
nozzle which does not affect biological molecules such as amino acids, proteins, and
peptides but cell viability was poor [35]. The print head has run in the three axes: X,
Y, and Z. The literature highlighted that the piezoelectric inkjet has been used for the
electronic application, but recently it is applied to biomedical engineering applica-
tions. Even though many complications are in printing the scaffolds for the biolog-
ical end users, the inkjet is used to directly print the cells on the glass slides or in its
substrates (Fig. 5) [36].

6.6 Thermoplastic Printing

In a thermoplastic printer, an extruder is used to melt materials, including polymer
composite, at a high temperature of up to 240�C. The bottom heating coil makes the
materials melt continuously. The optimum printing speed is the important parameter,
enables the materials to melt during printing. The rheology of the blended composite
is crucial for good resolution and impression. Materials inside the cartridge should
be packed uniformly to prevent the formation of air bubbles during heating. The
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nozzle of variable sizes 0.2, 0.3, 0.4, 0.6, and 0.8 mm are recommended to achieve
the scaffolds. Some printers use both types of a thermoplastic extruder, including
screw extruder and direct dispenser based on a specific type; for example: regenHU
bioprinter.

6.7 Pneumatic Printing

The pneumatic 3D printer is the method of press printing. It is capable of extruding
both high and low-viscous materials. This pneumatic type of bioprinter has its
compressor unit which has a maximum pressure of 700 kPa; for example: Cell ink
pneumatic print head. The pneumatic printer controlled the print head temperature
from 30 to 65�C. The print bed temperature was maintained in the range of 4–60�C.
In some systems, the two pneumatic print heads are used simultaneously for layer-
by-layer printing. The printer calibration system has been attached to the central
automated system of the software. Different types of the conical nozzle and blend
needles of various sizes including 18G, 20G, 22G, 25G, and 27G have been used for
the pneumatic type of the printer; for example: Cell ink pneumatic 3D printer
(Cellink).

Fig. 5 Schematic diagram of Ink Jet bioprinting [37]
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7 Biomedical Applications

7.1 Tissue Engineering

3D printed composites have been the subject of footprints in the main field of tissue
engineering. Chitosan has been widely applied in hard and soft tissue engineering
applications. Even though the chitosan has poor mechanical strength, due to its self-
assembling gelation properties under alkali conditions, it has been used as the
printing ink for the direct ink writing (DIW) to enhance the biocompatibility
properties [38]. Besides, the 10% (w/v) concentration and air drying of chitosan
hydrogels increase mechanical strength compared to 8%, 10%, and 12% [22]. In
some cases, combining the hydroxyapatite material with chitosan shows improved
mechanical strength [39]. To enhance water retention, nutrient transfer, cell adhe-
sion, and migration, additional gelatin materials are desirable. Subsequently, gelatin
improves osteoblast proliferation when mixed with chitosan, graphene, and
tricalcium phosphate [40]. Later the biomaterials were developed along with the
cells for fabricating the tissues by using the 3D printing technology. For instance, the
bone marrow stem cells are encapsulated along with the carboxymethyl chitosan,
gelatin, and sodium alginate which shows the homogenous cell distribution on the
scaffolds with good mechanical properties and antibacterial activity [41]. Further-
more, the natural silk protein produced by silk fibers has been extensively used in the
manufacture of biomedical textiles [42]. Silk has crystalline nature which has been
used with chitosan to enhance biomaterial rheology and scaffold printing fidelity.
Literature has been reported that silk fibroin with collagen shows better cellular
growth and proliferation compared to silk fibroin/chitosan scaffolds [43]. Later,
research was conducted to combine silk fibroin with two polymers of polylactic
acid and polycaprolactone which gives additional mechanical strength. Besides, the
blending of hydroxyapatite gives additional support to silk fibroin/polylactic acid/
polycaprolactone scaffolds. These scaffolds mimic natural bone minerals where
human chondrosarcoma cells show improved adherence and proliferation growth
[44]. In fabricating the artificial vascular graft, compared to the other biocompatible
materials, the use of chitosan can induce vascular regeneration but it has poor
mechanical strength. Polycaprolactone polymers are used to address these limita-
tions [45]. Further, the developing approach of the bio compatible materials also
focused on the alginate. Alginate has its biomedical applications toward wound
dressings, tissue healing, and pathogenic infections. It shows promising treatment
toward repairing bone tissue when combined with chitosan [46]. The combination of
more biomaterials with the chitosan draws much attention to fabricating the
bioconstructs. In such cases, the alginate, chitosan, gellan gum, gelatin, and collagen
hydrogel are combined with vascular endothelial growth factor and bone morpho-
genetic protein-2 for tissue engineering applications [47]. Besides, the graphene
oxide and carbon nanotubes are required and blended with chitosan to improve the
rheological behavior of the materials extensively used in biomedical and sensor
applications [48]. The bio-ink of carboxymethyl chitosan, agarose, and calcium
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chloride with induced pluripotent stem cells has been applied in pharmaceutical
developments [49]. Chitosan can be blended with graphene, gelatin, and tricalcium
phosphate, which are used in the bone healing process. The proliferation rate has
been investigated by using human osteoblast (hOB) cells showing excellent bio-
compatibility [50]. Hydroxyapatite-chitosan-L-arginine with crosslinking agent
genipin has been developed through an additive manufacturing process along with
the freeze-dried techniques to form a precise geometry and microstructure. The
porosity and mechanical strength of the scaffolds are equivalent to the cancellous
bone. Further, the biocompatibility of the scaffold has been assessed through MG-63
cells [51]. It is reported that the Poly (vinyl alcohol)/N, O-Carboxymethyl Chitosan
composite scaffolds have enhanced bone formation and proved by the in vivo model
of rats [52] (Fig. 6).

7.2 Drug Delivery

Chitosan can be modulated into various polymeric scaffold forms, adapted to target
drug delivery systems. Chitosan’s free amino acid groups can easily encapsulate
negatively charged proteins and peptides. Various composite mixtures are coated on
chitosan scaffolds to enhance the drug delivery system and antimicrobial activity.
For instance, α-helical antimicrobial peptide (AMP) shows excellent bactericidal

Fig. 6 (a) The black arrow mark indicates the fur is cleared before implantation. (b) Shows site
where the materials were implanted. (c) The Implanted poly (vinyl alcohol)/N,O-carboxymethyl
chitosan scaffold to the Sprague-Dawley male rat. Figures reproduced with permission from [52]
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activity and also confers the cascade signaling system to interact bone cells and
immune cells of healthy tissues to repair damaged tissue wound healing and mini-
mize infections. Kartogenin drugs are used as regenerative medicine in several
aspects, including bone healing, limb development, and able to solve problems
associated with cartilage. These drugs have to release in a sustained manner to
achieve the best results of regeneration. The main need is extended drug release,
where chitosan resolves. Oral medications are used to administer insulin in the
treatment of diabetes. Quaternized thermal-sensitive hydrogel based on chitosan
and insulin improves the sustained release of insulin. This increases the efficacy of
diabetes treatment and provides hope for the alternative to islets of pancreatic cells
for insulin secretion. The acidic pH favors the growth of the cancerous cells and
triggers the metastasis conditions. Clinicians are hopeful that targeted chemotherapy
is close to preventing metastasis. This depends primarily on the pH maintained
within a body system [13]. Chitosan is a pH-sensitive polymer that enhances the
effectiveness of encapsulation and drug release [53]. In addition, vascular endothe-
lial growth factors, fibroblast growth factors, and bone morphogenetic proteins are
essential for tissue engineering applications. The endothelial cell line requires VEGF
as an angiogenic protein whereas the fibroblast growth factors are critical for
inducing angiogenesis through the specific signaling pathways. In addition, the
bone morphogenic proteins, induce the differentiation pathways of the mesenchymal
stem cells and osteoprogenitor cells to mature [54].

7.3 Biosensor

Biosensor is an electrochemical application that has been used in biomedical tissue
engineering. It is used to recognize analytes from complicated samples to detect
biomolecules [55]. The ligands and receptors of the target biomolecules on the
sensor receive the signaling systems and detect the results in a form displayed by
serious electrochemical reactions. The cellular biosensor has been used to directly
detect biochemical effects and carry out sensitive analyses between biology and
electronics [55, 56]. Piezoelectric inkjet printing has been used in the manufacture of
biochip inks. In tissue engineering, cell adhesion, morphology, motility, and prolif-
eration of adherent cells could be detected using electrical cell-substrate impedance.
Light-addressable potentiometric sensors (LAPS) cell-based biosensor systems are
used to record the electrophysiological properties of the differentiated state of
embryonic stem cells [57]. Hybrid microchips with bioelectronic nose sensors can
detect extracellular activities in olfactory cells. The microelectrode array sensors
(MEAs), electrical cell�substrate impedance sensors (ECIS), field-effect transistor
sensors (FETs), light-addressable potentiometric sensors (LAPS), and wearable
sensors are the type of bio-application sensors used in tissue engineering
applications.
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7.4 Stem Cell Interaction with 3D-Printed Chitosan
Composites

Human fat derivative stem cells have better communication with 3D-printed
hydrogels of the polyionic complex alginate chitosan. A cell density of 2 � 105

per mL is suitable for the 10 mm � 10 mm � 2 mm scaffolds. The proliferation rate
implies that stem cells replenish themselves (Fig. 7). The scaffolds give the appro-
priate temperature, pH, and niche factors to make stem cells in a dormant state and
trigger for self-renew or constrained to differentiate the state of osteoblast. The
composite scaffolds activate the extrinsic signals of stem cells to interact and
integrate with the hosting tissue. The stem cells grow in the composite scaffolds
and can easily adapt and communicate with the other cells (cell cross talk) for
sustained metabolic pathways. The cellular pathways of Wnt, Notch, ANG1, OPN,
and BMP are recognized for differentiating the hematopoietic stem cells. As bio-
materials are implanted, the proteins around the scaffolds adhered to the surface.
Following, the immune cells bound to the adsorbed protein release the inflammatory
kinases that attract the stem cells to scaffolds. Subsequently, ribosomal proteins
adhered to the surface of the composite biomaterials form metalloproteinase to
re-modulate the extracellular matrix. The extracellular matrix connects the implanted
composite biomaterials to endogenous cells [58, 59]. The rigidity and topography of
the materials and the scaffold system have been shown to determine the rate of
proliferation and differentiation (Fig. 8).

8 Future Approaches

The printing pressure, printing speed, extruder and bed temperature, the viscosity of
the materials, the nozzle size, the infill density, and the layer of the printing are the
common parameters for all types of 3D printers. The optimizing parameters are

Fig. 7 SEM images chondrocyte cells with (a) chitosan–alginate and (b) chitosan.
Figures reproduced with permission from [60]
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desirable, as they may vary between material to material preparations. The desired
composite scaffolds have satisfied the levels of suitable in vitro and in vivo studies
for technological application to end users. The physiological properties of the
composite scaffold need to be investigated, as it does not offer the appropriate
mechanical strength and tensile strength. Vascularization is a critical challenge and
must be studied in detail in all aspects of tissue engineering applications. Conse-
quently, the ideal bio-ink based on the approved qualitative and quantitative mate-
rials has been demanded in the future to resolve tissue engineering needs. The
success rate of the translation of the implant implies the regeneration and the
degeneration kinetics of the biomaterials. So the preparing bio-ink should possess
the regeneration and degeneration kinetics.

Fig. 8 (a) Merge images of the cultured chitosan hydrogel scaffold with human umbilical vein
endothelial cells. (Green: live cells, red: dead cells) (b) Live cells on 3D printed scaffolds (c) The
Live-dead staining (d) The F-actin and nucleus morphology of the seeded HUVECs on the scaffold
(Red: F-actin, blue: nucleus). Figures reproduced from [38] with permission
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9 Conclusion

Compared to other fabrication techniques, 3D printing offers advantages for the
fabrication of scaffolds with desired pore size, struts size, and surface area. The 3D
bioprinter was thought to be useful for organ-on-a-chip, drug delivery systems, and
regenerative medicine. Chitosan’s flexibility makes an ideal material for 3D printing
biomedical applications. It has the properties to acclimate all types of body cells to
grow and to restore the defective portions of both hard and soft tissues. Several types
of research of the chitosan composites are in the level of bench side which has not
been transferred to the technology process due to several limitations and challenges.
So the biomedical 3D printing chitosan products have to be studied in detail to
translate the research from bench to bedside.
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Abstract Bone tissue engineering (BTE) is a transitional research field that focuses
on material science and biology to construct novel biocomposites proficient in
treating impaired bone. Bioactive molecules are unique therapeutic agents that
have prompted rapid advances in the field of tissue engineering. Polymers of natural
sources play a crucial role in the fabrication of biocompatible delivery systems that
facilitate bioactive agents’ efficient delivery. Chitosan (CS) is known for its distinct
pharmacological properties, and its function in regenerative medicine is well
recorded. The versatility of CS enables the formulation of a wide range of drug
carriers. This chapter highlights various scientific findings concerning different
forms of nanomaterials produced from CS. CS-based composites’ utility as effective
delivery systems for the potent bioactive compounds such as growth factors, nucleic
acids, and phytocompounds in treating bone defects is discussed.

Keywords Chitosan · Drug delivery system · Growth factors · Nucleic acids ·
Phytocompounds · Bone tissue engineering

1 Introduction

Bone is a highly organized and diverse connective tissue in the human body that
constructs the skeleton. It is a rigid mineralized structure that plays a crucial function
in mechanical stability and locomotion, protects the soft visceral organs, and main-
tains the mineral homeostasis [1]. Bone tissue majorly harbors hard organic matrix
like collagen (Col) fibers in which hydroxyapatite (HAp) mineral salts are deposited.
Bone stability and vasculature are endured by two important structures, such as
compact and trabecular bone. Compact bone is a hard material, which provides
mechanical stability and protects bone marrow, whereas trabecular bone offers
compressive strength to the skeleton [2]. The development of bone is a complex
mechanism accomplished by two significant modes involving the metamorphosis of
pre-existing mesenchyme to a structural osseous tissue. The direct transformation of
mesenchyme to the bone is known as intramembranous ossification, and the trans-
formation via cartilage formation to bone tissue is endochondral ossification. In both
these ossification, modeling and remodeling of bone are mediated by bone cells like
osteoblasts and osteoclasts [3]. These constructive mechanisms are widely regulated
by various factors like hormones, growth factors (GFs), and minerals. There are
many possibilities of misregulation of these factors or injuries that can lead to
anomalies in the bone formation, such as skeletal dysplasia, osteoarthritis,
osteopenia, and Paget’s disease [3, 4]. Although bone is highly vascularized and
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has the potential to support regeneration, it is a slow and prolonged process that has
consequences of hematoma formation and inflammation. To reduce the risks and
improve bone regeneration faster, BTE plays a significant role in healing and
regenerative medicine [4].

BTE is a field that is comprised of three major parts, namely (1) GFs, (2) scaffold
material, and (3) cultured cells, and they can effectively combine to repair a bone
defect (Fig. 1). The primary goal of BTE is to regenerate an ideal bone that could
efficiently integrate and function with the neighboring tissues as a native bone. This
leads to an alternative treatment for bone defects clinically with a decline in obstacles
such as immune rejection, transfer of pathogens, and limited availability [5]. To
accomplish the objective of BTE, grafting materials employed for scaffold fabrica-
tion should possess some important properties like biocompatibility in the host
environment that mimics native bone, effectively deliver bioactive substances to
the injured site, and provide an excellent homing site that can support cell adhesion
and differentiation [5, 6]. Delivering bioactive molecules such as GFs, nucleic acids,
and phytocompounds resulted in tissue regeneration acceleration at the defective
region (Fig. 1). The grafting materials are natural, synthetic polymers and ceramics
employed to design an optimal scaffold that can successfully deliver a drug or a
molecule to the targeted site [6, 7]. The natural polymers such as collagen (Col), CS,
gelatin (Gel), and alginate (Alg) are widely used, and these polymers showed
improved biocompatibility and biodegradability. Synthetic polymers like
polyglycolic acid (PGA), polylactic acid (PLA), poly ε-caprolactone (PCL), and

Bone Tissue Scaffolds

Phytocom
pounds

B
ioactive 

m
olecules

(A) Internal structure of bone

(B) Bone tissue engineering
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Fig. 1 A schematic diagram of bone remodeling, bone defect, and bone tissue engineering. (a)
Bone undergoes remodeling by osteoblasts and osteoclasts. (b) A defect in the bone can get repaired
by bone tissue engineering utilizing a combination of cells, bioactive compounds, and biomaterials.
Scaffolds are prepared using different biomaterials with the help of various fabrication techniques
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poly (lactic-co-glycolide) (PLGA) showed suitable mechanical property, and their
degradation rate can be controlled. Similarly, bioceramics like HAp, tricalcium
phosphate (TCP) exhibited chemical characteristics similar to bone, including
enhanced osteoinductive effect, high mechanical strength, and improved degrada-
tion rate [7]. There are many limitations posed by a single polymer scaffold, and to
improve its characteristics, copolymeric composites are fabricated. These compos-
ites showed enormous mechanical strength and cytocompatibility improvement and
were very much similar to the natural feature of a bone extracellular matrix (ECM)
[7, 8]. The combinations of different polymers proved as a potential candidate for
BTE in therapeutic applications. To successfully fabricate a biomimetic composite,
several parameters like biodegradation, porosity, mechanical strength, and biocom-
patibility are considered [9]. The fabrication methods commonly available to fabri-
cate a 3D-structured composite are solvent casting, lyophilization, electrospinning,
particulate leaching, and 3D-printing [9, 10]. These fabricating techniques satisfy
mostly all the required parameters to construct an ideal scaffold. These methods have
a very promising scope for scaffold synthesis for BTE (Fig. 1).

2 Bioactive Molecules in Bone Tissue Engineering

Bioactive molecules are a class of substances that can affect or alter the state of living
tissue. For example, bioactive molecules such as GFs, hormones, and
phytocompounds play a significant role in regulating cellular processes through
various biochemical pathways [11, 12]. Hence, employing these bioactive molecules
for enhancing bone regeneration has become a recent trend in BTE.

2.1 Growth Factors

GFs are organic polypeptides that can elicit the target cells involving in various
metabolic activities. GFs act as signaling molecules that can bind to specific trans-
membrane receptors on a cell and initiate a cascade of biochemical events, which
drastically affect the target cell’s fate [13]. Bone regeneration is a complex mecha-
nism, and its execution inevitably requires the spatiotemporal presence of certain
GFs. Bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), vas-
cular endothelial growth factor (VEGF), and interleukins (ILs) are the main classes
of GFs that are predominantly involved in bone formation. Numerous studies have
been conducted by administering these GFs to the cells in simulated environments to
assess bone regeneration effects [14]. BMPs are the key GFs involved in the
initiation of bone formation by promoting the differentiation of mesenchymal stem
cells (MSCs) towards osteogenic lineage. BMPs are widely used in BTE, and
BMP-2 and BMP-7 have been clinically used to treat bone defects [15]. Angiogen-
esis is an essential step in bone formation as it supports the tissues in the vicinity by
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providing nutrients. GFs like FGF and VEGF, the well-known regulators of angio-
genesis, have been utilized to engineer bone tissues with promising results
[16, 17]. Inflammation being the first step in the bone healing process, inflammatory
cytokines such as IL-1, IL-6, tumor necrosis factor-α (TNF-α), and macrophage
colony-stimulating factor (MCSF) have also been used to elevate bone regeneration
[18]. Thus, utilizing these bioactive GFs in BTE turns out to be a great way to treat
bone defects.

2.2 Endocrine Hormones

Endocrine hormones are signaling complexes that can target and activate distant
cells or tissues. They are secreted by specialized glands and reach the target cells via
the circulatory system. Hormones are majorly involved in regulating cells’ physiol-
ogy, such as maturation, differentiation, and development. Parathyroid hormone
(PTH) is an essential factor in the bone remodeling process as it plays a crucial
role in bone formation and resorption mechanisms by regulating the action of
osteoclasts. It is the only drug approved by the FDA to treat osteoporosis
[19]. PTH is known for its regulatory activities in calcium homeostasis, and it
indirectly induces bone regeneration. Systemic delivery of PTH for treating bone
defects showed increased mineralization and bone regeneration [20]. PTH has also
been delivered locally to the bone defect site using biocompatible scaffolds, which
showed a dosage-dependent increase in bone formation [21]. Calcitonin is another
endocrine secretion responsible for regulating the calcium and phosphate levels in
the blood. Employing calcitonin to treat in vivo models with simulated osteopenia
showed improved bone regeneration [22]. Calcitonin can inhibit osteoclast activity
and prevents osteoporosis, hence proving its potential application in BTE
[23]. Calcitriol, also known as bioactive vitamin D, is another hormone that can
regulate bone formation. It up-regulated bone-specific gene markers such as alkaline
phosphatase (ALP), osteocalcin (OCN), type 1 collagen (COL1), and osteopontin
(OPN) [24, 25]. Hence, such endocrine hormones can be utilized as regeneration
eliciting drugs to enhance bone formation.

2.3 Other Bioactive Drugs

Bioactive molecules obtained from plants, commonly known as phytochemicals, are
exclusively being used in BTE. Phenolic compounds such as Sinapic acid (SA) [25],
Veratric acid [26], Zingerone [27], and Anethole [28] have been reported to possess
an increased potential to promote the differentiation of MSCs towards osteogenic
lineage. Flavonoids of plant sources such as Diosmin [29], Chrysin [30], Valproic
acid [31], and terpenoids like Phytol [32] have also been proven to be a promising
drug for BTE. To avoid unwanted problems like inflammatory responses and
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bacterial infiltration while using an osteogenic scaffold, a wide range of anti-
inflammatory drugs and antibiotics are also being used as deliverable payloads in
BTE [33]. Nucleic acid delivery is another aspect of mitigating bone defects, which
involves delivering DNA and mRNA coding for GFs such as BMP, FGF, VEGF,
and IGF. Delivering non-coding genes like miRNAs and siRNAs are also being
studied in BTE [34]. Apart from using these extrinsic bioactive molecules, indige-
nous bone-specific minerals such as HAp and calcium phosphate, which have been
proven to induce osteoblast differentiation, are used to construct bone tissues. Using
these natural minerals reduces the risk of eliciting immune responses and compat-
ibility issues [35].

3 Chitosan

CS is a cationic polysaccharide that has excellent biocompatibility, biodegradability,
and mucoadhesive properties [36]. Chitin (CT), a long chain nitrogenous glucose
derivative, is the primary source of CS. CT is found in the exoskeleton of some
insects, fungi and is predominantly present in the shells of crustaceans such as
lobsters, crabs, krill, etc. CT is considered one of the most abundant polysaccharides
available in nature [37, 38]. Relative to the source, CT exists in three allomorphs,
namely α-CT, β-CT, and γ-CT, which differ in their polymer chain orientation. α-CT
is the most commonly occurring form [40]. CS is a copolymer of D-glucosamine and
N-acetyl-D-glucosamine residues, and the properties of CS vary relative to the
configuration of these residues. Due to the presence of amino groups in its backbone,
CS has a net positive surface charge, enabling the ability to coat them with biocom-
patible anionic compounds and serve as an efficient drug delivery system (DDS)
[36, 40]. The process through which CS is extracted from CT is called deacetylation.
By manipulating the degree of deacetylation, CS with varying molecular weights
and drastically different properties can be obtained, which can be utilized for a wide
range of applications. Studies showed that CS has inherent antimicrobial properties
and the ability to promote osteoblast differentiation in MSCs, thus making CS a
much sought out material for tissue engineering and wound healing applications
[40–42]. CS has a malleable architecture. Its morphology can be manipulated
through 3D-printing, electrospinning, lyophilization, solvent casting, etc., which
pave the way to be used synergistically with other biomaterials as composites
[43]. Due to its ample availability and exemplary properties, CS is the most sought
out biopolymer in the field of regenerative medicine and drug delivery applications.

3.1 Sources

Although insects and some fungi naturally produce CS, there are only a limited
number of sources for pristine CS. Hence CT, the substantially available natural
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polysaccharide, is utilized for CS extraction. CT is widely distributed in the exo-
skeleton of marine crustaceans. Since the marine environment makes up 90% of the
earth’s biosphere, many commercial CS is sourced from marine ecology [39]. Ter-
restrial arthropods, the most diverse and successful forms of life, become the second-
largest CS source, followed by broadly available microbial diversity. CT is the most
prevalent compound in marine arthropods’ exoskeleton, namely shrimps, crabs,
lobsters, krill, etc., making them the significant contributors of CS. CS isolated
from prawn species such as Fenneropenaeus indicus, Penaeus monodon, Penaeus
indicus, and Fusarium sp. has a great potential to be used in the pharmaceutical
industry, wastewater treatment, and for food packaging [44]. CS from these sources
also possesses excellent antimicrobial properties, making it a suitable applicant to be
employed in drug delivery purposes [45]. Apart from yielding good CS quality, the
marine ecosystem provides us with such CS in an enormous quantity, hence serving
as an efficient source of CS [46, 47].

CT forms a major part of terrestrial arthropods’ structural components, which act
as a scaffold and provides physical structure and integrity. These insects have their
biosynthetic pathway for CT production, making them a reliable source for CS
extraction [48]. The wings of a roach species Periplaneta americana serve as an
excellent source of α-CT, a similar type of CT commonly found in crustaceans’
shells. Due to the ease of culturing and maintaining these organisms, this could be
considered a potential source for CS production [49]. Capturing invasive arthropods
like Grasshoppers, beetles, and bumblebees is an environmentally friendly and
effective CS extraction method [50]. Musca domestica, also known as a housefly,
has been proven to be an excellent source of fats, vitamins, minerals, and proteins.
CS obtained from this species showed increased antibacterial, antioxidant,
hypolipidemic properties, and good chelating abilities, enabling them to be of
good use in food processing and biomedical industries [51, 52].

CT and CS are widely distributed in microbes like fungi, yeast, chrysophyte
algae, and even bacteria like streptomycetes and prosthecate bacteria. Among these,
the contribution of fungi to CT production is significant. CT is present in various
fungi like Ascomycetes, Zygomycetes, Deuteromycetes, and Basidiomycetes and is
an important component of cell walls and septa of fungi, which strengthens them and
provides rigidity. Fungi are also involved in the biosynthesis of CT mediated by CT
synthases, and α-CT is the most commonly found form in fungal cells [53]. Fungi are
used in various industrial applications like baking, brewing, antibiotics production,
enzyme production, etc. The industries excrete a large amount of fungal biomass,
which can be a viable CS extraction source [54]. Fungus such as Mucor roxii has
been used to obtain CT and CS, which showed high yield % [55, 56]. CS obtained
from a fungal species Aspergillus flavus has been seen to increase certain antibiotics’
antimicrobial activities. This stated the ability of fungal CS to be used as synergistic
adjuvants with antibiotics for treatment against bacterial diseases [57]. The ability of
fungal cultures to cherish and survive on simple substrates becomes an advantage for
large-scale cultivation. Cunninghamella bertholletiae, a fungal species, could thrive
only on sugarcane extract as the carbon source and produced industrial-grade CS
from the substrate [58]. Fungi are also known to utilize food processing industrial
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wastes such as steep corn liquor and apple pomace as substrates and produce quality
metabolites [59].

3.2 Extraction

The first step in CS extraction is the isolation of CT. As CT is found in a wide array
of natural compounds, it is often associated with impurities such as minerals, pro-
teins, and even coloring pigments in some cases. The CT derivation procedure
consists of two main processes, namely demineralization and deproteination.
Demineralization is the removal of unwanted minerals, and deproteination is the
process of removing undesirable protein residues. After a successful retrieval of CT,
CS can be synthesized by the deacetylation process. The most common method used
by large-scale industries for extracting CS is chemical extraction, which uses
synthetic chemicals to remove proteins and minerals [60, 61]. The chemical method
of demineralization involves treating the raw material with acids, which mainly
focuses on removing deposited minerals like calcium carbonate and calcium phos-
phate. To remove the unwanted proteins, the deproteination process involving alkali
treatment is undergone. For this process, NaOH is preferred as it has efficient protein
eliminating capabilities. If there are unwanted pigments associated with the raw
material, an additional step of decoloration is required, and this makes use of organic
solvents like acetone [62]. After these processes, the resulting CT is subjected to
alkaline deacetylation. The alkaline treatment hydrolyzes the acetyl groups and
exposes the NH2 groups, which lead to CS formation [63]. Biological extraction is
another approach for extracting CS by utilizing microbes and their metabolites. For
demineralization, lactic acid of the bacterial source is being used. Lactic acid can
react with minerals like calcium carbonate to form calcium lactate, further washed
off. The biological way of deproteination employs proteases derived from bacteria to
remove proteins. For the deacetylation process, CT deacetylase enzymes obtained
from fungi and bacteria are used. An advantage of the biological extraction proce-
dure is that it is environmentally safe, and the protein and mineral excreta of these
processes can be used as human and animal nutrients [64].

3.3 Structure and Physicochemical Properties

CS is a semi-crystalline linear polysaccharide composed of repeating monomers of β
(1–4)-linked 2-amino-2-deoxy-D-glucose (D-glucosamine) and 2-acetamido-2-
deoxy-D-glucose (N-acetyl-D-glucosamine). It is generally colorless and odorless
and has a structure identical to cellulose except for the amine group (NH2) in its C-2
position rather than a hydroxyl group (OH). The presence of NH2 in CS makes it
positively charged, allowing it to bind with negatively charged macromolecules like
lipids, proteins, metal ions, etc. [65]. Due to both NH2 and OH groups’ presence, CS
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can form strong covalent bonds through esterification, reductive amination, or
etherification reactions. The properties of CS majorly depend on the proportion of
D-glucosamine and N-acetyl-D-glucosamine present in them and their degree of
deacetylation and molecular weight [66]. The degree of deacetylation is an essential
property of CS that determines the percentage of NH2 groups present. The presence
of exposed NH2 groups makes CS highly soluble in acidic solutions. Since CS is a
weak base, it is readily soluble in acidic media pH of less than 6. CS solubilizes
through protonation of the NH2 groups in the C-2 position, and it is converted into a
polycation in aqueous acids, which enables them to form complexes with various
anionic compounds. This property makes CS a useful material for drug delivery and
tissue engineering applications [67]. Molecular weight is another eminent parameter
that strongly influences other characteristics of the polymer, such as viscosity. CS of
larger molecular mass shows high viscosity and mucoadhesion levels, thus making
them an efficient drug carrier. The significant attributes of CS, such as degree of
deacetylation and molecular weight, are highly manipulatable during the fabrication
process. Hence, CS having different properties can be obtained and used in a broad
range of applications [66, 67].

3.4 Medicinal and Pharmaceutical Properties

CS is one of the few polymers that are known for its exceptional biocompatibility.
The term biocompatibility defines a substance’s ability to integrate with the living
cells and function cordially without provoking an unwanted response or having toxic
effects on the cells [68]. As CS is a naturally occurring polymer, it is highly
biocompatible with living tissues and has minimal toxicity. Nearly all the works
done on CS boasts about its exclusive biocompatible nature. This makes CS a
suitable biopolymer for a wide range of pharmaceutical applications and therapeu-
tics. It is redundant that an implantable biomaterial should have a controlled and
stable degradation mechanism for drug delivery. If the material fails to degrade, it
will either become cytotoxic or lead to unsuccessful payload delivery. CS is suscep-
tible to numerous indigenous enzymes readily available in a cellular ambiance
[69]. CS is mainly degraded in vertebrates by lysozymes and bacterial enzymes
present in the colon, making it an ideal ingestible material. CS is also degraded by
various human chitinases such as acidic mammalian chitinase, chitotriosidase, and
di-N-acetylchitobiase enabling it to be applied in various medicinal applications
[70]. Another unique property of CS is its enhanced mucoadhesiveness.
Mucoadhesion is the ability of a material to effectively adhere to the mucous
membrane, which armors the vulnerable areas of the respiratory, gastrointestinal,
and reproductive tract [71]. Its cationic nature owes this exquisite property of
CS. This property enables it to establish an electrostatic force of attraction with the
anionic mucosa, thus establishing strong adhesion. Therefore, employing a
CS-based drug delivery system encourages drug efficient targeting and increases
the target tissues’ drug intake [72]. One of the practical applications of CS is its role
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in wastewater treatment. Heavy metal ions being the primary contaminant of water
pose an imminent hazard to the life forms. Due to its cationic property, CS can
effectively bind to metal contaminants such as molybdenum, cadmium, copper,
arsenic, zinc, etc. [73, 74]. CS has been used to fabricate numerous materials like
biofilms, beads, membranes, and flocculation systems that have been utilized to
remove water contaminants [75]. Although CS is said to be non-toxic, it has an
antagonistic effect on a wide range of microbes, making it a useful material for
wound dressing. CS is also known to possess wound healing capabilities by
inhibiting hemorrhage and inducing fibroblasts [76]. Composites of CS and various
polymers and bioactive drugs have been utilized to enhance wound healing [77]. As
CS possesses a broad array of biological properties, it is the widely preferred
biopolymer in tissue engineering [78]. CS is a versatile material that has been used
to fabricate a variety of bio-mimicking scaffolds and has been used for regenerative
medicine by DDS [25, 79, 80].

4 Drug Delivery Systems

A drug is any chemical or biological substance that exhibits pharmacological
activity, useful in treating diseases [81]. The drug release pattern can have a
significant impact on the therapeutic efficiency of the drug upon administration.
Hence it is essential to design and construct suitable drug delivery models to achieve
the maximum therapeutic effect. Historical perspective on drug delivery provides us
two crucial drug release systems, namely sustained release systems and controlled
release systems. Sustained release systems provide spontaneous release of drugs
upon administration and a gradual release over an extended period. Classic examples
of sustained-release systems include commonly concocted suspensions, emulsions,
compressed tablets, etc. Improvements to sustained release systems have yielded the
novel controlled release systems that have spawned generations of highly efficient
drug delivery models operating with increased efficacy. Controlled release systems
release drugs in a predetermined manner, maintaining the loaded drug’s bioavail-
ability within the therapeutic range over a prolonged time [82]. This steady release of
drug is achieved by the careful selection of polymers and suitable additive agents
that aid in the tedious task of maintaining stable drug release.

Different mechanisms dictate drug release mode from the delivery systems, they
are diffusion, chemical regulation, and solvent controlled [83]. A consortium of
physical chemistry, polymeric sciences, and nanoengineering has led to the incep-
tion of novel drug carriers operating at both the micro and nanoscale, employing the
mechanisms mentioned above in performing the designated function. These DDS
have been instrumental in shaping the course of pharmacological sciences over the
past five decades. A plethora of DDS exists, each with its limitations. The ingenuity
of these DDS is tested when exposed to the complex physiology of the human body.
This conglomerate of multiple systems working together in synchrony throws
various obstacles in these miracle workers’ path, which hinders their full potential.
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The reticuloendothelial system (RES) is one such obstacle that needs to be con-
quered as a prerequisite for DDS. It protects our body from invading pathogens by
facilitating their immediate digestion. However, the inability of RES to recognize
therapeutic drug carriers as harmless structures causes it to be actively involved in
clearing these pharmacological reinforcements taken up by the patient to treat the
ailment concerned [84, 85]. This calls for engineering sophisticated DDS that could
evade physiological barriers and provide maximum therapeutic effect at the tissue
concerned.

Colloidal carriers appear to be one of the up-and-coming classes of drug carriers
exhibiting the much-needed property. We usually expand our classification by
colloidal carriers to include nanoparticles, liposomes, microspheres, and polymeric
micelles [84]. Recent studies suggested constructing these drug carriers with hydro-
philic polysaccharides. This can provide a steric barrier that effectively prevents
opsonization, thereby evading phagocytic capture [85]. Nature, ever being generous,
has given rise to numerous polysaccharides ready to fulfill this role. This has resulted
in a peaked interest in polysaccharide-based colloidal drug carriers in terms of
nanomedicine. The delivery of drugs using nanotechnology offers maintaining the
drugs’ bioavailability, thus enhancing therapeutic efficiency. Some of these nano-
scale materials include carbon nanotubes (CNTs), nanosheets, nano horns (NHs),
nanogels (NGs), nanoplexes, and nanofibers. Another radical approach of the
twenty-first century is “biology-inspired engineering.” This idea has given rise to
two exemplary DDS, namely exosomes and dendrimers. These two systems have
been engineered based on our understanding of the cellular trafficking mechanism
that maintains multicellular organisms’ integrity. These systems have the added
advantage of resembling familiar cellular carriers and increasing the chance of
being neglected by the intensely scrutinizing RES [85, 86]. The following section
will provide newfound insight into some of the most intriguing DDS that has the
potential to change the face of current therapeutics.

4.1 Colloidal Carriers

Liposomes are bilayer lipoidal vesicles capable of acting as carriers, ensuring
cytosolic delivery of both hydrophobic and hydrophilic drugs [86]. Their chemical
similarity to the dynamic mammalian cell membrane allows it to pass through the
membrane achieving drug release intracellularly. They have a delivery spectrum
unrivaled by any conventional DDS, making it extremely popular in clinical
nanomedicine. They are produced by dispersing lipid monomers in an aqueous
environment exploiting their innate amphiphilicity. A layer of such impulsively
assembled phospholipids is called lamellae, and liposomes are classified by the
number of lamellae each of them comprises in their molecular architecture and
their size. Considering the two deterministic features of liposomes, they can be
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classified into unilamellar vesicles and multilamellar vesicles. The presence of
multiple lamellae ensures compartmentalization of the drug carrier, facilitating
multiple payloads of different polarities. Based on drug loading, liposome synthesis
techniques can be classified into active loading and passive loading techniques. In
passive loading (for example, solvent dispersion), the payload is encapsulated during
the meticulously manipulated self-assembly of the lipid bilayers into functional
liposomes, whereas active loading is achieved after the formulation of liposomes,
brought on by appropriate manufacturing practices [87]. Liposomes exhibit the
famous enhanced permeability and retention effect making them invaluable in
cancer therapy [88].

Polymeric microspheres, a collection of monomers networked together, forming a
casket surrounding the drug, have tremendous potential applications in the field of
drug delivery. The microspheres possess excellent biocompatibility, large surface
area, high stability, low immunogenicity, and drug’s bioavailability. Microspheres
have two distinct subdivisions, namely microcapsules and micromatrices. In micro-
capsules, the drug is located at the central core of the enclosing polymeric capsule
with release triggered either by dissolution or diffusion. In contrast, in
micromatrices, the drug is elegantly spread over its intrinsic architecture [89]. Var-
ious methods for the synthesis of drug encapsulating microspheres have been
developed, taking advantage of the chemistry behind polymers and the finished
product’s microgeometry. Some of them include interfacial polymerization, ionic
gelation, spray drying, and coacervation methods [90–92]. Recent trends in poly-
meric chemistry have given rise to the trending approach of employing emulsions in
the production of biodegradable microspheres scaling up the production of these
prominent drug carriers [93].

Nanoparticles are nanoengineered drug trafficking entities that retain their loaded
drug in their core region, protecting it from the outside environment. Many types of
nanoparticles are available mainly due to the collective knowledge obtained through
extensive research in polymeric chemistry and nanotechnology. Some classical
features of nanoparticles are their tiny size, high surface to volume ratio, relatively
stable molecular arrangement, and their ability to be endocytosed upon interacting
with the cell membrane. Their small size is extremely useful in avoiding the hyper-
vigilant RES of the human physiology. A few popular types of nanoparticles are
metallic nanoparticles, polymeric nanoparticles, solid lipid nanoparticles, and pro-
tein nanoparticles [94].

Iron oxide nanoparticles are typical metal oxide nanoparticles that have found a
niche in biomedicine over recent decades. They are naturally magnetic since iron is
the most popular ferromagnetic material globally, making it highly susceptible to the
magnetic field. This property is beneficial in externally guiding the administered
nanoparticles toward the anatomical locale of the target tissue [95]. Other examples
of metallic nanoparticles include gold and silver nanoparticles, each embodying their
elemental precursors’ essential aspects. Polymeric nanoparticles have been wildly
successful in bringing nanomedicine towards a new frontier. The similar character-
istics shared by polymeric nanoparticles are their small size (100–400 nm), the
ability to encapsulate a drug and hinder its degradation, and the capacity to be
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endocytosed [96]. The most common method of synthesizing polymeric
nanoparticles happens to be ionic gelation. Ionic gelation occurs due to the differ-
ence in the polymers and their crosslinkers, resulting in fully functional drug-loaded
nanoparticles. Many polymers have been fabricated as nanoparticles, including CS,
Alg, PLGA, etc. [97–99]. Hybridized copolymeric nanoparticles display increased
effectiveness as drug carriers, compared to homogenous polymeric nanoparticles
[100]. Despite the many successes polymeric nanoparticles have met within recent
years, large-scale production is still a prerequisite for such novel drug carriers, and
research is being done to commercialize clinically accomplished nanoparticles
[101]. Solid lipid nanoparticles are nanoscale lipid-based nanocarriers chemically
composed of lipids, surfactants, and the drug to be delivered [102]. Their unique
chemical morphology paves the way for better stability in comparison with other
colloidal carriers. The inheritance of certain defining characteristics of nanoparticles
without their corresponding limitations makes them a highly coveted hybrid DDS,
exhibiting enhanced drug release in the wake of biological systems. Proteins have
often been used to functionalize multiple DDS improving their bio-functionality.
Interestingly enough, proteins themselves can act as excellent carriers of molecules
inside the body and can be exploited when engineered appropriately. Examples of
the proteins fabricated as nanoparticles include albumin, casein, gliadin, and Gel.
The choice of proteins as nanocarriers is encouraged by their innate biocompatibility
from their close interaction with biological systems. The macromolecular
3D-structure of proteins allows for the existence of small crevices filled by the
loaded drug. Proteins are highly susceptible to catalytic and hydrolytic degradation
in vivo upon administration, leading to ineffective drug release. This predicament
can be overcome by suitable chemical modifications that can significantly increase
the loaded drug’s bioavailability restoring the utility of protein-based
nanoparticles [103].

Micelle is usually associated with the superstructures, and free-floating surfactant
unimers aggregate to form a solution [104]. The self-assembly results from the
hydrophobic portions of the surfactant monomer aggregating together. Van der
Waals forces stabilize the hydrophobic core while hydrogen bonds stabilize the
outer layer [105]. Polymeric micelles are created by the same micellization process
that gives rise to the surfactant micelles, involving amphiphilic copolymeric mono-
mers. Their similarity in structure has helped researchers to utilize this novel
nanostructure in the pharmacological, paint, and cosmetic industries [106]. Poly-
meric micelles are macromolecular structures existing at the nanoscale level with a
complex geometry comprising a hydrophilic exterior protecting a hydrophobic core
[107]. The chemically synthesized micelles are highly vulnerable to destabilization
owing to their dynamic nature. Hence, traditional biopolymers are often associated
with chemically inert substances in fabricating polymeric micelles. This results in
copolymeric micelles that achieve enough stability to ensure proper drug uptake by
the target cells. This approach has met with success in delivering a wide variety of
bioactive molecules, including docetaxel, genexol, gemcitabine, etc. [108].
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4.2 Nanomaterials for Drug Modulated Tissue Repair

Nanofibers are organized structures made up of a collection of polymeric tendrils,
capable of supporting new tissue formation [109]. They are an important class of
nanostructures useful in a wide array of biomedical applications, including drug
delivery, tissue engineering, and wound healing. Their intrinsic architecture pro-
motes cell adhesion, proliferation, and even differentiation when loaded with indi-
vidual inductive molecules [110]. This makes nanofibers an excellent platform for
drug modulated tissue repair. Besides enhancing tissue regeneration, nanofibers
entrapped with bioactive molecules can serve as a repository for therapeutics upon
implantation. The nanofibrous subunits’ chemistry can be manipulated to adjust the
degradation rate, maintaining a steady release of the drug in vivo. Many techniques
have been developed for the synthesis of nanofibers. Some of the more popular
methods include molecular self-assembly, electrospinning, and thermally induced
phase separation [111]. Electrospinning is a versatile technique capable of producing
highly uniform and stable nanostructures. Previous literature has shown that a wide
range of polymers, including Gel, PCL, PLLA, PLA, CS, have been fabricated as
nanofibers with this method [26, 78, 112]. Tissue repair depends on the bioactive
nature of various biomolecules, including GFs, hormones, and phytocompounds.
Apart from a steady release of the therapeutics mentioned above, a biomimetic
environment appears to be a prerequisite for the influenced cells to flourish, yielding
a functional tissue. These nanofibers are extremely useful in encapsulating target
drugs and providing such an artificial environment accomplishing drug modulated
tissue repair. Various mechanisms have been proposed for drug entrapment using
nanofibers. The simplest of all appears to be physical adsorption encouraged by the
nanofibers’ large porous surface, discouraged by its increased chances of burst
release. The encapsulating drugs in accomplished nanocarriers and entrapping
them inside the nanofibrous matrix appear to alleviate the threat of burst release to
a vast extent [113]. Thus, nanofibers could play a critical role in integrating drug
delivery and tissue engineering [114].

4.3 Bio-inspired Nanocarriers

Dendrimers are nanoscale, hyperbranched polymeric constructs capable of serving
as carriers of therapeutic biomolecules [114, 115]. They are highly biocompatible,
non-toxic, and water-soluble, making them more appealing in the trending age of
personalized medicine [116]. The dendrimer structure typically has three parts: a
central core, multiple layers made up of repetitive chemical units referred to as
generations, and peripherally located functional groups, crucial in determining the
bio-functionality of the designed dendrimer. Drugs can be covalently linked to the
dendrimer by their externally located chemical moieties. The mechanism of
dendrimer mediated drug delivery is said to be the breakage of linking bonds
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between the payload and the dendrimer by the action of enzymes in vivo
[117]. Another proposed mechanism is an alteration in dendrimers’ molecular
configuration in response to physicochemical parameters like pH, temperature, etc.
[118]. Commercially available dendrimers are classified, based on their molecular
constituents into poly amidoamine dendrimers, polyester dendrimers, peptide
dendrimers, polyacetyl dendrimers, glycodendrimers, and hybrid dendrimers
[119]. Dendrimer synthesis has been improved over time owing to the combined
efforts of both polymeric and molecular chemistry. Some of the classical methods of
synthesizing dendrimers are divergent synthesis and convergent synthesis [120]. The
dendrimers obtained by these methods have been successfully employed in the
ocular, oral, and transdermal delivery of drugs [121]. The clinical efficiency and
scalability of dendrimers encourage vigorous research into these branched
nanocarriers [122].

Extracellular vesicles (EVs) play an essential role in intracellular signaling and
communication between cells [123]. The three distinct types of EVs are
microvesicles, apoptotic bodies, and exosomes [124]. The exosomes are the prod-
ucts of the invagination of the multivesicular bodies, releasing intraluminal vesicles
in the extracellular environment. The circumstances involved in its inception bring a
certain sense of familiarity the recipient cells can relate to, making exosomes a handy
personalized drug carrier. The common biomolecules decorating exosomal architec-
ture include lipids, cholesterol, integrins, heat shock proteins, and tetraspanins
[125]. Integrins are important in ensuring that the exosome adheres to the recipient
cell membrane delivering its contents. In vivo studies employing exosomes to
deliver anti-inflammatory and anti-cancer drugs have established the successful
uptake of the drugs by target cells endorsing the credibility of these biological
nanocarriers [126, 127]. The smaller sizes, non-immunogenicity, and inherent spec-
ificity make exosomes a physiologically abundant nanocarrier.

4.4 Miscellaneous Nanocarriers

CNTs are versatile nanomaterials that consist of a network of graphite entities in a
cylinder configuration [128]. These nanomaterials have been studied extensively for
their possible utility in the ever-growing field of drug delivery. The tube-like
architecture accounts for its increased drug loading capacity, and efficient delivery
of the payload is attributed to its needle-like construction. Most of the drugs are
loaded into CNTs by physical adsorption or covalent bonds formed between func-
tional groups of CNTs and the drug [129]. CNTs have been known to traverse
through the lipid bilayer by the endocytosis pathway. Although CNTs, along with
nanoparticles and liposomes, exhibit the enhanced permeability and retention effect,
their specificity towards cancer cells can be significantly improved by conjugating
with targeting moieties that enhance their innate bio-functionality. PEG, CS, pep-
tides, and transferrins are examples of such biofunctional conjugating molecules
[130]. These diffusion-controlled nanocarriers are also known to carry several
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therapeutic molecules, including chemotherapeutic agents, antibodies, antioxidants,
and siRNAs [131, 132].

Recent advances in nanotechnology have given rise to numerous nanoscale
materials, which could be potential DDS. One such novel drug carrier conceived
by nanoscience happens to be nanosheets. Nanosheets are a class of nanomaterials
characterized by their 2D-structure, with the entire entity’s existence confined to the
nanometer range [133]. The characteristic large surface to volume ratio of
nanosheets is accompanied to a certain extent by a slew of exemplary physicochem-
ical properties that could prove useful in applied biomedicine. Their large surface
area is beneficial in sustaining the loaded drug by the nanosheets-mediated pi–pi
interactions. Nanosheets have been classified into various classes, including metallic
nanosheets (e.g., molybdenum disulfide), non-metallic nanosheets (e.g., black phos-
phorous), polymeric nanosheets (e.g., PLLA), and monolayered hydroxide
nanosheets [134–136]. Nanosheets with appropriate functionalization have proven
useful in the controlled delivery of potent therapeutics, including anti-cancer drugs,
anti-inflammatory drugs, nucleic acids, etc. [133].

NGs are compact nanoscopic hydrogels versions embodying certain aspects of
both a typical hydrogel and a nanoparticle [137]. The synergy of two traditional
DDSs sets NGs apart as a hybridized controlled drug release system of biochemical
mediators. These hydrogel derivatives are entitled to the hydrogels’ classic fluid
retention capacity, making them excellent carriers capable of accommodating mul-
tiple bioactive agents, attributed to the presence of hydrophilic groups [138]. These
groups can significantly impact drug loading and release characteristics by forming
covalent bonds with the payload. Additionally, they help achieve functionalization
with homing molecules, including antibodies and receptor-specific ligands for
targeted release. CS, dextran, pullulan, cellulose, etc. are some of the polymers
commonly fabricated as NGs. The polymeric makeup of NGs ensures that these
3D-nanocarriers can be subjected to crosslinking, increasing the stability of drug-
loaded NGs accompanied by physical entrapment of drugs [139]. Unlike other DDS,
all three release mechanisms come into play when NGs interact with our body’s
aqueous environment. Their extremely small sizes and their hydrophilic chemistry
serve them well in evading RES and avoiding unwanted immune reactions. NGs
synthesized from established biopolymers have innate biocompatibility and biode-
gradability in releasing drugs safely and stably. Polymers can give rise to NGs by
two methods: polymerization of individual monomers and size reduction of
hydrogels. NGs can be administered orally, nasally, and other traditional routes of
administration [140].

Nanoplexes are the resultant complexes of a drug interacting with an oppositely
charged macromolecule in an aqueous environment. These nanoplexes are effort-
lessly synthesized nanocarriers, manufactured by electrostatic interaction directed
self-assembly [141]. They are similar in size to conventional nanoparticles and more
receptive to drug loading as the drug itself is heavily invested in nanoplex synthesis.
Nanoplexes exhibit enhanced stability, exponentially increasing their shelf life.
Despite their impressive drug loading capacity, the threat of burst release discour-
ages the formulation of nanoplexes with potent therapeutics such as
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chemotherapeutic drugs [142]. This susceptibility towards burst release can be
rectified by suitable crosslinkers achieving a controlled release of notable therapeu-
tics [143]. NHs are a novel class of carbon-based nanoplatforms, distinguished by
their conically terminating structures, derived by laser ablation of graphite
[144]. The standard properties of NHs useful in the science of drug delivery include
a large surface area facilitating selective adsorption of chemical compounds, a nano
reservoir for drug entrapment, a desirable exertion of the enhanced permeation and
retention effect, and their innate non-toxic nature. The adsorption is particularly
useful in stably entrapping drugs, with release achieved by applying NIR (near-
infrared radiation) [145, 146]. Recent years have witnessed a call for smart DDS,
capable of deciding in vivo drug release in response to a predefined set of appropriate
biochemical (pH, ATP) or biophysical stimuli (NIR, temperature). As mentioned
above, of these DDS, polymeric micelles, NGs, nanosheets, and NHs appear to be
worthy candidates for the futuristic “smart delivery systems.” These nanocarriers
displaying various desirable features show tremendous potential in the future of
nanomedicine.

5 Chitosan Formulation in Drug Delivery Applications

CS is a natural alkaline polysaccharide that is non-toxic, biocompatible, and biode-
gradable [147]. Some peculiar properties that make CS the best option for delivery
systems are (1) protects the drug molecules from the gastric acidic environment,
(2) enhances tissue penetration by breaching tight epithelial junction, (3) facilitates
transcellular and paracellular drug transport, (4) improves absorption of drugs, and
(5) conjugates with anionic macromolecules via electrostatic attraction
[148, 149]. CS formulation is very much necessary because it becomes hydrated
in aqueous acidic surroundings, and gelation occurs. Due to gel formation, there is
no sustained release of drugs at the target; hence, CS should be formulated to support
and facilitate sustained release of macromolecules or drug at the targeted tissue
[150]. CS has been widely formulated as various drug delivery structures like
nanoparticles, nanofibers, hydrogels, microneedle, and microspheres (Fig. 2).
Depending on the formulated CS structure, the drugs are adsorbed, chemically
attached, or coated [151, 152]. Since there are various types of formulated CS
used in drug delivery, it is necessary to explore the methods used in CS formulation.
Several fabrication methods are available to formulate a specific structure that can
effectively deliver a drug to the targeted tissue [153].

5.1 Chitosan Nanoparticles

Nanoparticles are a sub-microscopic colloidal structure of 1–100 nm in size
[154]. Due to its sub-microscopic size, it exhibits enhanced targeting and tissue
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penetration. CS possesses non-toxic and mucoadhesive properties, making CS an
ideal nanoparticle formulating material for drug delivery [155]. As an agent of drug
delivery, the nanoparticles should be encapsulated with the compound of interest.
The properties of drugs, such as their molecular weight, short half-life, low melting
point, and affinity for both lipophilic and hydrophilic phases, should be considered
before their encapsulation into nanoparticles. The two commonly used nanoparticle
fabrication methods are ionotropic gelation and micro emulsification [156].

The ionotropic gelation method in CS nanoparticle synthesis is done by using an
anionic crosslinker like tripolyphosphate. This technique applies the electrostatic
attraction between the negatively charged tripolyphosphate and the positive charge
of the NH2 group in CS. The CS solution is wholly blended with anionic
tripolyphosphate solution by a steady magnetic stirring in this process. The resulting
suspension exhibits milky white like appearance as an indication of nanoparticle
formation [157]. The concentrations of CS and crosslinker play an essential role in
determining the size of the nanoparticle. Necessary parameters in this method are the
stirring speed, the polymer solution’s temperature, and the pH. Preferably at low
ambient temperature, there is an increase in the cooling rate of the suspension,
enhancement in hydrogen bonding between water and CS molecules, and there is
an improvement in stiffness and stability of the synthesized nanoparticles. These
synthesized nanoparticles are appropriate for drug delivery applications [158]. Dur-
ing the blending process, the drug of interest can be loaded into the nanoparticles by
mixing it with the crosslinker solution. Nanoparticles can also be used as a dual drug
carrier; the two drug compounds are taken for dual drug systems. These two drugs
interact with each other either by augmenting a drug action by another drug or can

Fig. 2 Illustration of chitosan formulations for drug delivery in tissue engineering
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exhibit a new effect combination. The dual drug system also expands the study of
various hydrophilic with hydrophobic compounds [156].

Micro emulsification is another promising method adopted for efficient nanopar-
ticle synthesis. It is a chemical crosslinking method, which involves the blending of
CS solution with glutaraldehyde and hexane/surfactant. This technique takes place
for an overnight period for efficient crosslinking between the glutaraldehyde and
NH2 group of CS. The sizes of the nanoparticles are controlled by altering the
concentration of glutaraldehyde [159]. The drugs can be encapsulated by mixing the
drug solution with polymer solution and application of heat to produce a transparent
delivery system. The formulated CS nanoparticle sizes are analyzed by various
techniques such as TEM, AFM, and DLS. Several samples are measured quantita-
tively in DLS and measured more qualitatively by TEM or AFM [157]. Hence, CS
nanoparticles have a great scope in drug delivery applications.

5.2 Chitosan Nanofibers

Nanofibers are solid polymeric fibers, and their diameters range from 300 to
1000 nm. CS-based nanofibers have been widely used in drug delivery. Among
various useful DDS, nanofibers are very promising by exhibiting several advantages
such as very high surface to volume ratio, porosity, immense drug loading capacity,
multi-drug delivery system, controlled drug release, and mass transfer properties
[158]. Nanofibers in the DDS, drugs could be administered on various routes such as
topical, oral, transmucosal, and transdermal [159]. As a drug carrier, nanofibers can
also protect the drug from degradation in the body, increase the drug concentration at
the targeted sites, and decrease the drug dosage, therefore reducing the side
effects [160].

Electrospinning is a commonly used technique for the formulation of nanofibers.
It is employed for the continuous steady production of nanofibers at a large scale. It
is a technique that involves the application of a strong electric field to the polymeric
sample. The process involves converting an elastic polymeric solution to nanofibers
at the influence of a strong electric field. The influence voltage causes the polymeric
solution to be charged, and there is an electric field formed between the collector and
nozzle. This high electric field causes a cone-shaped configuration of the liquid
sample called the Taylor cone. When the voltage is strong enough to overwhelm the
surface forces, the charged liquid stream elongates and rapidly evaporates. Finally,
continuous CS nanofibers are formed [152]. In the context of drug delivery, the drug
can be loaded into the nanofibers by directly dissolving the drug into the sample
solution or can physically be bound to the nanofibers’ surfaces [78]. Several param-
eters determine the architecture of electrospun nanofiber structures like polymeric
solution concentration, a flow rate of solution into the syringe, screen to nozzle
distance, temperature, and humidity [161]. When all the above parameters are
appropriate, the properties such as diameter, thickness, and porosity of the fibers
can be controlled. The remarkable features of CS nanofibers that prove as a potential
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candidate for drug release are (1) large surface area that favors dissolution, (2) sup-
port drug transformation from crystalline to amorphous, and (3) also possess high
porosity [162]. Since CS is a swellable polymer, it swells and degrades gradually in
the biological environment [163]. Therefore, CS nanofibers are excellent structures
for their application in the DDS.

5.3 Chitosan Hydrogels

The hydrogels have a 3D-swellable polymer network that can absorb and hold a
large water volume [164]. This swollen form of hydrogels possesses some important
physical traits shared with living tissues, such as less surface tension with biological
fluids, rubbery texture, and flexible consistency. The elasticity of swollen hydrogels
minimizes irritability with surrounding tissues [165]. CS polymer is usually
employed for the fabrication of hydrogels in DDS. Since CS possesses bioadhesive
property, it improves tissue penetration and drug homing time. The adhesiveness is
due to the polymer’s interchain interaction with the mucosal glycoprotein at specific
sites such as colon, oral, and nasal [166]. Hydrogels can also undergo deformation in
shape depending on the target delivery site. Depending on hydrogels’ formulation,
the duration of drug release occurs from a few hours to days [167]. The fabrication of
hydrogels is done by physical and chemical crosslinking.

The physical crosslinking formulation of hydrogels relies on significant physical
interactions such as hydrophobic, ionic, and polyelectrolytic associations. The gels
formed by these interactions are entirely physical and reversible. Physical CS-based
gels are good drug delivery agents for short-term release [166]. In the hydrophobic
interaction method, the process of gelation is based on sol-gel chemistry. The
introduction of hydrophobic interactions in the formulation of CS hydrogels depends
on N-acylation’s degree with the hydrophobic segments. This technique involves the
formation of amphiphile gel by coupling of hydrophobic solvent with the hydro-
philic polymer. In amphiphile gels, the hydrophobic segments aggregate on the gels’
inferior portion and minimize the water contact on the hydrophobic surface. This
hydrophobic segment enhances the drug entrapment and the stability of gels
[153, 167]. Another widely used physical crosslinking method is ionic complexa-
tion. The procedure involves using anionic agents to ionize with the cationic NH2
group of CS [168]. Metallic anions are often used to form crosslinking via covalent
bonding with the polymer rather than electrostatic attraction. The gelation formed
due to covalent crosslinking is much strong and stable. Another similar method
employed in physical crosslinking is polyelectrolyte complexation [169]. This fab-
rication technique depends on the interaction of two opposite charged polymers. Due
to the positive charge of CS, anionic polymers like PLA, alginate, and pectin are
used to prepare hydrogels. The interaction between the two opposite charged poly-
mers results in the formation of polyelectrolytic complexes. The anionic polymers
chosen should exhibit high charge density so that the electrostatic interactions
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between the polymers are strong enough to maintain the appropriate physical
characteristics of hydrogel [170].

Chemical crosslinking is a direct method to produce permanent and irreversible
hydrogels. The irreversible hydrogels are produced by the formation of covalent
bonding between polymer chains through crosslinkers. These crosslinkers molecules
react with amino groups of CS and lead to irreversible intermolecular bridges
between polymer chains [170]. Permanent covalent hydrogels can also be formed
by photo crosslinking or in the presence of reactive enzyme molecules on CS. Photo
crosslinking is carried out in the presence of a photoinitiator and subsequent
exposure to UV light. A photoinitiator such as an azide or methacrylate coexists in
the polymer. Upon UV exposure, azide conversion to a sensitive nitrene group binds
with the NH2 groups of CS, causing rapid gelation [171]. The photochemically
cross-linked hydrogels have the capability of prolonged drug release. The
crosslinking efficiency depends on the UV exposure time and the UV source’s
distance [172]. Similarly, in the enzyme crosslinking technique, enzyme sensitive
moieties such as hydroxyl phenyl groups of CS are covalently coupled with an NH2
group of another CS. This reaction is catalyzed by horseradish peroxidase. This leads
to the formation of enzyme-catalyzed gel [173].

The efficiency of the hydrogels as a drug carrier system depends on the physico-
chemical characteristics of them. The encapsulation of drugs depends on the porosity
of the gels and the size of the drug. Suppose the drug of interest is a small molecule.
In that case, the encapsulation is done by placing the hydrogels in a drug saturated
medium, and the drug molecule will slowly travel inside the gel and gets entrapped
[173, 174]. If the drug is a larger molecule, it should be added during the gelation of
the polymer. The interaction between drugs and polymer is susceptible to the in vivo
enzymes so that the drugs can be covalently linked to the polymer before gelation.
The encapsulation also depends on the hydrophilicity and charge of the polymer. If
the drugs used are hydrophobic, they are combined with amphiphilic molecules
before loading [174].

5.4 Chitosan Microneedles

Microneedles are a micro-scale needle-like design in a range of maximum 1 mm
length and width in microns. They can breach a skin without the stimulation of
sensory nerve and painlessly deliver drugs [154]. The materials used to formulate
microneedles should improve mechanical strength, hardness, and toughness to
ensure the needle piercing underwent without damage and fracture [175]. In the
context of drug delivery, polymers like CS are used for the formulation of
microneedles. CS-based drug carrier systems release drugs via biodegradation and
swelling, thus ensuring a sustained and prolonged drug release. These properties
clinch CS as a preferred microneedle fabricating material. A cost-effective and
straightforward fabricating method is the cross-over lines laser engraving technique.
This method can fabricate solid or hollow biodegradable microneedles for drug
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delivery [176]. In this method, the acrylic microneedle molds are prepared by the
CO2 laser cutter. The laser beam engraves patterns of lines that pass over each other
at a point to form a sharp negative canonical midpoint in the acrylic sheet. In
preparation for hollow CS microneedles, polydimethylsiloxane (PDMS) is cast on
the acrylic mold, and it is plasma treated. The CS solution is then coated on PDMS
microneedles, and they undergo solidification due to drying. A fragile layer of CS is
accumulated on PDMS microneedles and forms a hollow shell [177]. Finally, rapid
cooling causes shrinkage of PDMS and strengthens the solidified CS. These hollow
microneedles allow the flow of drugs into the holes of the needle. Upon injection, the
drug travels within the epidermis, which leads to absorption by dermal blood vessels.
The major advantage of the use of a hollow needle in the DDS is that they grant
continuous dispersion through the skin [178].

The solid microneedles’ formulation is very much similar to hollow microneedles
except for a few additional steps. The PDMS microneedles are silanized for casting
PDMS on the microneedles [177, 178]. This silanization forms a barrier between two
PDMS layers, making them easy to separate from each other. The casted PDMS
mold is cured, and then it is severed from PDMS needles. Next, the CS solution is
coated on the PDMS mold and is allotted under vacuum to enhance the density of
CS. Finally, the sample undergoes drying to improve the stability and strength of the
needle [179]. These needles invade the top skin layer and allow the journey of drugs
into the lower skin regions. The drug gets entrapped by coating it onto the surface of
the needle. Injection of a solid needle in the skin causes drug dissolution into the
skin. Solid microneedles have superior strength and sharpness compared to hollow
microneedles [180].

5.5 Chitosan Microspheres

Microspheres have tiny spheroidal particles, and their sizes range from 0.1 to
300 μm. Natural or synthetic polymers fabricate them. Due to their diminished
structure, the particles improve drug absorption and bioavailability [181]. Micro-
spheres are very beneficial for controlled and prolonged drug release. Prolonged
drug release usually depends on the polymer’s mucoadhesiveness, and therefore, the
microspheres are formulated with a natural polymer such as CS. CS-based micro-
spheres improve sustained drug release and benefit by avoiding frequent dosage.
They are competent drug carriers as they could also cross the blood-brain barrier for
drug release [182].

The abundantly used techniques of microsphere formulation are solvent evapo-
ration, spray drying, and coacervation methods. The solvent extraction is a physical
separation mechanism and is also called dry in the oil method. Initially, the CS/drug
solution undergoes emulsification to separate the aqueous phase that contains the
polymer and drug. The removal of excess organic solvent occurs by stable stirring or
an increase in temperature and pressure. The solvent evaporation leads to precipita-
tion of polymer on oil/water interphase, which forms a cavity and leads to
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microspheres [183]. Another commonly used method is spray drying. In this
method, the first step involves the dispersion of CS drug in an organic solvent by
homogenization. The homogenized solution is exposed to a hot air stream for
atomization and forms tiny droplets. From these droplets, the solvent is evaporated,
and microsphere formation takes place. The solvent trace in microspheres is
removed by vacuum drying. The microspheres’ size relies on atomization pressure,
air temperature, exposure to crosslinking, and nozzle size [150].

There is a reduction of solubility of the polymer in an organic solvent in the
coacervation method, forming a phase rich in a polymer called coacervates
[184]. The drug compound is dissolved along with the polymer solution or embed-
ded in an inappropriate polymer and added to the process, making the first polymer
encompass the drug. After precipitation, the particles are isolated by centrifugation
or filtration. Crosslinking agents are used to harden the particles and control the drug
release. Other than the crosslinking agent, drug release also depends on parameters
such as pH, enzymes, and polarity [153]. The release of drugs by CS microspheres
occurs by three distinct steps, namely (1) release via biodegradation, (2) release from
microsphere surface, and (3) release by swelling of the polymer. The microsphere
drug release system undergoes a burst release. Minimization of burst release can be
done by enhancing the crosslinker density [185]. The particle size of drug-loaded
and unloaded microspheres can be estimated by optical microscopy, and the per-
centage of drug loading efficiency is evaluated by UV spectrophotometer [184].

6 Potential of Chitosan Delivery System in Bone Tissue
Engineering

6.1 Growth Factor Delivery

The maintenance and regulation of cellular activities ultimately depend on numerous
signaling molecules, which can initiate a torrent of downstream pathways. This
causality is crucial for cellular processes like tissue regeneration and development.
GFs are a class of soluble signaling proteins secreted by cells that play an extensive
role in regulating cell proliferation, differentiation, migration, ECM synthesis, etc.
GFs typically display short-range indigenous actions by diffusion through ECM
[185, 186]. A wide variety of GFs are found to be involved in the bone regeneration
process especially, GFs such as BMP-2, BMP-7, and FGF-2 have been used in
preclinical studies for their bone-forming potential [187]. Delivering such bioactive
signal molecules by employing biocompatible DDS has shown enhanced therapeutic
effects. The delivery system must be designed so that the delivered GF should reach
the desired dosage level at the target site [188]. CS-based delivery systems are
widely popular in BTE due to their efficient and precise payload delivering potential.
In this section, the deliveries of GFs by the CS-based systems for bone regeneration
are discussed.
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CS has a steady and controlled degradation rate, which enables it to be used in
numerous sustained drug release systems for various proteins and peptides. Various
forms of CS, such as nanoparticles, gels, nanofibers, etc., are used to achieve an
effective DDS [189]. BMPs serve as the inevitable biochemical stimuli needed for
MSCs to differentiate into functional osteoblasts [190, 191]. Hence, several studies
have been made and suggested the delivery of BMPs through CS delivery systems
for bone regeneration. CS gels possess unique properties such as improved viscosity
and biocompatibility, making them a suitable biomaterial for implantation. In a
study, CS gels were used to trap and deliver the osteoinductive cytokine rhBMP-2.
The in vivo studies on mouse models suggested that the rhBMP-2 incorporated CS
gels effectively adhered to the defective bone walls. The CS gels efficiently filled the
area of bone defect, thus perpetuating rhBMP-2 at the site of the defect, which
hastened bone formation [192] (Fig. 3). Another study reported a novel scaffold
composed of electrospun PCL nanofibers coated with BMP-2 entrapped CS
nanoarchitectures. This unparalleled structure was achieved by alternating layer by
layer nano-immobilization of BMP-2 and CS. This contraption’s osteogenic effects
were analyzed in vitro on human primary osteoblast cells and in vivo on defective
mouse calvaria. The results showed promising outcomes for bone regeneration. This
approach also involved a substantially minimal amount of GF, thus eliminating the
risk of BMP-2 overdosing and being highly cost-effective [193]. CS can also be used
to immobilize GFs to achieve efficient delivery and prolonged dosage. A guided
bone regenerative membrane composed of CS nanofibers was utilized to immobilize
rhBMP-2 chemically. In vitro studies on MC3T3 cells (pre-mouse osteoblasts)
showed increased proliferation and differentiation of the above membrane
suggesting its potential application in BTE [194]. CS hybrids like CS-silica xerogels
have been successfully employed to deliver GFs. Augmenting CS with silica greatly
increased the scaffolds’ porosity, contributing to their high drug bearing capacity.
When these xerogels were used to deliver BMP-2, the hybrid scaffolds showed
increased bone formation in both in vitro and in vivo studies [195, 196]. The
chemically modified CS is a potent delivery system for GFs. Thiolated CS (thio-
CS) is one of the widely used materials for drug delivery. The thio-CS was loaded
with BMP-2 and checked for its bone-forming properties. The in vitro studies
revealed that the modified CS showed a delay in release kinetics, hence exhibiting
a prolonged drug delivery. The in vivo studies demonstrated the rapid formation of
ectopic bone in mice compared to other scaffolds [197].

PDGF (platelet-derived growth factor) is another crucial GF that is involved in
bone formation. It is responsible for activities like mitogenesis, angiogenesis, and
macrophage activation, through which it indirectly induces bone regeneration
[198]. A report demonstrated the delivery of PDGF-BB via CS-TCP sponge carrier.
The drug release kinetics of the GF loaded CS-TCP showed that the porous scaffold
was responsible for a consistent release of PDGF-BB. A similar study involving
PDGF-BB delivery using a CS-TCP sponge for periodontal regeneration was
reported. This study endorsed the drug delivery potential and osteogenic effect of
the CS-based scaffolds [199, 200]. Another investigation reported the delivery of
PDGF-BB through a PCL-CS hybrid matrix. The drug-loaded scaffolds initially
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exhibited a burst release, followed by a steady release of PDGF-BB for 28 days. This
prolonged release of GF from the scaffolds increased bone formation, and this study
was carried out in rats [201]. A controlled DDS composed of PLLA and CS was
manifested in a study involving PDGF-BB as the payload. The porous PLLA-CS
scaffolds were developed, and the GF was loaded onto them. CS in the scaffolds had

Fig. 3 (a) Micrograph showed the interface between old bone and new bone tissues, indicating a
faster bone healing process via wide vessels and osteocytes in the middle area of the group treated
with rhBMP-2 (MTS). (b) The group’s occlusal region with the bone defect filled by coagulum and
the interface between the old bone tissue and a large amount of fibrous connective tissue was
observed (MTS). (c) rhBMP-2/monoolein gel showed a large quantity of chondrocytes (H&E stain).
(d) Representative photomicrograph of the middle area of the group that received monoolein gel
showed small quantities of new bone and a great amount of fibrous connective tissue, indicating
slow bone healing in the groups without rhBMP-2 (H&E stain). (e) rhBMP-2/CS gel treated MTS
micrograph showed organized and mineralized bone in the occlusal region. (f) Representative
photomicrograph of CS gel treated group revealed a small amount of new bone growth between
the fibrous connective tissue (MTS). (Reproduced from Ref. [192] with permission)
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led to a controlled release of the drug and accelerated bone regeneration in rats with
calvarial defects [202].

Bone regeneration is a sequential process that requires the presence of a multitude
of GFs at temporal precision. Hence, DDS capable of delivering multiple mitogens
at once might have a significant effect on promoting bone formation [15]. A novel
injectable CS nanoparticles-integrated into gellan xanthan hydrogel was fabricated,
and the delivery of two GFs, BMP-7 and bFGF, was demonstrated. The study
concluded that dual GFs delivery significantly increased osteoblast differentiation.
The entrapment of CS nanoparticles in the gels resulted in a slow drug release rate,
thus amplifying the effect of GFs [203]. CS-based 3D-fiber mesh scaffolds were
used as a delivery system for the sequential delivery of two GFs, BMP-2 and
BMP-7. PLGA and poly 3-hydroxybutyrate-co-3-hydroxyvalerate nanocapsules
were loaded with BMP-2 and BMP-7, respectively, and these drug carriers were
trapped into the CS mesh. The in vitro studies using rat bone marrow MSCs showed
that the sequential delivery of GFs improved osteogenesis, and the CS fibers had
prolonged release of GFs from the nanocapsules [204]. A comparative study was
done using porous CS scaffolds as a delivery medium for the osteogenic GFs such as
BMP-2 and IGF-1. The GFs were impregnated into individual scaffolds and were
tested on in vivo rabbit models with tibial bone defects. The results revealed that the
CS scaffolds’ utilization had helped in a controlled release of the GFs, thus enhanc-
ing bone regeneration and healing [205]. The delivery of these two GFs has been
demonstrated with CS gel/Gel microspheres biocomposites in a similar study. The
study evidenced that incorporating GFs-loaded Gel microspheres in CS gel resulted
in a controlled release of the drug. The sequential action of BMP-2 and IGF-1
showed increased osteoblast differentiation [206].

Demineralized bone matrix power (DMP), primarily composed of BMPs and
collagen, is a potent osteoinductive used for bone regeneration. However, handling
difficulties, stability, and site-specific drug release are the primary concern while
using DMP. Hence, numerous attempts have been made to utilize this osteogenic
compound effectively. In a recent study, the delivery of DMPwas demonstrated with
a thermo-sensitive CS-based hydrogel. The incorporation of DMP with the hydrogel
increased its stability and prevented unwanted migration of the compound. There
were also enhanced mechanical properties, degradability, and elevated bone forma-
tion in rats [207]. All these therapeutic strategies involving CS as the delivery system
had made a considerable impact on regenerative medicine as they advise novel
routes towards the efficient repair of bone defects.

6.2 Nucleic Acid Delivery

Gene-based therapeutics has expanded the scope to alter the cell cytology at its
genetic and epigenetic levels. An effective gene delivery ensured the delivery of
DNA into the cells and converted into a functional protein via transcription and
translation [208]. The gene delivery can be accomplished by either a viral or
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non-viral vector. Usually, viral vectors cause immunogenicity and oncogenic reac-
tions. Non-viral vectors overshadow these drawbacks. In non-viral vectors, usually,
cationic polymers such as CS are preferred. This polymer electrostatically interacts
with the negatively charged nucleic acids, forms a polyelectrolyte complex with
DNA, and protects it from degradation by the cell nucleases [209]. Several factors,
such as the molecular weight of CS, the concentration of plasmid DNA, external pH,
and CS/DNA ratio, may influence the transfection efficiency of CS. The molecular
weight of CS is high, and hence, it is hard to degrade the polymer and release the
DNA. The interaction between CS and DNA is due to the electrostatic attraction
between the amino group in CS and the phosphate group in DNA [210]. An acidic
pH environment can alter this interaction by enhancing the charge density of CS and
eventually can lead to the formation of a stable complex with DNA [210, 211]. Dur-
ing endocytosis of the CS/DNA complex, CS is protonated due to acidification in the
lysosome and leads to the repulsion of the amine moieties and causes expansion of
the polymer, which finally leads to rupture of the endosome. After the disruption of
the endosome, the complex is released in the nucleus [211]. During these steps, CS
delivers the gene safely without degradation into the nucleus. This non-viral
CS-based gene delivery has been successful in the control of tissue-specific gene
expression. In the context of skeletal tissue regeneration, this method has been
employed for successful gene transfection that could potentially influence the
induction of osteogenesis and improvise bone repair [212].

CS is being used in various forms that can efficiently act as a gene carrier for
osteogenesis. A nano complex (NC) was formulated using CS and pDNA that
encodes for BMP-2. This pDNA containing CS nanocomplex was immobilized in
an MMP (matrix metalloproteinase)-sensitive peptide-functionalized PCL scaffold.
During the culture of MSCs on NC containing scaffold, MMP2 secreted by MSCs
cleaves the MMP-sensitive peptide and dispenses the NC. The released NC is
accessible to the MSCs, and subsequently, NC was internalized. The expression
level of BMP-2 and its targets was significantly increased, indicating the cell’s
successful gene transfection. There was a significant increase in Runx2, a bone
transcription factor, and its downstream genes such as ALP, COL1, OCN, and OPN
[213]. This study proved that CS nanocomplexes are efficient in gene transfection
and would lead to the cell’s osteogenic fate. In another study, the BMP-2 gene-
containing plasmid was incorporated into CS nanoparticles, and Col/HAp scaffolds
supported this complex. These composites containing the BMP-2 gene-containing
plasmid promoted ALP activity and calcium deposition in mMSCs [214]. Similarly,
the nano-polyplexes complex was formed using water-soluble modified CS and
polyethylenimine (PEI). This composite was endowed with BMP-2 plasmid and
transfected into human osteoblastic cells (MG-63). Confocal fluorescent microscopy
analysis revealed the presence of polyplexes in the cytoplasm, denoting the cellular
uptake, and encouragingly there was a significant increase in BMP-2 gene expres-
sion in successfully transfected MG-63 cells [215]. The BMP-2/pcDNA3.1 plasmid
was incorporated into CS films to improve gene transfection and osteoinduction. The
MC3T3-E1 cells were treated with the films containing BMP-2/pcDNA3.1 plasmid,
and the immunofluorescent staining results showed an increase in Runx2 protein in
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the nucleus. The histological analysis revealed a new thick bone formation twice the
size of the control [216]. Some previous studies proved CS as a successful dual gene
delivery system. CS nanoparticles were combined with both BMP-2 and VEGF
plasmids, and these nanocarriers were exposed to MSCs. The cells showed improved
ALP activity. In vivo results demonstrated the rapid bone formation in rat models
with the calvarial defect. Since bone is a vascularized tissue, osteogenesis happens
simultaneously with angiogenesis, and therefore transfection of VEGF and BMP-2
in MSCs showed enhanced osteogenesis [217].

Several microRNAs (miRNAs) are known to regulate osteogenesis effectively.
miRNAs are non-coding RNAs that contain 21–25 nucleotides, and they regulate
gene expression at the post-transcriptional level. miRNAs based delivery was
considered an improvised strategy to enhance osteogenesis by inhibiting its antag-
onists [218]. The miR-199a-5p-loaded CS nanoparticles effectively facilitated oste-
ogenesis by inhibiting HIF1a and Twist1 late-stage osteogenic inhibitors. HIF1a and
twist1 are known to regulate the expression of Runx2 negatively. The hMSCs treated
with miR-199a-5p-loaded CS nanoparticles showed increased osteogenic expression
such as Runx2, ALP, SP7, and OCN. In vivo studies using the above miRNA-loaded
CS nanoparticles revealed new bone formation at the tibial defect upon treatment
[219]. In another study, mMSCs grown in the presence of miR-590-5p and CS/n-
HAp/n-zirconium dioxide biocomposite scaffolds promoted osteoblast differentia-
tion. This osteogenic effect was due to miR-590-5p-mediated inhibition of Smad7,
an antagonist of TGF-β1 signaling [220].

Some endogenous miRNAs can negatively regulate osteogenesis, and there are
studies on inhibiting these miRNAs by the delivery of specific antagonists. Pertinent
to the information, CS nanoparticles were used as a carrier for antimiRNA-138 to
impede the effect of endogenous miRNA-138, and osteogenesis was promoted
(Fig. 4). The miRNA-138 negatively regulated Runx2 by arresting the ERK 1/2
pathway. The MSCs transfected with antimiRNA-138 showed a significant increase
in the expression of osteogenic genes [221]. In a similar demonstration, antimiRNA-
138 was incorporated in CS nanoparticles and SDF-1 α (Stromal derived factor-
1alpha)-loaded hydrogel (Fig. 4). MSCs cultured on these composites increased
osteogenic gene expression, and in vivo analysis reported new bone formation in the
rat model system. Immunohistochemistry analysis showed positive staining of
COL-1, OPN, and OCN on the tissue formed at the periphery of the implanted
composites. These remarkable outcomes are due to rapid MSC migration to the
defective site and subsequent commitment to osteogenic lineage after exposure to
composites [222]. The above studies supported that CS is an efficient and successful
vector in the nucleic acid delivery system.

6.3 Phytocompound Delivery

Traditional medicine around the globe practiced by different ethnicities has a
characteristic reliance on indigenous medicinal plants. These plants’ therapeutic
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potential, regarded as common knowledge for generations, is now being investigated
to identify the specific biological factors that exhibit the required medicinal property.
One such prevalent chemical constituent of plant extracts happens to be
phytocompounds. Phytocompounds are plant-educed metabolites currently being
investigated for their pharmacological activity to treat complex diseases including
cancer, autoimmune disorders, diabetes, etc. These plant derivatives exhibit func-
tional redundancy, making them useful in treating a wide variety of ailments. As a
naturally occurring product, phytocompounds exhibit minimal toxicity, biocompat-
ibility and are endorsed by their availability and ease of preparation [223]. The
phytocompounds have been generally classified into phenolics, carotenoids, ter-
penes, alkaloids, organosulfur compounds, and nitrogen-containing compounds
[224]. This class of plant metabolites acting as “Phyto-drugs” can desirably regulate
stem cell differentiation, enticing their tissue regeneration applications.

CS is a versatile biopolymer popular in regenerative medicine. CS-based scaf-
folds exhibit excellent porosity, especially when lyophilized, accompanied by an
anisotropic architecture and an extensive network of interconnected pores. This
porous structure is instrumental in promoting cell attachment and other subsequent

Fig. 4 Graphical representation of SDF-1α and CS/antimiRNA-138 incorporated NPs in CS/GP
hydrogel biocomposite showed enhanced bone regeneration in rat critical-sized calvarial defect.
(Reproduced from Ref. [222] with permission)
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cellular functions. Drug modulated tissue repair is a novel strategy in BTE that
invokes drug delivery models to enhance the incorporated scaffolds’
bio-functionality. The incorporation of nanoparticles can improve the
osteoconductive and mechanical properties of such biopolymeric scaffolds. Since
CS is bestowed with unique features like acidic pH tolerance, mucoadhesive prop-
erty, and chemical flexibility, it can be considered an ideal material for constructing
sophisticated DDS, including nanofibers and microspheres nanoparticles, NGs, and
so on [225]. The recently discovered bioactive phytocompounds capable of acting as
stem cell inducers have been delivered via the CS-based systems to facilitate tissue
regeneration.

Veratric acid, an osteoinductive phenolic compound, was delivered in a sustained
manner via the CS nanoparticles incorporated in coaxially electrospun PCL/PVP
fibers. The results showed enhanced bone formation as evidenced by the
up-regulation of Runx2 and its downstream osteogenic marker genes along with
subsequent mineralization [26]. Hydroxycinnamic acid is known to have a signifi-
cant impact on bone metabolism. SA, a derivative of hydroxycinnamic acid, pro-
moted osteogenic differentiation of mMSCs by the up-regulation of Runx2. This
effect was mediated by the TGFβ1/BMP/Smad signaling pathway (Fig. 5). When
encapsulated in CS nanoparticles and steadily released by the surface erosion of the
embedded PCL fibers, this osteogenic compound significantly increased its bioavail-
ability, thus improving bone repair as evidenced by in vitro and in vivo bone
formation [25].

Fig. 5 Diagrammatic representation of osteoblast differentiation by sinapic acid. SA release from
PCL/nCS electrospun scaffold activates the TGFβ-1/BMP signaling pathways and their compo-
nents mMSCs. (Reproduced from Ref. [25] with permission)
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Chrysin, a flavonoid found in mushrooms known to reduce osteoclastogenesis
and induce bone formation, was incorporated in a biocomposite blend of CS, CMC,
and nano-HAp. A sustained release of chrysin promoted osteogenic differentiation
of mMSCs endorsing its potential in BTE applications [30]. Silibinin is a phenolic
phytocompound capable of inducing the differentiation of mMSCs towards osteo-
blast lineage. Its reduced bioavailability owing to its hydrophobic nature severely
diminishes its overall therapeutic potential. Hence, the effective delivery mecha-
nisms become a prerequisite for the efficient exploitation of this phyto-drug. Due to
its mucoadhesive and cell-permeable nature, CS has been used in encapsulating
silibinin, facilitating its intracellular delivery. Alg and Gel have naturally derived
biopolymers with inherent osteoconductive and biomimetic properties proving use-
ful in the reconstruction of complex tissues. The silibinin-loaded CS nanoparticles
were fabricated into an Alg/Gel biocomposite, and the increased bioavailability of
the silibinin was hugely useful in triggering osteogenesis in vitro [226].

Icarin, a glycosylated flavonoid, is similar to chrysin in regulating the process of
bone modeling with simultaneous inhibition of bone resorption. This potent
osteoinducer was delivered in a stable manner protracting its osteogenic effect
with a CS/HAp hybrid delivery module. The inclusion of HAp in this venture
stabilized the degradation rate of CS, facilitating uniform surface erosion, achieving
a sustained release of icariin, which enabled new bone formation by hBMSCs. This
osteoregenerative scaffold could help in treating destructive bone disorders
[227]. Berberine is a naturally occurring plant alkaloid that functions as an anti-
pyretic and detoxifying agent in traditional Chinese herbs. This molecule is also
known for its antioxidant, anti-inflammatory, and antibacterial properties. Recently,
its ability to induce the osteogenic differentiation of stem cells has been discovered
[228]. Delivering with polymeric nanoparticles can significantly improve its intra-
cellular presence to facilitate osteoblast differentiation. Researchers have utilized
berberine in constructing an osteoinductive/bacteriostatic gel infused with nega-
tively charged CMC/CS copolymeric nanoparticles along with positively charged
CS nanoparticles. This construction provided nano and micro-pores for the loaded
cells to flourish and enabled cellular networking. The researchers witnessed an
enhancement in berberine-mediated osteogenic differentiation of BMSCs correlated
with the parallel delivery of BMP-2, a well-known bone-forming GF. Berberine also
demonstrated its bacteriostatic activity in this scaffold, thus paving the way for bone
healing in a sterile microenvironment [229].

Coumarins are well known for their anti-osteoporotic activities. Osthole (OST) is
one such coumarin derivative clinically involved in preventing active bone resorp-
tion by suppressing RANKL-mediated osteoclastogenesis. Recent studies suggested
that it also induces osteogenesis by up-regulating Osx via the cAMP/CREB signal-
ing pathway [230]. Its poor solubility is overcome by encapsulating in suitable DDS.
Polymeric micelles are a class of colloidal drug carriers useful in the cellular
trafficking of hydrophilic and hydrophobic molecules. An OST encapsulated
N-octyl-O-sulfonyl CS micelle DDS was synthesized for the effective delivery of
OST to improve its therapeutic efficiency in osteoporosis. In vitro studies using bone
marrow macrophages and in vivo studies involving ovariectomized SD rats
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suggested that the anti-osteoporotic activity was greatly enhanced when OST was
delivered with CS micelles, establishing CS as a highly lucrative polymer in bone
repair strategies [231]. Naringin is a flavonoid known for its efficient inhibition of
bone resorption. It is also known to stimulate bone formation, as evidenced by the
up-regulation of ALP, OCN, and other osteoblast-specific marker genes in M3C3T3-
E1 cells. It is also known to induce osteoblast differentiation of BMSCs by
downregulating peroxisome proliferator-activated receptor Υ, an adipogenic tran-
scription factor [232]. Parthenolide is another plant metabolite that up-regulated
osteogenesis via the Wnt signaling and suppressed osteoclastogenesis by
downregulating NF-kB [233]. A dual DDS was developed, wherein naringin was
incorporated in CS microspheres and parthenolide in the PLLA matrix. This com-
posite showed significant bone formation in the SD rat periodontal fenestration
defect model due to the sustained release of both osseous factors, endorsing its
potential in guided bone regeneration [234].

Salvianolic acid B is a major biochemical constituent in the Chinese herb Salvia
miltiorrhiza, useful in treating cardiovascular diseases. It is known to exert a certain
level of neuroprotection and also therapeutic effect towards liver fibrosis. The
osteogenic potential of salvianolic acid B has been recently reported, along with
its angiogenic properties [235]. A salvianolic acid B loaded CS/HAp scaffold
showed promising in vitro and in vivo bone formation along with vascularization,
where the sustained release of organic acid was facilitated by the uniform degrada-
tion of CS [236]. The studies mentioned above demonstrated that CS has effects on
increasing the bioavailability and the subsequent therapeutic activity of pharmaco-
logically effective phyto-drugs. The CS-based delivery system for other miscella-
neous drugs has been mentioned in Table 1.

7 Summary

Bone is a vital organ that plays a crucial role in providing structural integrity,
protection to fundamental organs, and calcium homeostasis. Bone defects that
severely cripple the skeletal system are hard to treat with conventional grafts. BTE
is a revolutionary discipline that has contributed to the recent advancements in
treating clinically challenging bone defects. It utilizes various strategies invoking
adept biomaterials and bioactive molecules to stimulate the regeneration of incapac-
itated bone. Bioactive molecules are distinct biochemical entities capable of regu-
lating several cellular and molecular pathways consistently. Recruiting these
biomolecules can significantly enhance bone repair, and for this, a potent delivery
system for targeted therapy is required. Drug delivery is a developing field that aims
to treat various diseases by efficient administration of established therapeutics.
Different processes can be formulated depending on specific applications such as
wound healing, bone and cartilage regeneration, etc. CS is one such polymer that is
flexible enough to be utilized to formulate several effective drug carriers. As a
natural polymer, CS features excellent biological properties like increased
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biocompatibility, minimal toxicity, and mucoadhesion. Due to the presence of
multiple free amino and OH groups in the CS, it could serve as a repository for
various biomolecules. Hence, CS-based delivery systems such as nanoparticles,
nanofibers, hydrogels, microneedles, and microspheres have significantly been
considered for developing medications for tissue engineering and regenerative
medicine. These drug transport systems have been successfully used to bolster the
therapeutic efficiency of bioactive factors such as GFs, nucleic acids, and phyto-
chemicals by achieving precise delivery. Thus, utilizing CS-based DDS has made an
enormous impact on the field of BTE. Further investigations on this unique polymer
as a delivery vehicle will acknowledge its potential prospects in future biomedical
applications.
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Abstract Periodontal diseases remain one of the major causes for tooth loss.
Untreated periodontal disease could be debilitating for an individual and it could
also lead to various other systemic health issues such as diabetes, stroke, cardiovas-
cular diseases, Alzheimer’s disease, and obesity. This would greatly reduce the
quality of life of an individual. The loss of tooth structures and an unhealthy
periodontium will lead to loss or reduced function of mastication and aesthetics.
Treatment of periodontitis is a multistage process which requires intervention by
debridement and prevention of microbial load by antimicrobials, delivery of
bio-active growth enhancers, providing tissue growth supporting scaffolds, and
also tissue growth guiding membranes and/or constructs to properly control the
spatio-temporal regeneration of periodontal complex. Chitosan is one such a poten-
tial candidate to be used in the periodontal therapy at various stages. The versatility
of chitosan to be synthesized into different forms, made into different formulations
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for easy handling and application by the clinicians, the ability to incorporate
multitude of drugs, growth factors, biodegradability, and so forth make it an
interesting biomaterial. Some of the chitosan based materials for periodontal therapy
include nano formulations, gels, hydrogels, scaffolds, membranes, fibers, and so
forth. This chapter reviews recently developed chitosan based materials with differ-
ent strategies used for enhancing the therapeutic outcomes of periodontal treatment.

Keywords Chitosan · Fibers · Hydrogels · Osteogenesis · Periodontal · Scaffolds ·
Tissue engineering

1 Introduction

“Behind every smile there’s teeth.”
-Confucius

A great smile is a window to oneself and it can create a long-lasting impression
when a new person is met. A great smile requires a healthy set of teeth and for a set of
teeth to be healthy, the periodontal health is of prime importance. A healthy
periodontium and thereby healthy set of teeth are also prime importance for func-
tions such as speech, mastication [1]. The periodontium or the tissues surrounding
the teeth in the oral cavity include the gums, the jaw bones, the cementum, and the
element which links the alveolar bone and the cementum of the tooth, the periodontal
ligament fibers [1, 2]. The combined effect of these two hard tissues and two soft
tissues results in proper fixation of the tooth in its position without any mobility,
helps to distribute the masticatory load in an ideal way, helps in proper positioning of
the jaw during physiological functions, and also provides a barrier around the neck
of the tooth, so that the apical regions of the tooth are protected from microbial
activity [3, 4]. However, every healthy system is prone to disease due to improper
care, neglect of very early signs and symptoms, other underlying diseases, trauma,
and aging and periodontium is not an exception to this [5–8]. Once this healthy
periodontium is diseased, it causes a major decrease in quality of life of an individ-
ual, due to conditions such as bad breath, painful gums and teeth, shaking teeth, and
even loss of teeth [9, 10]. This results in loss of physiological function and aesthetics
of an individual. Once there is a loss of periodontal tissues, various strategies have
been practiced to regain the healthy periodontal tissues as much as possible [11]. As
the science progresses, we understand better how the periodontal tissues are being
lost and how this issues can be addressed with newer biomaterials [12–16]. Chitosan,
a biopolymer, is one such biomaterial which has been explored a lot as a choice of
biomaterial in the field of tissue engineering and regenerative medicine [17–21]. It
has been extensively used in commercial preparations of hemostatic products,
dressings, bandages, creams for burn wounds, scar repair creams, and in some
anti-ageing creams [22–29]. Due to its biocompatibility [30, 31], beneficial biode-
gradability [32], and easy processability, it has been explored in various applications
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in periodontal therapy. This chapter discusses the advances that have been made in
the last few years, using chitosan as a biomaterial for use in periodontal therapies.

2 Periodontal Problems

Periodontal disease is one of the most commonly found problems worldwide. The
prevalence ranges from 20 to 50% worldwide [33]. The periodontal problems mostly
arise due to the negligence of the oral health such as improper brushing or improper
oral hygiene practices [2]. However, there could be other etiologies such as trauma
[8], underlying disease conditions [6], radiation [34], smoking [35], or developmen-
tal anomalies [36]. Periodontal problems have also been known to arise due to
diabetes and poor periodontal health could also aggravate the underlying diabetes
[37]. Similarly, studies have shown that periodontitis has been linked to aggravate
conditions such as heart and lung diseases, stroke, respiratory problems, and obesity
[38]. Therefore, maintaining a healthy periodontium is of prime importance.

Most often the periodontal problems arising due to negligent oral care start as a
mild accumulation of debris and plaque attached to the dentinogingival junction
[5, 9, 10]. This debris or the plaque then gets accumulated into the gingival sulcus
and causes slight inflammation of the gingival tissues [39]. This is characterized by
the classical inflammatory signs such as rubor, tumor, calor, and dolor. The accu-
mulated debris and plaque also attract different species of bacteria and aid as a
colonizing ground, thus enabling bacteria to establish themselves and release toxins.
The plaque usually consists of higher percentage of gram-negative bacteria and can
also include motile anaerobic rods, filamentous and cocci bacteria [40]. Due to these,
the tissue environment around gingival margins and gingival sulcus becomes acidic
in pH. If proper oral cleaning techniques to remove the debris or plaque accumula-
tion are not followed, then this would lead to swelling of the gums around the teeth,
which is visualized as loss of scalloped gingival margins and increased redness in the
gingival margins along the facial and lingual surfaces of the teeth. Bleeding from the
gingival tissues around the teeth while brushing and also on probing the gingival
sulcus could be seen upon clinical examination. This initial inflammation of the
gingival tissues is known as gingivitis. In the advanced stages of the gingivitis, the
gums start to recede and the probing depth increases in the gingival sulcus known as
the deepened pocket (Fig. 1) [9, 10].

Gingivitis, when left untreated, progresses to a next stage known as periodontitis.
The accumulated plaque and debris hardens and gets strongly attached to the tooth
surface, especially at the dento-enamel junction and the gingival margins. The
gingival sulcus starts to deepen down more, leading to more accumulation of debris.
The debris, plaque, and the bacteria combined together lead to hardened structure
known as calculus. Once the calculus is established, the by-products from the
bacterial colonies start to destroy the anchoring structures around the tooth such as
the periodontal ligaments. Thus the gums start to recede exposing more amount of
the tooth root. This results in a clear interdental space, i.e. space between the teeth
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and forms a periodontal pocket [41]. As a domino effect, the alveolar bone starts to
resorb in the dento-alveolar ridge regions. This leads to loss of attachment and results
in different grades of mobility of the teeth depending on the level of loss of
periodontal structures. When still left untreated, the disease progresses to advanced
periodontitis. This stage of the disease exhibits extreme mobility of teeth due to
almost complete loss of attachment, severe resorption of gingival tissue, exposure of
tooth roots, severe alveolar bone loss, thereby leading to loss of teeth [8].

2.1 Current Treatment Modalities and Their Shortcomings

As the saying goes, prevention is better than cure is much true in the case of
periodontal diseases. Regular dental checkup visits and following proper oral
hygiene practices will definitely help to mitigate the inflammation to the periodontal
tissues. However due to unavoidable circumstances such as underlying health
conditions, improper oral care routines, and missing the regular visits to dentists,
thereby missing the early diagnosis can lead to various stages of periodontitis.
Furthermore, proper oral hygiene practices such as correct brushing techniques,
cleaning the oral cavity after consumption of food, and use of plaque reducing
agents can effectively reduce the incidence of gingivitis [42]. The treatment modal-
ities usually vary from patient to patient, depending on the extent of the gingivitis or
periodontitis when the patients present themselves to the dentist.

The treatment of initial stages of gingivitis usually requires cleaning of the tooth
root surface and the removal of plaque and debris, followed by proper oral hygiene
instructions. This would lead to reversal of the inflammation of the gingival tissues
and the swollen gums, bleeding, and bad breath returns to healthy condition [43]. In
advanced cases, periodontal surgery is done, followed by thorough debridement and
curettage of the periodontal pocket, application of bone grafts if needed, use of
gingival flaps and antibiotic dressings (Fig. 2).

2.2 Use of Biomaterials in Periodontal Therapy

An effective periodontal therapy involves uneventful healing and regeneration of the
gingiva, alveolar bone, periodontal ligaments, and the cementum. The very common
treatment of periodontitis involves the debridement of the calculus around the roots,
removal of very high mobile tooth, removal of the diseased gingival tissues, alveolar
bone followed by application of antimicrobials and closure using different gingival
flap designs to enhance the healing and restore the gum line as much as possible
[11, 42]. One of the ideal expected outcomes is the regeneration of the lost alveolar
bone, which in turn can restore the gingival height and thereby hold the tooth firmly.
This would result in the most aesthetic and functional outcome. However, stages of
periodontal disease such as periodontitis and advanced periodontitis would require
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augmentative procedures such as autograft, which is still the gold standard for
periodontal regeneration, which would greatly improve the treatment outcomes.
Autografts excel in tissue regeneration due to the well-known fact that they could
serve as osteoconductive, osteoinductive as well as osteogenic scaffolds and also
greatly reduce the graft rejections due to immune compatibility [44]. Although
autografts are accepted as gold standards for periodontal regeneration, due to the

Fig. 2 Treatment modalities for periodontal disease. (a) In case of early periodontitis, scaling is
done, then application of antimicrobial mouthwashes is prescribed. Depending on the severity,
antimicrobial dressings are also given. (b) when there is severe periodontitis, associated with bone
loss, periodontal surgery is done, necrotic debridement is done, bone graft or graft substitutes are
placed, if necessary GTR/GBR membranes are placed, and antimicrobial dressings are given
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lack of enough tissues from the same patient and also considering the donor site
morbidity, clinicians have always looked for alternatives such as allografts or
xenografts [45]. However still there are shortcomings in using these, such as graft
compatibility, availability of donors, and immune rejections. To overcome these
issues, researchers have always been looking out for newer materials which could be
used as viable substitutes for autografts which could enhance the alveolar bone
regeneration in periodontal treatment. This has led to experimentation of various
categories of materials such as minerals, bioceramics, polymers, and composites
thereof as biological substitutes [46, 47]. Some of the biomaterials used for this
purpose include, but not limited to, ceramics such as calcium sulfate, calcium
phosphate, calcium silicate, polymers such as poly(ethylene glycol) (PEG), poly
(vinyl alcohol) (PVA), PLLA, PCL, PLGA [48]. Researchers have also explored the
possibilities of using biopolymers such as alginate, agar, agarose, chitin, chitosan,
collagen, and lots more, as they provide comparatively better biocompatibility and
could easily mimic the building blocks of extracellular matrix [49]. These biomate-
rials have been formulated into various forms such as powders, sponges, or inject-
able gels to aid in application to the periodontal disease site to enhance the healing
[17]. Additionally, with the advance of research and technologies, nanoformulations
of the above listed materials and inclusion of various growth factors to promote
alveolar bone regeneration have been shown [16, 50].

While efforts have been made to improve the alveolar bone regeneration, to
augment the periodontal regeneration, efforts have been made to enhance the soft
tissue healing using various soft tissue mucosal flaps or grafts [51]. Another strategy
employed to improve the outcome of the treatment is to utilize guided tissue
regeneration (GTR) or guided bone regeneration (GBR) [52]. The GBR or GTR
membrane helps to contain the ingrowth of the fibrous tissues before the regenera-
tion of alveolar bone tissue, thereby aiding in the proper spatial regeneration of bone
tissue. Various synthetic polymers such as PEG, PVA, PLLA, PLGA, PTFE, and bio
polymers such as collagen, gelatin, silk, alginate, chitosan, chitin, keratin, fibroin,
cellulose, and so forth have been experimented to design a potential GTR or GBR
membranes [53, 54]. By adjusting the various parameters of the polymer composi-
tions, researchers have managed to control the degradation of the membrane in a
controlled manner, which will aid in the spatio-temporal control of the regenerating
tissues, and will help in proper compartmentalization of the new growing tissues,
thereby leading to new tissues which closely resemble the native tissue/organ
architecture. Furthermore, specific drugs such as minocycline, doxycycline, and
similar antibiotics could be incorporated into these preparations which could slowly
release the drug aiding in better microbial control in the periodontal pockets, which
would significantly improve the outcome of the treatment [55–59]. Further, when
combined with the growth factor delivery systems, this could greatly enhance the
periodontal regeneration (Fig. 3).
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3 Chitosan as a Biomaterial

As the world turns away from non-renewable sources for obtaining polymers,
extracting biopolymers from waste materials and utilizing them for biomedical
applications is gaining great interest [60–64]. One such biopolymer which could
be obtained from large amounts of seafood waste is chitin and its derivative chitosan,
which has a very promising future in the field of biomaterials and tissue regeneration
[17, 65]. Chitin forms the exoskeleton of crustaceans such as crabs, shrimp, squid
and is also found in exoskeleton of insects [59]. Chitin is made up of
2-(acetylamino)-2-deoxy-D-glucose, which is a derivative of glucose, molecular
structure resembling cellulose and its function could be compared to that of keratin.
Chitin and chitosan have been widely used as a food additive as a stabilizer,
thickener as well as emulsifier [66]. As a biomaterial it has been greatly explored
due to its extensive availability as well as its versatility in processing into different
forms such as powders [67], solutions [68], gels [69], hydrogels [70], sponges [71],
bandages [29], membranes [72], fibers [61], sutures [73], beads [74], nanoparticles
[75], drug carriers [76], and so forth (Fig. 4). Further, chitin and chitosan also exhibit
excellent processing compatibility with other polymers such a PCL [77], PLLA [78],
PHBV [79], PLGA [50]; with ceramics such as calcium sulfate [80], calcium
phosphates [77], calcium silicates [81], and as such, to synthesize composite bio-
materials for various tissue engineering applications. Researchers have also explored
and have shown successful incorporation of drugs [29], small molecules [82],
growth factors [83], DNA [84], and peptides [85] for controlled delivery of these
molecules in tissues [86].

Fig. 3 Schematic showing the various types of biomaterials that could be applied, after periodontal
surgery, to enhance the periodontal regeneration
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3.1 Advantages of Chitosan in Periodontal Therapy

As seen in the previous sections, chitosan has a very high versatility to be combined
with different polymers, ceramics, made into different forms and can be used as a
carrier for drugs. This is very advantageous when utilized in the treatment of
periodontal therapy for the following reasons. Periodontal disease involves inflam-
mation and degeneration of two soft tissues and two hard tissues which has very
different architectures [1]. Thus, for an effective treatment and regeneration of all
these structures, different approaches and formulations will be required. The regen-
eration of periodontal structures also involves strategic spatio-temporal release of
multiple growth factors to initiate and sustain the regeneration of gingival tissues,
alveolar bone, periodontal ligament, and cementum to result in complete healing
[87]. It has been shown that addition of bioceramics to the chitosan membranes alters
the mechanical properties, stiffness and extensibility and also enhances the
osteoconductivity [88–90]. Similarly, growth factors such as platelet derived growth
factor (PDGF) which greatly enhances bone regeneration have been loaded into
chitosan sponges which showed a promising alveolar bone regeneration [91]. The
porous nature of the chitosan sponges proves advantageous for the loading of small
molecules and peptides into these pores and slowly released at a predetermined time
interval [92]. Furthermore, the presence of pores and the ability to tune these pore
sizes also facilitate the cells from the adjacent healthy tissues to move into these
spaces, utilize the growth factors, and can form bone tissues, thus regenerating the
tissue. Since the breakdown units of chitosan are D-glucosamine and N-acetyl-D-
glucosamine, which are one of the basic building blocks of native extra cellular
matrix, the endogenous cells can utilize and process these molecules to build the
tissues [93]. Thus chitosan can serve a great purpose even after degradation in vivo.

Furthermore, to mitigate the presence of huge amounts of microbial colonies in
the affected periodontal pockets, it would be also a great choice to choose a material,
such as chitosan, into which antimicrobial drugs can be loaded and slowly released
over a course of healing period [10]. Interestingly, it has been found that chitosan, in
its non-crosslinked form, itself can exhibit antibacterial activity against P. gingivalis
and S. mutans, by rapid adsorption and clustering of bacteria on the chitosan surface
due to its positive charge [94]. It has been shown that antimicrobials such as
chlorhexidine gluconate can be effectively incorporated into bioadhesive chitosan
gels, which are then injected into the periodontal pockets for efficient treatment
against Porphyromonas gingivalis [95]. Likewise, a chitosan/collagen composite
membrane has been developed which was incorporated with minocycline loaded
nanoparticle serving as an antibacterial GBR membrane [96]. This membrane was
proved to enhance angiogenesis as well as bone regeneration. Similarly, lipophilic
drugs such as ipriflavone have been incorporated into chitosan-PLGA film to give a
sustained release for at least 20 days, indicating that such systems could be of great
potential as GBR membrane which prevents bone resorption [97]. Thus we could see
that using chitosan as a biomaterial or part of a biomaterial has great advantages for
utilizing in periodontal therapies. Some of the research strategies utilizing these
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properties of chitosan into an advantageous situation for use in periodontal therapy
will be discussed in the upcoming sections.

4 Application of Chitosan in Periodontal Therapy

4.1 Scaffold

Almost all the complex structures which are being built require a temporary structure
which can help in supporting the building crew, help in transport and storage of
building materials, etc. Such temporary structures are termed as scaffoldings. Sim-
ilarly, when a tissue or an organ is being regenerated in a void space, scaffolds
provide a temporary structure in which the cells, which are the building blocks and
crew, can attach themselves, carry out their functions, secrete the specific extracel-
lular matrix, and thus accomplish building a healthy tissue [98]. Chitosan with its
great versatile properties for being a biomaterial, as discussed previously, could act
as a great scaffold. This is due to one of the facts that chitosan is greatly biodegrad-
able, i.e. it stays temporarily in the defect site, gets degraded by the cells and its
degradation products get absorbed and serve as building blocks for new tissue
[99]. Furthermore, chitosan can be made into porous sponges in which the param-
eters such as the mechanical strength, pore size, pore alignment, number of pores,
pore continuity, and so forth could be easily tuned according to the needs. Since the
periodontium consists of gingiva, alveolar bone, periodontal ligament, and cemen-
tum, all of which have different tissue organization and architecture from each other,
using chitosan would be a great choice to tailor design scaffolds, according to the
need of each periodontal tissues, which would greatly improve the outcome
[100]. Also, it has been known that each periodontal tissue requires different growth
factor stimulations in order to regenerate them efficiently. Thus it would be a great
idea to incorporate different bio-active molecules such as growth factor or tissue
specific growth inducers into the specifically designed chitosan scaffolds to aid in
complete regeneration. In this section let us see how various researchers have
utilized chitosan scaffolds either without or with bio-active molecules to accomplish
the never-ending goal of synthesizing a near ideal scaffolds for periodontal
regeneration.

4.1.1 Without Bio-active Molecules

Chitosan by itself can be a great biomaterial due to the reasons discussed above.
Arancibia et al. demonstrated that chitosan particles alone can have good
antibacterial as well as anti-inflammatory properties in relation to the periodontal
therapy [101]. Their studies showed that chitosan particles synthesized through ionic
gelation were effectively inhibiting the most common periodontal pathogens such as
Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans. They have
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gone ahead and showed that the same chitosan formulation was able to function as
anti-inflammatory agents by modulating the JNK pathway. Similarly, Costa et al.
studied the effect of high and low molecular weight chitosan solutions against
different periodontal pathogens such as Porphyromonas gingivalis, Prevotella
intermedia, Prevotella buccae, Tannerella forsythensis, and Aggregatibacter
actinomycetemcomitans [102]. Their results indicated that chitosan was effective
in reduction of multispecies biofilm formation, which is the initial step in periodontal
disease, and this activity was seen even after 168 h. They suggested that this effect
could be due to the inhibition of quorum sensing reporter system by chitosan.
Chitosan nanoparticles containing chlorhexidine were synthesized and tested against
Enterococcus faecalis (Fig. 5) [75]. It was found that when chlorhexidine was
encapsulated into chitosan nanoparticles a synergistic antibacterial effect could be
seen, thus proving the enhancement of an already existing drug by chitosan nano-
particle. It was suggested that this system could be used to coat the GBR membranes
prior to their implantation, so that the microbial load will be reduced in the peri-
odontal pocket. Lee et al. synthesized a dual drug loaded sequential delivery system
for the treatment of chronic periodontitis [103]. This system had PLGA-lovastatin-
chitosan-tetracycline nanoparticles which measured about 111.5 nm and had good
antibacterial effect against A. actinomycetemcomitans and P. nigrescens. The pre-
pared nanoparticles were loaded into gelatin and placed in the canine periodontal
defect model and the bone formation was found to be higher when this system was
used. Gjoseva et al. developed a mucoadhesive drug delivery system using chitosan
microparticles loaded with doxycycline, a potent drug used in the treatment of
periodontal disease [104]. These chitosan microparticles were coated with ethyl
cellulose and thus the drug release rate was sustained for at least 20 days. Hurt

Fig. 5 A antimicrobial collagen membrane. (a) Graphical representation of collagen membrane
loaded with chlorhexidine-chitosan nanoparticles. (b) SEM image showing the size and shape of the
chitosan nanoparticle [75]. Reproduced with kind permission from Elsevier
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et al. developed a potential GTR membrane made out of chitosan and silver
exchanged tobermorite mineral by solvent casting [105]. This membrane was able
to form support the formation of hydroxyapatite on its surface and had significant
antibacterial activity against S. aureus, P. aeruginosa, and E. coli indicating its
potential to be used as a GTR membrane during periodontal treatment.

Zang et al. showed that it is possible to synthesize a thermosensitive chitosan
based hydrogel by autoclaving either the chitosan powder or the chitosan solution
and then mixing it with β-glycerophosphate [106]. This hydrogel exhibited an
interesting sol-gel transition at physiological temperature, i.e. at 37�C. Freeze drying
of this hydrogel yielded them as porous scaffold with pore size ranging from 140 to
230 μm. They had implanted this scaffold into a Class III periodontal furcation
defect in canine model and showed that it promoted periodontal regeneration.
Miranda et al. synthesized a hybrid scaffold consisting of succinyl modified chitosan
and oxidized hyaluronic acid having a regular porous structure [107]. They also
indicated that the protein adsorption on these scaffold was enhanced due to the
positive charges imparted by the chitosan’s amine groups. Although they had carried
out their experiments only in vitro, their results suggested that designing such a
hybrid scaffold would result in higher fluid absorption by the scaffold thereby
improving the chances of cell migration into the scaffold and cell survivability,
thus having a great potential for periodontal regeneration. Qasim et al. demonstrated
freeze gelation technique to produce a functionally graded membrane [108]. These
functionally graded scaffolds were loaded with doxycycline and crosslinked using
glutaraldehyde and showed a sustained drug release for periodontal regeneration.
Interestingly Varoni et al. have shown that it is possible to fabricate a 3-layered
scaffold using chitosan for periodontal regeneration [109]. The authors have utilized
medium molecular weight and low molecular weight chitosan, crosslinked with
genipin and freeze dried them to obtain two different porous compartments capable
of aiding regeneration of bone and gingiva. They went a step further and utilized
electrochemical deposition of chitosan to fabricate a third compartment consisting of
highly oriented microchannels, to guide the periodontal fiber growth. They
pre-seeded these compartments with tissue specific cells and successfully showed
it is possible to regenerate multiple periodontal tissue architecture at the same time
in vivo. However, they couldn’t evidently show the PDL fiber orientation which is
much needed for proper integration of alveolar bone to the cementum of the tooth
structure. Liao et al. have tried to include β-tricalcium phosphate in chitosan and
synthesized a three-dimensional scaffolds using freeze-drying technique. The scaf-
folds exhibited 91% porosity (pore size around 120 μm) and showed the ability to
support the differentiation of human periodontal ligament cells
[110]. Gümüşderelioğlu et al. have recently developed an interesting double faced
chitosan membrane for GTR applications [111]. In this work a chitosan scaffold was
developed which was coated on one side with bone mimicking hydroxyapatite and
on the other it was coated with PCL fibers. This barrier membrane could support
osteogenic potential on bone facing side and can act as a barrier for epithelial cells.

Although the above-mentioned examples clearly indicate the possibilities of
using chitosan as a scaffold in periodontal tissue engineering, these systems mostly
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served as a passive platform for the endogenous cells to home in and then differen-
tiate into specific tissue and build the specific extracellular matrices. It was
envisioned that by incorporating bio-active molecules to chitosan formulation, a
better and active scaffold systems could be made.

4.1.2 With Bio-active Molecules

The essential functions of cells such as adhesion to a substrate, survivability, growth,
migration, cell division, differentiation, and much more require the help of bio-active
molecules. Bio-active molecules function by either attaching themselves to the cell
surface receptors or by getting processed inside the cell after uptake. The bio-active
molecules include small molecules, peptides, growth factors, cytokines, enzymes,
hormones, DNA, siRNA, and also immunomodulation molecules. Delivering the
appropriate molecules at the defect site and tuning their spatio-temporal release can
greatly affect the way the cells respond. For example, human platelet lysate, which
contains a cocktail of growth factors, was mixed with calcium phosphate cement and
chitosan scaffold. This system showed that it can enhance the proliferation, osteo-
genic differentiation and apatite deposition by human periodontal ligament stem
cells, indicating a great potential of this system for use in periodontal therapy
(Fig. 6a) [112]. Duruel et al. developed a hybrid scaffold consisting of chitosan,
alginate, and PLGA which exhibited sequentially delivery of two growth factors,
namely IGF-1 and BMP-6. They found that this system supported the cell attach-
ment, tissue formation and also enhanced the cementoblast differentiation [113]. It
was shown by Amir et al. that by using a RGD peptide modified chitosan scaffold,
and by including cells sheets made out of periodontal ligament cells, formation of
periodontal tissue can be greatly enhanced (Fig. 6b) [114]. This RGD modified
chitosan scaffold was implanted in periodontal defects of Macaque nemestrina
monkeys and resulted in increased alveolar bone density and reduced the distance
between the apical crest of alveolar bone to the cementoenamel junction, indicative
of periodontal attachment gain and restored periodontium. Inclusion of recombinant
human amelogenin, one of the components of enamel matrix protein, into a
mesoporous hydroxyapatite and chitosan scaffold was shown by Liao et al.
[115]. This scaffold showed sustained release of amelogenin enhancing the
cementogenic differentiation and also showed antibacterial effect against
Fusobacterium nucleatum and Porphyromonas gingivalis. Sowmya et al. had devel-
oped a tissue specific tri-layered chitin-PLGA scaffold in which each layers was
tailored for cementum, periodontal ligament, and alveolar bone regeneration [83]. It
also delivered specific growth factors such as cementum protein 1, fibroblast growth
factor 2, and platelet rich plasma for enhancing the regeneration of cementum,
periodontal ligament, and alveolar bone. Implantation of these scaffolds in peri-
odontal defect model of rabbits indicated the concurrent formation of cementum,
fibrous periodontal ligament, and alveolar bone. Zang et al. developed chitosan and
anorganic bovine bone based scaffold [116]. They seeded this scaffold with human
bone marrow derived mesenchymal stem cells and implanted into infrabony
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periodontal defects in beagle dogs. Their study concluded that this cell seeded
scaffold system stimulated periodontal regeneration. It has been shown by Li et al.
that it is possible to encapsulate epigenetic modifying molecules such as trichostatin
into temperature dependent chitosan scaffolds [117]. This system showed that it is
possible to successfully deliver epigenetic modifiers in rat periodontal defects and
promote periodontal repair.

Fig. 6 Representative images of bio-active molecules loaded chitosan scaffolds developed for
periodontal therapy. (a) SEM images showing the human periodontal ligament stem cells on
CPC-chitosan scaffold. Right panel in top row is an enlarged view of the inset box. Yellow arrows
indicate cytoplasmic extensions [112]. (b) Micro CT images showing the healing of horizontal
periodontal defect when periodontal ligament cell sheet added RGD modified chitosan was used
[114]. Reproduced with kind permission from RSC and Thieme
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4.2 Hydrogels

Hydrogels are networked structures of one or more polymers, which can absorb
water and retain it between their polymeric networks [118]. By carefully designing
and customizing the polymeric networks, it is possible to control the amount of water
absorbed, amount of water retained, and the amount of swelling from a dry state.
These hydrated networks act as excellent microenvironments for cells to survive and
very good reservoirs for various bio-active molecules, drugs, and tissue fluids. As
discussed earlier, chitosan can be easily made into hydrogel, e.g., by neutralizing an
acidic solution of chitosan with sodium hydroxide [61] or by allowing chitosan
solution to react with pentasodium tripolyphosphate solutions [119]. Based on the
form and factor of application, chitosan hydrogels can be divided into non-injectable
and injectable forms. This section brings out examples of these categories of
chitosan hydrogel used in periodontal therapy.

4.2.1 Non-injectable Hydrogels

Chitosan hydrogels have been synthesized through enzymatical solidification
method, by using urease and urea solution [120]. Loading of periodontal ligament
cells was possible during the synthesis process of the hydrogel and this was
transplanted into intrabony periodontal defect in rats. Interestingly they found that
this even without cells was enough for the formation of periodontal ligament,
indicating its potential. Echazú et al. synthesized thymol loaded chitosan hydrogel
exhibiting antimicrobial and anti-oxidant property for use in periodontal treatment
[121]. Ma et al. have shown that thermosensitive chitosan hydrogel can be effec-
tively used a siRNA reservoir for treating periodontitis [122]. It was found that the
chitosan/β-glycerophosphate gel was able to maintain the functional RANK siRNA
and exhibited a release more than 15 days in vitro and up to 15 days in vivo thus
proving its potential to be used in periodontal tissue engineering. Jayash et al.
formulated a chitosan hydrogel with human osteoprotegerin protein which showed
sustained protein release in vitro, good cytocompatibility for human periodontal
ligament fibroblasts, and induced osteogenesis [69].

4.2.2 Injectable Hydrogels

Peng et al. developed a hydroxypropyl methylcellulose-chitosan composite inject-
able hydrogel which had mucoadhesive property [123]. Further they showed that
this hydrogel augments the killing of bacterial biofilms by photodynamic inactiva-
tion. A chitosan/gelatin/β-glycerophosphate injectable hydrogel was synthesized
along with the incorporation of a potent antibacterial agents vancomycin and
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metronidazole [124]. Shen et al. incorporated exosomes derived from the dental
pulpal stem cells into chitosan/β-glycerophosphate hydrogel and injected into mice
periodontitis model [125]. It was found that this system could alter the macrophage
polarization, reduced the periodontal inflammation, and promoted alveolar bone
formation. Utilizing this chitosan/β-glycerophosphate injectable hydrogel system,
Zang et al. added BMP-7 and ornidazole into this and showed it was possible for
sustained release of the peptide and the molecule [126]. The injectable chitosan
hydrogel with these molecules had antibacterial activity and also enhanced peri-
odontal regeneration in Class III periodontal defects in beagle dogs. A similar
chitosan/β-glycerophosphate/gelatin was showcased by Xu et al. [127]. They
showed that this injectable hydrogel can promote the regeneration of periodontium
by incorporating aspirin and erythropoietin into the hydrogel for a controlled release.
An in situ photocrosslinkable hydrogel was synthesized by Chichiricco et al., using
carboxymethyl chitosan, silanized hydroxypropyl methylcellulose, and riboflavin
phosphate [128]. This hydrogel system could be injected into periodontal pockets
and then can be crosslinked by visible dental light. After photocrosslinking, the
hydrogel showed cell barrier property thus a potential candidate for GTR membrane
(Fig. 7).

4.3 Fibers

Chitosan, either alone or combined with other polymers, can be drawn into micro or
nanofibers using the electrospinning technique. Advances in electrospinning tech-
niques have greatly helped to synthesize fiber and fiber mats with different config-
urations such as uniform size distributed fibers, multi size-distribution fibers,
multifilament fibers, random fibers, aligned fibers, micro and nanofibers in same
system, and so on. The main advantage of chitosan fibers is that they can form mesh
like structures wherein the mesh size can be easily controlled, very high surface area
to volume ratios, mimicking the fiber bundles of native tissue architecture and the
ability to be further processed into threads, sutures, gauze, sheet, and membranes.
Apart from electrospinning technique, wet spinning method can also be employed to
obtain fibers. In this method, chitosan solution is mixed with other polymers such as
collagen and is sprayed through a spinneret into alkaline solutions such as ammonia
to obtain the fibers [129].

Shalumon et al. developed a chitosan-PCL based nanofiber system, which con-
sists of incorporation of nanobioglass and hydroxyapatite, both of which are potent
osteoconductive materials [130]. Their studies showed that this chitosan-bioceramic
based nanofiber system was able to enhance the osteoblastic activity of human
periodontal ligament fibroblastic cells, thus suggesting for use in periodontal treat-
ment. Similarly, an electrospun PLLA/chitosan fiber membrane was synthesized by
Chen et al. [131]. This membrane was able to act as a barrier for fibroblasts while
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supporting the newly formed tissues, thus a potential candidate for GTR membrane
for use during periodontal therapy. Sundaram et al. have explored the possibility of
recreating the complex architecture of periodontal tissues by using a PCL
electrospun fiber membrane along with a second layer of chitosan and CaSO4

[132]. Their bilayer membrane construct was able to support the osteoblastic differ-
entiation of human dental follicle stem cells thus proving useful for simultaneous
regenerations in periodontal tissues. Qasim et al. showed that a graded electrospun
membrane coating made out of chitosan and polyethylene oxide supported the
viability of cells and also the mineral deposition, having a potential for periodontal
regeneration [133]. Emulsion electrospinning has been employed by Shen et al. to
produce nanofibers of chitosan/PLA [134]. They have utilized chitosan
nanoparticles to reinforce the PLA nanofibers. This fiber system enhanced the
osteogenic differentiation of bone marrow stem cells. Recently Niu et al. synthesized
polyamide-6/chitosan electrospun nanofibers and used this as a reinforcement for
nano-hydroxyapatite/polyamide-6 membranes for periodontal GTR application
[135]. This bilayer electrospun chitosan scaffold showed great bioactivity and
promoted osteoconductivity (Fig. 8). These are some of the recent studies showing
the great potential of chitosan fibers for use in periodontal regeneration.

5 Summary and Future Directions

From the above overview, it is very clear that chitosan serves a great biomaterial for
periodontal regeneration. It could be used in various stages and in different applica-
tions of periodontal treatment. It could be used as an antibacterial gel or solution to
prevent the progress of the periodontal disease. As the disease progresses, chitosan
constructs in the form of scaffolds, gels, or fibers could be used to promote the
regeneration of the specific tissue of periodontal complex. In order to further
enhance the tissue repair, periodontal tissue specific growth factors or molecules
could be incorporated and finely tuned for the proper spatio-temporal release. With
the advances in polymer chemistry day by day, chitosan based shape memory fibers
[136], suture filaments improved by addition of chitosan [73], flavanols loaded
chitosan gels [137], core-shell chitosan nanospheres [138], sulfonated chitosan
oligosaccharides [139], core sheathed nanostructured chitosan non-woven sheets
[140], and much more would provide a wide array of choices for the dental clinicians
to effectively treat and repair the periodontal diseases.
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Fig. 8 Bilayer fibrous membrane for guided bone regeneration. (a) Schematic explaining the
compositing of an electrospun fibrous layer with nano-hydroxyapatite solvent casting layer, yield-
ing a bilayered membrane. (b) SEM images of the different layers and the interface in the membrane
[135]. Reproduced with kind permission from Elsevier
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Abstract The discovery of sulfhydryl-modified polymers named thiomers in the
late twentieth century resulted in a reframing conceptualization of polymers and their
pharmaceutical use. As it is well known, the mucosal barrier in the body has a high
influence in drug delivery, leading to loss of drug or low bioavailability. Chitosan is
a wide known polymer commonly used in the pharmaceutical and medical field due
to its great properties. However, thiolated chitosan, as first generation, presents
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improvement in its mucoadhesive, as well as other properties compared to the native
chitosan. S-protected or second generation of chitosan overcomes stability and
oxidation problems. However, recent development of a third generation, less-
reactive, chitosan changes the recent drug delivery field completely.

Hence, second and third generation thiomers present enhanced mucoadhesive,
efflux pump inhibitory and controlled drug release properties, without (or with a very
small, almost non-notable) cell toxicity. In this article, the syntheses of thiolated,
S-protected and less reactive chitosan are elucidated. Furthermore, its properties,
more in detail, the cell viability and toxicity, permeation enhancement, efflux pump
inhibition, mucoadhesive properties and controlled drug release, are stated. Finally,
an overview of in vivo studies for buccal, nasal, ocular, oral and vaginal drug
delivery is given within this work as a proof of the concept.

Keywords Chitosan · Drug delivery · Mucoadhesion · Polymer · Thiol · Thiomers

1 Introduction

Chitosan, a well-known positively charged polysaccharide obtained from the alka-
line deacetylation of chitin, is easily found in nature in the skeleton of crustaceous or
in some fungi, for instance. The composition of chitosan is based on a random
distribution of β(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine units
[1]. This fact equips chitosan with some chemical properties such as its high charge
density at pH < 6.5, its adherence to negatively charged surfaces, its chelating
capacity to certain transition metals, or the reactivity of its amino and hydroxyl
groups. Furthermore, this compound is biocompatible, biodegradable, safe and
non-toxic, as well as versatile and presents antimicrobial activity [2–4].

The impressive research interest in chitosan is due to its great properties and
pharmaceutical potential. Thus, in the last decades, chitosan has played a very
important role in the pharmaceutical field for different purposes. It is widely used
as therapeutic agent carrier [5], as an absorption and permeation enhancer, as well as
a great mucoadhesive compound [6–8]. Although the presented features boost
chitosan to a great candidate for pharmaceutical and biomedical applications, a
first generation of thiolated chitosan, also known as thiomers, was developed in
the early 2000s to further develop its permeation, cellular uptake and mucoadhesive
enhancing properties [9, 10]. The method described by Bernkop-Schnürch et al. is
based on the immobilization of sulfhydryl groups in the primary amino group of the
glucosamine subunits of chitosan by a covalent attachment. Hence, amide or
amidine bonds are formed, depending on the synthesis pathway. The advantages
of thiolated chitosan in comparison to the unmodified compound are the following:
thiomers present enhanced mucoadhesive properties (I), thiolated excipients serve as
permeation and drug absorption enhancers (II), as well as inhibitors of the efflux
pump (III). Moreover, these compounds have the ability to form covalent linkages
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with the mucus. Nevertheless, thiolated chitosan is unstable towards oxidation and in
aqueous solutions, a fact that was overcome with the development of a second
generation of thiomers, named preactivated thiomers [11, 12].

Preactivated thiomers were firstly synthesized in 2012. These compounds
presented the possibility to protect the bound thiol groups towards oxidation.
Moreover, this resulted into upgraded properties in terms of mucoadhesiveness
compared to unmodified ones. However, thiol group protecting polymers or
S-protected thiomers are still not advantageous due to their high reactivity. Hence,
a less reactive S-protected thiomers named third generation is currently being studied
and developed, which should not only solve the reactiveness problem, but also
improve the mucoadhesive properties of the preactivated thiomers [13].

Research on chemical functionalization on chitosan’s backbone is paving the
mucoadhesive street for drug delivery research areas.

2 Synthesis of Thiolated Chitosan

2.1 First Generation: Thiolated Chitosan

The thiolation process of chitosan can be classified taking into account the radicals
affected by the substitution as it follows methods that affect the hydroxyl groups,
methods that affect the amino moieties, or the methods affecting both the hydroxyl
and amino radicals of chitosan. Furthermore, a deeper grouping can be done as per
the way how the sulfhydryl groups are introduced, either by direct substitution or by
the attachment of a thiol bearing ligand [14, 15]. However, the mostly used proce-
dure for the thiomerization of this compound is based on the previous description to
covalently attach thiol bearing ligands, such as L-cysteine or thioglycolic acid, to the
polymeric backbone [9, 16].

Briefly, the polymer is hydrated and the thiol bearing ligand is added. It is of great
importance that there is a huge variety of ligands being utilized for the thiolation
procedure (Table 1). Afterwards, the addition of N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDAC) is necessary in order to activate the
carboxylic moieties and the mixture at pH 4.5 is left under stirring at room temper-
ature for an incubation period. The obtained conjugate is later dialysed and lyoph-
ilized to obtain a white powder [1, 17].

2.2 Second Generation: Preactivated/S-Protected Chitosan

The second generation of thiolated polymers was launched to the pharmaceutical
platform in 2012. These are also known as preactivated, or S-protected, thiomers,
and present the capacity of protecting the thiol groups towards oxidation. In contrast
to the first generation of thiomers, these S-protected thiolated compounds have
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improved mucoadhesive properties, among others that are also upgraded. However,
an important drawback of these thiomers is the high reactivity presented [13].

As shown in Table 2, the classic method to obtain an S-protected thiolated
polymer encompasses the use of mercaptonicotinic acid. This compound is the
most used to protect the thiol groups of the substances. Indeed, in the second method
shown, the procedure is almost the same, but EDTA is used to activate the carboxylic
moieties of the chitosan. The main difference between method one and method two
relies on the use of EDTA, indeed.

2.2.1 Method 1: Chitosan-TGA Conjugates

The classic method to preactivate thiolated chitosan goes as following: the previ-
ously thiolated chitosan with thioglycolic acid is dissolved in water in a 1% (w/v)
final concentration. Then, the dimeric ligand, previously prepared by agitating a
solution of mercaptonicotinic acid in water with hydrogen peroxide (26 mM) during

Table 2 Comparison of the two of the methods used in order to obtain preactivated thiolated
chitosan [24–26]

Method 1: classic Method 2: EDTA

Materials Chitosan, thioglycolic acid, EDAC,
acetic acid, NaOH, HCl, NaCl, MNA,
hydrogen peroxide

Chitosan, EDTA, acetic acid,
L-cysteine, hydrochloric acid, sodium
hydroxide, hydrogen peroxide, 2MNA

Synthesis Step 1: Synthesis of thiolated chitosan
(Ch-TGA)
Step 2: Synthesis of the dimeric ligand
Step 3: Synthesis of preactivated
thiolated chitosan (Ch-TGA-2MNA)

Step 1: Synthesis of Ch-EDTA conju-
gates
Step 2: Synthesis of thiolated
Ch-EDTA conjugated (Ch-EDTA-cys)
Step 3: Synthesis of preactivated Ch-
EDTA-cys conjugated (Ch-EDTA-cys-
2MNA)

Purification Dialysis (MWCO 12 kDa)
Step 1 and step 2 follow the same pro-
cedure:
One time against 5 mM HCl, two times
against 5 mM HCl (1% NaCl), two
times against 1 mM HCl.

Dialysis (MWCO 10–20 kDa)
Step 1: One time against demineralized
water, two times against 1 mM NaOH
with 1% NaCl, two times against 1 mM
NaOH, one time against demineralized
water
Step 2: Two times against 1 mM HCl,
two times against 1 mM HCl with 1%
NaCl and one time against 0.2 mMHCl.
Step 3: Five times against
demineralized water

SH (μmol/
g of
polymer)

Ch-TGA: 334 � 24
Ch-TGA-MNA: 40.05 � 6

Ch-EDTA-cys: 1,541 � 252.5
Ch-EDTA-cys-2MNA:
1,560.5 � 291.8

Ch Chitosan, TGA Thioglycolic acid, cys Cysteine, EDAC N-(3-Dimethylaminopropyl)-N0-ethyl-
carbodiimide, EDTA Ethylenediaminetetraacetic acid, NAOH Sodium hydroxide, HCl
Hydrochloric acid, NaCl Sodium chloride,MNAMercaptonicotinic acid,MWCOMolecular weight
cut-off
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1 h at pH 9.0 and afterwards a lyophilisation process, is added dropwise in a final
concentration of 2.7 mM. This mixture is then left under constant stirring at room
temperature to ensure that the reaction takes place, followed by a dialysis and
posterior lyophilisation process [24].

2.2.2 Method 2: Chitosan-EDTA-cys Conjugates

Ethylenediaminetetraacetic acid (EDTA) is well known as a chelating agent. Among
all the advantageous properties of this chemical compound, it is to mention the
capacity of complexation for bivalent ion metals as well as its high adhesive
properties when combining it with therapeutic polymers [27].

In order to obtain the chitosan-EDTA (Ch-EDTA) conjugate, a covalent attach-
ment via amide bond formation is the most commonly used method. Thus, a first step
in the synthesis reaction has to be performed. This is based on the dissolution of
chitosan in hydrochloric acid, where EDTA is added in order to activate the
carboxylic moieties. This mixture has to be left under stirring for 5 h at room
temperature. Afterwards, a purification process based on dialysis has to be carried
out. The second step in the synthesis process is the thiolation of these Ch-EDTA
conjugates. For this purpose, the previously published thiolation process using
L-cysteine was executed, where Ch-EDTA is firstly hydrated and the carboxylic
moieties are activated, step followed by the addition of L-cysteine. The mixture is
left under stirring at room temperature for 3 h followed by purification via dialysis.
The third step is performed in order to obtain the preactivated Ch-EDTA-cys
conjugates (Ch-EDTA-cys-2MNA) [25]. In brief, the Ch-EDTA-cys is mixed with
a prepared 2MNA dimer, and the reaction mixture is mixed overnight at room
temperature. So as to obtain the product, a purification process via dialysis has to
be carried out [26].

2.3 Third Generation: Less Reactive S-Protected Chitosan

Recently, Netsomboon et al. have developed an approach to a third generation of
thiolated chitosan in order to solve the reactivity problem that the second generation
of these compounds presents. The hypothesis supports the fact that the reactivity of
preactivated thiolated polymers is high with the thiol groups presented in the
superficial area of the mucus gel layer. Hence, the penetration of these compounds
is hindered, problem that a less reactive S-protected thiomers could solve.

The study performed by the research group involves two methods for the syn-
thesis of S-protected chitosan (Table 3). The most prominent difference is the kind of
variety in the leaving group, which is corresponding to NAC-6-MNA and
NAC-NAC dimer for the first and second method, respectively. However, the results
reported no significant difference regarding the amount of immobilized thiol groups
and disulphide bond formation, as shown in Table 3 [13].
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3 Properties

3.1 Toxicity and Cell Viability

Cytotoxicity assays are commonly performed as a first-step indicator to evaluate the
effectiveness of the new synthesized polymer in terms of potential harm. To evaluate
cell viability, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide)
and resazurin assays are usually carried out (Fig. 1).

Perrone et al. [28] studied the cytotoxic effect of preactivated thiolated glycol
chitosan using the MTT assay protocol. Results showed an increase in cell viability
with lower tested concentration of polymer. Indeed, the viability was over 85% for
samples with 0.02 mg of modified polymer/mL of medium and lowered to about
80% for those samples with a concentration of 2 mg/mL, resulting in not being
harmful for Caco-2 cells [28]. In contrast, Netsomboon et al. [26] carried out the cell
viability test by the use of the resazurin test in Caco-2 cells. Results exhibited a lower
cell viability for cells treated with Ch-EDTA in comparison to cells treated with the
thiolated and preactivated conjugate of this compound. Indeed, for a concentration of
0.5% (w/v), cell viability was observed to be 89%, 99% and 95% after 4 h for
Ch-EDTA, Ch-EDTA-cys and Ch-EDTA-cys-2MNA, respectively [26].

Table 3 Comparison of the two methods used in order to obtain less reactive S-protected thiolated
polymer [13]

Method 1: CS-NAC-MNA Method 2: CS-NAC-NAC

Materials Chitosan, 6-chloronicotinamide, thiourea, NAC-6-
MNA, S-(5-carbamyl-2-pyridyl) thiouranium chlo-
ride, 6-MNA, 6,60-dithionicotinamide

Chitosan, NAC-NAC
dimer, deionized water,
EDAC

Synthesis Synthesis of CS-NAC-MNA Step 1: NAC-NAC dimer
preparation
Step 2: Synthesis of
CS-NAC-NAC

Purification Dialysis (MWCO: 10–20 kDa), freeze and lyophi-
lize. Storage at room temperature

Dialysis, freeze and
lyophilize. Storage at
room temperature.

Yield (%) 85.4 64.7

SH (μmol/g
of polymer)

Not detectable Not detectable

S-S (μmol/g
of polymer)

566.7 � 32.2 610.0 � 91.3

Ch Chitosan, TGA Thioglycolic acid, NAC N-acetyl cysteine, EDAC N-(3-Dimethylaminopropyl)-
N0-ethyl-carbodiimide, MNA Mercaptonicotinic acid, MWCO Molecular weight cut-off
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3.2 Mucoadhesive Properties

In vitro mucoadhesive studies commonly include the rotating cylinder method and
tensile studies. When performing these assays, the mucosa of interest can be used
taking into account the desired application of the compound. On the one hand, the
rotating cylinder method is used to evaluate the capacity of the polymer under study
to adhere to mucosal surfaces. The method is a good option to simulate in vivo
conditions, such as gastrointestinal motion or the application of a shear force, which
can be provoked by fluids. On the other hand, tensile studies are used to determine
two very important properties: the maximum detachment force (MDF), in mN, and
the total work of adhesion (TWA), in μJ. The first one is the necessary force that has
to be applied so that the polymer is detached from the mucosal surface, while the
second one corresponds to the sum of the necessary work to detach the polymer,
calculated as force multiplied by distance.

For instance, Perrone et al. [28] obtained a 1.4-fold increase in the residence time
of S-preactivated thiolated glycol chitosan (GC-NAC-MNA) in comparison to the
thiolated polymer (GC-NAC) and a 4.6-fold enhanced residence time for the
S-preactivated thiolated chitosan modified with glutathione (GC-GSH-MNA) in
comparison to the thiolated precursor (GC-GSH). These results were confirmed
with tensile studies, exhibiting a 2.4-fold and twofold enhanced MDF for the
S-preactivated polymer GC-NAC-MNA and GC-GSH-MNA in comparison to the
correspondent thiolated compound, respectively. Furthermore, TWA showed a 4.88-
fold increase for GC-NAC-MNA in comparison to GC-NAC and a onefold enhance-
ment for GC-GSH-MNA in comparison to GC-GSH (Fig. 2) [28].

Mucoadhesive studies carried out by Netsomboon et al. [26] showed an increase
in the residence time of Ch-EDTA-cys-2MNA, compared to Ch-EDTA and
Ch-EDTA-cys, of 5.6-fold and 3.6-fold higher, respectively. Tensile studies also
exhibited an enhancement of MDF and TWA of 1.4- and 1.3-fold of Ch-EDTA-cys
in comparison to Ch-EDTA, respectively. Moreover, Ch-EDTA-cys-2MNA com-
pared to Ch-EDTA exhibited a 1.7- and 2.6-fold increased MDF and TWA,
respectively [26].

3.3 Rheological Studies

Rheology assays are performed in order to study the interaction between mucus and
polymer of interest due to the change in the flow behaviour of the mixture [29]. By
this method, viscoelasticity of the polymer under study can be determined under
certain controlled environmental conditions and other properties such as the dynamic
viscosity or the elastic modulus can be measured [30].

As it is a worldwide used technique, most research groups perform rheological
studies when characterizing a compound. Indeed, Hintzen et al. determined a 1,087-
fold increased dynamic viscosity of thiolated chitosan (Chi-TGA) after 1 h of testing
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[17]. Friedl et al. were able to determine that the mucoadhesiveness of preactivated
chitosan (Chi-TGA-MNA) is 1.5-fold improved in comparison to commercial
formulations [30].

3.4 Permeation Enhancement Effect

Chitosan presents permeation-enhancing properties due to its positive charges,
which are capable of interacting with the cell membrane resulting in a structural
reorganization of the proteins associated to tight junctions. Moreover, molecular
mass and degree of deacetylation of the compound play an important role in the
permeation enhancement capacity, as well as the toxicity of the molecule [31]. In
Fig. 3 the improvement in the oral bioavailability of hydrophilic drugs is shown
when the administration is performed with only chitosan, chitosan with a
co-administrator such as dodecylsulfate, or thiolated chitosan [7].

Illum et al. firstly reported the permeation enhancing properties of chitosan in
1994. This ability is of great interest for the increase in the paracellular absorption
route for hydrophilic drugs [32]. However, the good properties of chitosan can be
improved by performing a thiolation of this polymer. Indeed, an improvement ratio
of up to 5 when testing in Caco-2 monolayers in comparison to unmodified chitosan
was achieved by the immobilization of thioglycolic acid on chitosan with a modi-
fication degree (μM/g) of 27 [34]. Another study showed a permeation enhancing

Fig. 2 X-fold enhancement in the residence time of S-preactivated thiolated chitosan in rat
intestine mucosa. GC-NAC-MNA and GC-GSH-MNA correspond to second generation,
S-protected, thiolated chitosan carried out by two different methods, while GC-NAC and
GC-GSH correspond to the first generation, thiolated chitosan [28]
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effect of chitosan-4-thio-butyl-amidine conjugates (Chitosan-TBA) with an
improvement ratio in comparison to unmodified chitosan of over 140 with a degree
of modification of 95 μM of TBA per gram of unmodified polymer [35].

3.5 Efflux Pump Inhibition

The efflux pump is composed of the P-glycoprotein (P-gp), encoded by a multidrug
resistance gene 1 (MDR1). Anionic thiomers have started being attractive P-gp
inhibitors. In recent studies performed by Bernkop-Schnürchs’ research group, the
P-gp inhibitory properties of synthesized chitosan-thioglycolic acid (Chi-TGA) and
its S-protected derivative (Chi-TGA-6MNA) were studied. For this, intracellular
accumulation of Rhodamine-123, and Rho-123 transportation across a Caco-2 cell
monolayer and excised rat intestines were measured. On the one hand, results for the
experiments performed in Caco-2 cell monolayers exhibited a noteworthy enhance-
ment in the intracellular Rho-123 and more transportation was observed from the
absorptive direction and less in the secretory. On the other hand, results observed in
freshly excised rat intestine transportation exhibited a concentration-dependent
transportation of Rho-123. Four features were taken into account to determine the
P-gp inhibitory mechanism of thiolated and S-protected chitosan. The first one was
the level of expression of P-gp. The second, the ATPase activity of the efflux pump.
Thirdly, the intracellular levels of ATP were considered and lastly, the plasma
membrane fluidity. Outcomes of the experiments did not exhibit any change in the

Fig. 3 X-fold improvement in the oral bioavailability of ganciclovir due to the permeation
enhancement effect of chitosan. Ch: unmodified chitosan; Ch + SDS: chitosan administered with
sodium dodecylsulfate; Ch-SH: first generation, thiolated chitosan [32–34]
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P-gp expression or intracellular ATP, while plasma membrane fluidization and the
P-gp ATPase activity decreased, leading to the thought that these factors affect the
efflux pump inhibitory effect of chitosan [36, 37].

3.6 Controlled Drug Release Properties

Release studies are carried out in order to evaluate the controlled drug liberation
properties of the system. Thus, dissolution experiments are usually performed
mimicking the biological conditions of the target site. The fact that chitosan has
great mucoadhesive properties makes this a polymer of interest in terms of controlled
drug release. Requirements for a controlled release comprise cohesion and stability
of the system. Thiolated chitosan present these claims due to the capability to form
disulphide bonds between the mucosal glycoproteins and the thiol groups of their
polymeric backbone.

Results obtained by Perrone et al. [28] showed that the preactivation of thiolated
polymers conduce to a more intimate contact with the epithelial barrier, increasing
the time of residence of the drug and controlling its release. In Fig. 4 the results of the
dissolution efficiency (DE) and the percentage of dissolved drug after 30 min of
incubation are shown [28].

Fig. 4 Dissolution efficiency (DE) and drug dissolved in 30 min, all in terms of percentage
[28]. GC Glycol chitosan, GC-NAC Thiolated glycol chitosan, GC-NAC-MNA Preactivated
thiolated glycol chitosan,GC-GSH Thiolated glycol chitosan,GC-GSH-MNA Preactivated thiolated
glycol chitosan
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4 In Vivo Studies: Proof of Concept

To evaluate the safety of the systems, as well as other properties such as
mucoadhesiveness or bioavailability, in vivo studies have to be performed. This is
important because in some cases, in vitro studies can be promising, but drug efficacy
or safety can be a failure in the in vivo experiments due to the multiple metabolic
processes that are continuously taking place in the living organism. As there are
many different administration routes (Table 4), the in vivo studies will be different
for each one of them.

Table 4 Comparison of advantages and disadvantages of some delivery routes

Advantages Disadvantages

Buccal
drug
delivery

• Rich vascularization
• Better access for administra-
tion and removal of the dosage
form
• High patient acceptability
• Avoids hydrolysis in the GI
tract
• Avoids “first-pass” effect
• Rapid cell recovery

• Low permeability
• Smaller surface area
• Saliva secretion (0.5–2 L/day) results in a
dilution of the drug, involuntary removal of the
dosage form, or loss of the drug due to
swallowing

Nasal
drug
delivery

• Large absorptive surface area
• High vascularity of nasal
mucosa
• Direct transport of drug into
the systemic circulation
• Avoids “first-pass” effect
• Avoids degradation in the GI
tract

• The normal physiology of the nasal cavity
presents several barriers to peptide and protein
drug absorption
• Mucociliary clearance mechanism
• Enzymatic degradation
• Low permeability of the nasal epithelium

Ocular
drug
delivery

• Local effect • High tear turnover and pre-corneal tear
turnover lead to loss of drug

Oral drug
delivery

• No specialist needed
• Good targeted effect
• Very studied and researched

• GI tract enzymatic degradation
• Stomach acidic hydrolysis
• First-pass metabolism

Vaginal
drug
delivery

• Local effect
• Easy drug application
• High contact surface area
• High vascularity
• Good permeability to several
substances
• Avoids first-pass effect
• Avoids GI tract side effects

• Infection with Candida albicans
• Hormonal changes
• Menstrual cycle
• Histology and physiology of the vagina
varies with age
• Endometrial fluids
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4.1 Buccal Drug Delivery

The buccal administration route is a great alternative to the oral drug delivery route
in order to overcome the first-pass metabolism, as well as the degradation of the
compound in the stomach and small intestine due to the acidic conditions. One of the
most problematic drawbacks presented in this administration route is the short
residence time of the drug in the oral cavity. Hence, the use of polymeric compounds
is of great interest when the mucoadhesive properties of the polymer are adequate.
Moreover, the absorption through this administration route can occur either in the
sublingual or local regions. The main applications of this drug delivery route enclose
from toothache to bacterial infections [7, 38].

In order to understand the properties of buccal drug delivery systems, such as the
permeability or mucoadhesion, it is of great interest to have knowledge of the
anatomy of the buccal mucosa. It is composed of three main layers: the epithelium,
which is divided into two areas: the keratinized and the non-keratinized, the base-
ment membrane, which serves as mechanical support for the first layer, and the
connective tissues, which include the blood vessels and present a rich arterial blood
supply derived from the carotid artery. The whole oral cavity is covered by mucus,
which is composed of water-insoluble glycoproteins and serves as a protective
barrier for the cells [39, 40].

So as to release the drug through this administration route, there are different
types of systems that can be used: buccal tablets, patches, films, gels and ointments,
and excipients, such as nanoparticles [38, 41].

In 2014, Mortazavian et al. designed, developed and characterized nanoparticles
composed of thiolated chitosan to delivery insulin through the buccal route in order
to avoid injections and enhance the patient compliance for insulin administration. To
characterize, several studies were carried out by in vitro and ex vivo methods. The
general results show that when using thiolated chitosan in the nanoparticles formu-
lation, the drug release is up to 97.18% after 8 h, and the burst release appears to be
14.39%, which is notably higher in comparison to unmodified chitosan, demonstrat-
ing sustained release [42]. Another type of tested drug delivery system are buccal
films. Koland et al. evaluated in vitro and in vivo chitosan buccal films of
ondansetron hydrochloride. Results show that formulations with
polyvinylpyrrolidone (PVP K30) present enhanced drug release properties. The
formulation containing chitosan (0.8 g), PVP (0.09 g) and glycerine (0.4 mL)
shows the best release in vitro, with a percentage of up to 98.5 after five
h. Moreover, when performing in vivo studies, this film formulation showed a
slower, but greater extent of release in the same period of time and enriched
mucoadhesive properties in comparison to other formulations used. By these studies,
the pharmacokinetic parameters of ondansetron hydrochloride were tested in rabbits.
When comparing the buccal film to an oral solution with the same drug, a significant
increase in the Cmax, Tmax and AUC0-1 of 8.67, 1.75 and 118.349, respectively, was
observed [43].
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4.2 Nasal Drug Delivery

Among other problems presented by most administration routes, the degradation of
drugs in the gastrointestinal sites and low bioavailability are the most common. A
convenient and reliable administration route to overcome this might be the intranasal
drug delivery. In this case, the drug can be directly absorbed into the blood vessels
present in the nasal cavity, which also presents a very high surface area and
vascularity of mucosa. Thus, drugs can be directly transported into the systematic
circulation and the first-pass metabolism can be avoided. However, the nasal cavity
has also peptide and protein absorption barrier systems in its physiology [7, 44].

Studies performed by Wu et al. to investigate a new nasal drug delivery system
based on a, at room temperature, sprayable thermosensitive hydrogel composed by
chitosan, which, in contact with the nasal mucosa and the elevated temperature
(37�C) turned into a viscous gel-like compound showed that this new formulation is
of great interest for nasal drug delivery. Moreover, it apparently presents no toxicity
and has a high patient compliance. Furthermore, the controlled drug release exper-
iments exhibited that the most promising formulation of hydrogel was when using
PEG 6000, showing an up to 60% of drug release in within 40 days [44].

Krauland et al. [45] researched and developed a microparticulate delivery system
based on thiolated chitosan. The chitosan-TBA conjugate presented
304.89 � 63.45 μmol of thiol groups per gram of unmodified polymer. Although
the results of studies with insulin as model drug showed a bioavailability of
7.24 � 0.76% in living rats, these are low compared to previous studies performed
by other research groups [45]. For instance, Callens and Remon reached 14.4% of
bioavailability in rabbits [46]. A chitosan-powder based formulation exhibited to be
up to 17.0% bioavailable in sheep [47].

4.3 Ocular Drug Delivery

In order to treat superficial eye diseases or provide an intra-ocular treatment through
the cornea, the topical ocular drug delivery route is the preferred one. However, this
presents disadvantages such as the pre-corneal loss of drug due to drainage and high
tear turnover. Moreover, chitosan presents permeation-enhancing properties and no
toxicity, rendering in a great candidate for ocular drug delivery in forms of liquid or
nanoparticulate formulations as well as hydrogels [7, 48].

Studies carried out by De Campos et al. [49] showed that the interaction between
chitosan and the ocular surface is higher and stronger when the polymer is presented
in a nanoparticulate formulation. In vivo experiments were performed in rabbit
cornea and confocal fluorescence images indicated a paracellular mechanism of
transportation for chitosan. Moreover, these nanoparticles composed of chitosan
showed an ability of associating to the mucosal surface and a longer residence time,
enhancing and controlling the drug release in the cornea [49].
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Further experimental procedures using chitosan as main polymer for the ocular
delivery of pharmaceutical compounds led to the statement, that, when using
nanoparticles as carrier systems, the size is a very important variable. Indeed, this
parameter has a close relationship with the ability of the systems to interact with
mucosal surfaces in general, but in particular with the ocular mucosa. Evaluations of
these phenomena were performed by Diebold et al. [50], resulting in a maintained
stability of the systems and higher size, up to 755.3 � 30.0, 491.2 � 1.9 and
407.8 � 9.6 nm when developing liposome-chitosan nanoparticulate systems com-
posed of distearoylphosphatidylcholine (DSPC), dipalmitoylphosphatidylserine
(DPPS), dipalmitoylphosphatidylcholine (DPPC) and cholesterol (CHOL) in a pro-
portion of 6:0:1:4, 6:0:0:4 and 0:0:6:4, respectively. Nanoparticles made of chitosan
were obtained by the mixture of this compound with pentasodium tripolyphosphate
in a 3:1 ratio [50].

Although chitosan exhibits mucoadhesive properties, when thiolation occurred
those features become even more enhanced. As thiolated chitosan presents several
advantageous features in comparison to unmodified chitosan, nanoparticles thereof
are convincing as drug delivery systems with improved features. Thus, nanoparticles
composed of thiolated chitosan were developed and studied by Zhu et al.
[51]. Results obtained after experimenting with the modified nanoparticles in rat
corneas exhibited that these are capable of delivering more drug into the cornea in
comparison to unmodified nanoparticles at the same time of operation [51].

4.4 Oral Drug Delivery

As already stated the oral administration route is the most popular and used one
among all the drug delivery pathways due to the ease of administration and the
patience compliance. Nevertheless, the oral administration route presents a wide
variety of drawbacks, such as the poor absorption of macromolecular drugs, like
peptides, or the limited controlled drug delivery [5, 7]. As most of the gastrointes-
tinal tract is covered by a mucus layer, it is of great interest to use thiolated vehicles
for the transport of the drug to the target site and, due to its great mucoadhesive
properties, enable a controlled and prolonged drug release. Thus, the oral is the most
investigated mucosal drug delivery administration route. Drug carriers can go from
nanoparticles to micelles or liposomes [52].

Krauland et al. carried out in vivo evaluation studies of a delivery system based
on thiolated chitosan in 2004. Results exhibited a threefold enhancement, which
corresponds to a relative pharmacological efficacy of 1.69 � 0.42%, in rats. More-
over, these systems presented excellent mucoadhesive properties [33].

Millotti et al. [53] evaluated in vivo different properties and parameters of
interest. Results showed an increase of the AUC of 4.78-fold and 21.02-fold for
thiolated chitosan of 20 kDa and thiolated chitosan of 400 kDa, respectively, in
comparison to unmodified chitosan. Moreover, an improvement in the
mucoadhesive properties and an influence of the molecular mass of the polymer
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on the mucoadhesion extent was observed. Other properties tested were the Cmax and
the bioavailability. On the one hand, results for the 20 kDa thiolated chitosan in
comparison to unmodified chitosan showed a 19.48-fold enhancement in the Cmax

and a 4.86-fold increase in bioavailability. On the other hand, results for the 400 kDa
modified chitosan in comparison to non-thiolated chitosan presented a 14.34-fold
and 24.5-fold increase for Cmax and bioavailability, respectively [53]. Bioavailability
studies using Wistar rats performed by Fabiano et al. showed that nanoparticles
composed of second generation, S-protected, thiolated chitosan presented a signif-
icantly higher bioavailability in comparison to nanoparticles composed of
unmodified chitosan. In fact, maximal concentration (Cmax) and maximal residence
time (Tmax) increased in 0.24 μg/mL and 1 h, respectively [52].

More studies carried out with preactivated thiolated chitosan exhibited a
157.35 μg/mL and 1 h increase in the Cmax and Tmax compared to native chitosan
in rabbits. Moreover, the elimination half-life was enhanced in a fourfold improve-
ment. This research group also studied the AUC0-t, AUC0-1 and AUMC0-1,
obtaining results of 1,532.83, 2,124.5 and 36,794.5 μg/mL, respectively, which,
compared to the unmodified drug solution, exhibit an increase of 1,347.18, 1,905.75
and 35,947.18 μg/mL, respectively [24].

4.5 Vaginal Drug Delivery

An alternative for the treatment of diseases, with local or systemic effect, is the
vaginal delivery. This local drug release method is commonly used in pharmaceu-
tical applications such as the administration of antibacterials, antifungals, antivirals
or steroids due to its advantages, being the ease of drug absorption, high blood
supply, high contact surface area and the avoidance of the first-pass metabolism.
However, the drawbacks of this alternative administration route are of high impor-
tance at the moment of performing in vivo studies. Such disadvantages embed the
histological and physiological variation of the vagina with age, menstrual cycle and
hormonal changes. Moreover, there is also present the secretion of endometrial
fluids [54].

Safety studies performed in vivo by Meng et al. [55] showed that microspheres
composed of thiomers had an eightfold increased drug effective dose. Optical
microscopy examination of the vaginal epithelium 1 and 7 days after the incorpora-
tion of the drug was carried out showing an increase in lymphocyte infiltration,
which indicated inflammatory response to the system. Although results are not the
optimal, thiolated microspheres are considered as a good candidate as drug delivery
systems of small-molecule and water-soluble therapeutic molecules, as well as a
promising vaginal delivery system to prevent HIV transmission [55].
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5 Conclusions

Within this work, three main topics have been elucidated, namely synthesis of three
generations of chitosan, their obtained properties as well as their proof of concept.

Regarding the synthesis of thiolated chitosan, different techniques are available
depending on the conjugate of interest. However, Chi-TGA is the most promising
one, having obtained up to 855� 7 μmol of thiol group per gram of polymer. Second
generations are also known as preactivated thiolated chitosans. There are also
divergent synthesis pathways, although the most common ones are the classic
method and the EDTA-based method. Less reactive S-protected chitosans, or the
third generation of chitosan thiomers, are the most newly studied conjugates. Two
methods have been developed recently and both are based on the non-detectability of
thiol groups and a disulphide bond detected between the range of 550 and 610 μmol
of S-S per gram of polymer.

Concerning the obtained features, it has been proved that cell viability of thiolated
chitosan and preactivated thiolated chitosan is up to 99 and 95% when using a
concentration of 0.5% (w/v) after 4 h of incubation. In regard to the mucoadhesive
properties, the S-protected chitosan conjugate Ch-EDTA-cys-2MNA presents a 5.6-
fold and 3.6-fold increased residence time in comparison to Ch-EDTA and
Ch-EDTA-cys, respectively. Furthermore, rheological studies exhibited a 1.5-fold
higher mucoadhesiveness of Ch-TGA-MNA in comparison to already commercially
available formulations. The permeation enhancing properties of chitosan were
already stated. However, thiolated chitosan shows ability of approximately 30-fold
increase compared to native chitosan. In addition, studies lead to the thoughts that
chitosan has P-gp inhibitory effects. Another interesting characteristic of these
compounds is the controlled drug release capacity. It has been under study that
preactivated thiolated chitosan is capable of having a more intimate contact with the
epithelial barrier, which results in a higher residence time and thus, a controlled drug
release.

With respect to the in vivo proof of concept studies, several conclusions can be
established. The buccal drug delivery is a great alternative to the oral administrative
route, presenting an 8.67, 1.75 and 118.349-fold increase of the Cmax, Tmax and
AUC0-1, respectively, when tested in rabbits. About the nasal delivery route,
bioavailability in rats has been found to be 7.24%. However, studies in rabbits and
sheep have also been performed. Considering the ocular drug delivery, enhanced
release has been found out to be when administrating the drug with nanoparticles
composed of thiolated chitosan and preactivated thiolated chitosan. The oral admin-
istration route is the preferred drug delivery route. Studies determined an enhanced
Cmax and Tmax of thiolated and preactivated chitosan in comparison to the
unmodified compound in rabbits. Finally, vaginal drug delivery presents to be a
good option when administrating microspheres composed of thiolated chitosan for
the delivery of small and water-soluble molecules.

In conclusion, although thiolated chitosan provides enhanced properties regard-
ing its mucoadhesiveness, efflux pump inhibition and controlled drug release,
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preactivated or second generation of thiolated chitosan present greater and enhanced
properties. Moreover, to overcome some limitations of these, a third generation is
being studied and first reports exhibit an increase in most properties. Research on
chemical functionalization on chitosan’s backbone is paving the mucoadhesive
delivery avenue in the not too far future.
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Abstract Appropriate gene carriers are vital components of gene therapy for
treating numerous intractable diseases. Compared with viral carriers, non-viral
carriers exhibit lower immunogenicity and higher biosafety, which have received
increasing attention. In particular, among non-viral vectors, gene vectors based on
chitosan derivatives are considered a promising gene therapy tool and have been
extensively studied due to the biocompatibility, biodegradability, and modifiability
of chitosan. In this review, we first discussed the influence of chitosan parameters on
the efficiency of gene therapy. More importantly, we summarized the recent research
progress in various diseases of chitosan derivatives to deliver different gene therapy
substances including plasmid (pDNA), short interfering RNA (siRNA), short hairpin
RNA (shRNA), microRNA (miRNA), and clustered regularly interspaced short
palindromic repeats-associated endonuclease 9 (CRISPER-Cas9) system. Finally,
the current challenges and future directions of chitosan derivatives as gene carriers
are also proposed.

Keywords Chitosan derivatives · Gene carriers · Gene editing · MicroRNA ·
Plasmid DNA · Short hairpin RNA · Short interfering RNA

1 Introduction

Gene therapy is a prospective medical method that has huge therapeutic potential to
cure a variety of inherited and acquired diseases at the genetic level [1–4]. One of the
critical steps for gene therapy is to deliver a sufficient amount of nucleic acids
[plasmid DNA (pDNA), short interfering RNA (siRNA), short hairpin RNA
(shRNA), microRNA (miRNA), etc.] into targeted sites. However, nucleic acids
are unstable and prone to be degraded in vivo. Besides, since nucleic acids are
anionic biological macromolecules, naked therapeutic genes are burdensome to pass
through cell membranes and easily degraded by nucleases in the cytoplasm. Thus,
gene delivery vehicles are very crucial in gene therapy [5, 6].

Currently, gene vectors are mainly divided into two categories: viral carriers and
non-viral ones. Viral vectors can realize long-term expression and relatively efficient
transfection efficiency [7]. However, complex production processes, immunogenic-
ity, low loading capacity, and lurking infectious probability have become the main
obstacles for the widespread use of viral vectors [8]. Compared with viral vectors,
non-viral vectors are expected to solve various limitations of viral vectors due to
their simple production, low immunogenicity, and better biosafety, which have been
extensively studied [9–13]. Among non-viral systems, cationic polymers are one of
the most concerned categories in gene therapy. Polymers such as polyethylenimine
(PEI), chitosan (CS), polyamide (amidoamine) (PAMAM), and poly (L-lysine)
(PLL) possess several free amine groups and therefore are positively charged
[14, 15]. Cationic polymers based on high positive charge densities are efficient
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for several important steps of transfection including gene loading, cellular uptake,
and endosomal escape, but have rather high toxicity, resulting in cell death [11, 16].

It’s worth noting that chitosan is a special case of cationic polymers because it is
biodegradable, biocompatible, and almost non-toxic in animals as well as humans
[14, 17–19]. Chitosan is a kind of natural cationic polysaccharide materials
consisting of repeating D-glucosamine and N-acetyl-D-glucosamine units connected
by (1–4) glycosidic bonds and is obtained by deacetylation of chitin which can be
isolated from the exoskeleton of crustaceans (crabs, krill, shrimp, etc.), insects, and
from cell walls of fungi [14, 20]. In addition to its biodegradability and non-toxicity,
chitosan can effectively condense negatively charged nucleic acid through its abun-
dant amine groups and prevent nucleic acid from being degraded by nucleases or in
serum [21]. Mumper et al. have attempted to use chitosan as a gene therapy vector
for the first time [22]. Since then, chitosan as one of the gene carriers has gained
increasing interest attributed to the aforementioned proper qualities of chitosan for
gene delivery [23]. However, there are some limitations in the use of chitosan as a
gene delivery vector. The pKa of the amine group is in the range of 6.0–6.5, which
makes chitosan to have low solubility under physiological conditions. Only in acidic
media, chitosan can be effectively protonated and soluble. Thus, the application of
unmodified chitosan as a gene carrier is restricted [24]. Fortunately, chitosan is rich
in modifiable amino groups and hydroxyl groups. The extensive research on
chitosan derivatives has effectively made up for the defects of chitosan materials
and gives it new functions such as targeting and enhanced cell uptake ability and
endosomal escape ability, thus to improve transfection efficiency [17, 20]. Currently,
chitosan-based delivery systems are widely used in varied aspects of gene therapy
including the delivery of siRNA, shRNA, miRNA, and clustered regularly
interspaced short palindromic repeats-associated endonuclease 9 (CRISPER-Cas9)
system, not just limited to pDNA delivery [20, 22].

In this review, we mainly focus on the recent progress of chitosan and chitosan
derivatives as gene therapy carriers in biomedical applications. Besides, we summa-
rize the role of the parameters of chitosan for the enhancement of transfection
efficiency. Importantly, the research applications of various gene delivery systems
constructed by chitosan derivatives to deliver different gene therapy substances are
also discussed here. Finally, we propose the current challenges and possible future
directions of chitosan derivatives as gene carriers. Scheme 1 summarizes the various
modification types of chitosan derivatives in current gene therapy and their enhanced
functions.

2 Factors Affecting the Transfection Efficiency of Chitosan

For efficient in vitro and in vivo gene transfection, polycation-based gene vectors
like chitosan are obligated to assist gene to targeted sites and then complete the
process of effective cell uptake, endosomal escape, and gene release. Many factors
are affecting the transfection efficiency of chitosan, and early studies have shown
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that adjusting the tunable parameters of chitosan [molecular weight (MW), the
degree of deacetylation (DDA), the molar ratio between chitosan amine and plasmid
phosphate (N/P ratio)], and some external factors (including pH, serum content) can
effectively change the physicochemical properties (particle size, surface ζ-potential,
the binding strength of the nanoparticles and nucleic acids) and biological functions
(serum resistance, cell uptake, nucleic acid release) of chitosan, and then influencing
the transfection efficiency of chitosan nanoparticles [25, 26].

MW is an important factor influencing the transfection efficiency of chitosan
although it has a blurred effect on transfection efficiency. The increase in MW of
chitosan is often considered to be more effective in protecting nucleic acids for
higher cellular uptake, and ultimately increasing the transfection efficiency
[27, 28]. Research by Huang et al. have proved that with the increase of MW, the
cellular uptake of chitosan/DNA complexes and transfection efficiency have been

Scheme 1 Diagram showing various types of chitosan derivatives in current gene therapy and their
enhanced functions
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improved. In their researches, chitosan/DNA nanoparticles with high MW
(MW 213 kDa) possessed the highest transfection efficiency (12.1%), while the
transfection efficiency of chitosan with 98 kDa was 8.3% [29]. However, in some
studies, low MW chitosan showed a higher transfection efficiency than high MW
chitosan [30, 31]. Yang et al. reported that 17 kDa chitosan was more efficient than
173 and 425 kDa chitosan in HEK293 cells [30]. Although low MW chitosan has a
poor ability to compress and protect DNA, it can more easily achieve the intracel-
lular release of DNA, while high MW chitosan is just the opposite. At present, there
is no consensus on which MW of chitosan is more suitable for transfection. Anyway,
it is undeniable that a balance between nucleic acid protection and intracellular
release is more likely to achieve the best transfection effect.

DDA is another vital element affecting the transfection efficiency of chitosan
since it can significantly affect the charge density of the chitosan chain. A higher
DDA allows chitosan to have a higher charge density, thus making it more effec-
tively bind to nucleic acids and interact with cell membranes to promote cell uptake
[29, 32]. Some researchers showed that it is easier to form stable chitosan/DNA
complexes with above 65% DDA [33].

It is not comprehensive to evaluate the transfection efficiency of chitosan based
on MW and DDA alone, because the transfection efficiency is also affected by some
other factors. N/P is defined as the molar ratio between chitosan amine and phos-
phates in nucleic acids which potentially adjusts the charge density of the complexes
[14, 34]. In addition, pH value and external salt concentration directly control the
protonation of chitosan and the stability of chitosan/nucleic acid complexes. Since
the protonation of amine groups in chitosan needs an acidic pH range (6.0–6.5), a
low acid pH environment improves the DNA binding efficiency of chitosan, thereby
improving the transfection efficiency [35, 36]. Some studies have confirmed that
adding NaCl to the transfection medium would give better results in gene transfec-
tion because NaCl shielded the surface charge of chitosan and reduced the repulsive
force between the same charge making the complexes more stable [37].

The anionic plasma proteins are considered to compete with the nucleic acid in
chitosan binding, leading to instability of the complexes and declining the transfec-
tion efficiency. Interestingly, Sato et al. found that the transfection efficiency of
chitosan in the presence of 20% serum was 2–3 times higher than that of serum-free,
while 50% serum content reduced transfection. They discussed that albumin and
globulin in serum had a promoting effect on transfection and believed that serum
might enhance cell function and thus improve transfection efficiency [25].

Therefore, the transfection efficiency of chitosan is affected by many factors
mentioned above, including MW, DDA, N/P, pH value, salt concentration, and
serum content. A single element is not enough to commendably control the trans-
fection efficiency of chitosan, and the same chitosan formulation also has differences
of transfection according to the different cells [25]. Adjusting various parameters to
achieve the balance of nucleic acid protection and intracellular release has been
proven to be more conducive to achieve the best DNA transfection effect. Therefore,
higher DDA (>80%), N/P (>1), and appropriate pH (about 6.5) are required to
maintain the positive charge of the complexes in the optimal formulation. Also, to
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obtain higher transfection efficiency, we need to comprehensively consider the
influence of chitosan preparation parameters on transfection. When delivering var-
ious types of nucleic acids, these formulation parameters also have different perfor-
mances on transfection efficiency [38].

3 Chitosan Derivatives as Gene Carriers

Efficient gene therapy often requires several key links, including cellular uptake,
endosomal escape, and intracellular gene release. The transfection efficiency of the
chitosan vector for gene therapy can be improved by adjusting the chitosan formu-
lation parameters although there still exists a gap between chitosan and satisfactory
gene therapy, due to the poor water solubility, low cell specificity, and low proton-
ation ability under physiological conditions of pristine chitosan. Fortunately, the free
amine groups and hydroxyl groups on the chitosan backbone are highly reactive,
which can be easily chemically modified by different functional chemical groups and
ligands [39]. Currently, the interests of researchers have been shifted toward
chitosan derivatives-based vector systems for gene therapy [17].

Different modification methods to improve the function of chitosan have been
extensively studied and summarized. For example, the modification of chitosan by
transferrin, folic acid, hyaluronic acid, galactose, mannose, and other specific
ligands has been applied to enhance the targeting ability; modification of chitosan
by poly (ethylene glycol) (PEG), carboxymethyl, and N, N, N-trimethyl was favor-
able for increasing the water solubility of the chitosan; modification of chitosan by
PEI, imidazole, spermine, urocanic acid improved the buffering function of chitosan
itself [20, 40]. In the following sections, we will further discuss recent researches on
chitosan derivative-based vectors in gene therapy for several kinds of diseases.

3.1 Chitosan Derivatives for DNA Delivery

3.1.1 Chitosan Derivatives for DNA Delivery in Cancer

The potential of chitosan derivatives for DNA delivery has been widely reported.
The purpose of DNA delivery is to introduce exogenous genes into target cells,
resulting in the transcription and translation of proteins with special therapeutic
effects, and ultimately achieving the expected gene therapy. Recently, DNA delivery
mediated by chitosan derivatives has a wide range of applications, including cancer
treatment, tissue regeneration, and immune vaccines (summarized in Table 1).

Gene therapy has exhibited great potential in the treatment of cancer, which is a
kind of heterogeneous disease caused by unregulated gene damage and mutations.
Seven of the 16 gene therapy drugs launched in the market are for cancer treatment
[52]. Different chemical modification methods have been harnessed to modify
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chitosan for overcoming various barriers in tumor treatment. Lin et al. grafted PEG
onto galactosylated chitosan to target liver cancer cells for liver cancer treatment.
PEG was expected to shield nanoparticles from being taken up by the
reticuloendothelium system (RES) to increase circulation time and the accumulation
of nanoparticles in the tumor site, while galactose was used to identify the
overexpressed asialoglycoprotein receptors (ASGPR) on the surface of the liver
cancer cells. The results exhibited cell uptake of nanoparticles in liver cancer cells
had increased [53]. Also, Bao and colleagues prepared chitosan with strong buffer-
ing capacity and targeting ability via grafting candesartan (CD)-conjugated PEI arms
on the chitosan backbone named as CPC (Fig. 1a). In this study, candesartan was an
angiotensin II type 1 receptor (AT1R) antagonist, which could specifically bind to
tumor-overexpressed AT1R, promoting the cellular uptake of nanoparticles and
eventually reducing angiogenesis. And the acid-base titration experiments proved
that CPC had a stronger buffering capacity than chitosan and PEI alone, which was
beneficial to endosomal escape. The improvement of buffering capacity could be
explained as the increase in the number of protonatable amino groups in the

Fig. 1 Chitosan derivatives for DNA delivery. (a) Illustration of the multifunctional delivery
system CPC/wt-p53 complexes and its self-assembly, tumor tissue accumulation, intracellular
transport, and cooperative anti-angiogenesis mechanism [41]; (b) Illustration of the constituent of
FPCPNDs nanoparticles and the intracellular trafficking for the treatment of tumor [45]; (c)
Illustration of the formation of OCMCS/hyaluronic acid (HA) as DNA vaccines carriers and
releasing DNA in PBS under different pH conditions in vitro [49]. Permissions From [41, 45, 49]
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nanoparticles due to the introduction of the CD. In vivo studies on tumor-bearing
PANC-1 xenograft nude mice confirmed that the CPC/wt-p53 complexes had the
high tumor-targeted ability and strong anti-tumor activity [41]. The
above-mentioned enhanced capabilities of chitosan derivatives, including prolonged
circulation time, cell-targeted ability, and endosomal escape, are all conducive to
overcome various barriers in gene therapy of cancer such as RES interception,
insufficient cellular uptake, and poor intracellular release.

However, for DNA delivery, there is an additional barrier to overcome, which is
nuclear import. DNA needs to enter into the nucleus for subsequent transcription
[54], but the nuclear pores on the nuclear membrane have a much smaller size than
overwhelming gene-loading complexes. Hence, the nuclear membrane is an impor-
tant barrier to transfection. Some transfection reagents without nuclear uptake
function performed certain transfection effects in vitro because the cell nucleus
loses its integrity during mitosis. Meanwhile, in some cases, the gene will be
liberated from complexes and be random diffusion through the nuclear pore into
the nucleus [44]. However, the nuclear uptake of these methods is limited, hence,
adding nuclear uptake function into DNA delivery carriers is expected to achieve
effective nuclear import, thereby improving the effect of tumor treatment [55]. For
example, Wang et al. designed a transactivator of transcription (TAT)-modified
chitosan-grafted poly-(N-3-carbobenzyloxy-lysine) (CPCL) cationic micelle
(CPCL-TAT) to encapsulate the p53 gene and doxorubicin (DOX). Herein, TAT
was a member of the nuclear target localization sequence and could mediate efficient
nuclear import through the nuclear pore complex. The images of confocal laser
scanning microscopy (CLSM) indicated that the nuclear-targeting ability of CPCL-
TAT was better than CPCL alone [42]. However, the primary amine of the lysine
residue on the TAT peptide triggered a non-specific reaction and led to the unsatis-
factory anti-tumor effect of CPCL-TAT in vivo. To solve this problem, they further
used the succinyl chloride linked by the hydrazone bond to modify TAT for covering
the primary amine in the TAT peptide, and the hydrazone bond could be degraded in
the acidic microenvironment in the tumor. And the new nanocomposite aTAT-CCL
circulated widely in the blood and had high anti-tumor activity in HepG2 tumor-
bearing nude mice [43]. In addition to TAT peptides, other nuclear targeting
sequences have also been applied for chitosan derivatives to deliver DNA for
tumor therapy. The bifunctional peptide tLyP-1-NLS (K12), which combined
tumor-targeting peptide (tLyP) and nuclear localization sequence (NLS), was
prepared to modify the PEI-grafted chitosan amphiphilic derivative (N-octyl-N-
quaternary chitosan) obtaining (OTMCS)-PEI-K12. As the authors expected,
OTMCS-PEI-K12/pING4 had superior tumor suppressor activity in vivo compared
to OTMCS-PEI/pING4 [44]. Besides, some researchers constructed a pH-sensitive
conjugated folate-polyethylene glycol-carboxylated chitosan (FA-PEG-CCTS) to
wrap the inner layer of PEI/NLS/pDNA (PNDs) for facilitating nuclear-targeting
ability (Fig. 1b). The FPCPNDs nanoparticles maintained electrical neutrality as a
whole, and folic acid targeted the folate receptor overexpressed on the tumor surface
to promote cell uptake. In endosomes, the outer layer of FA-PEG-CCTS was
separated from PNDs and then realized endosomal escape assisted by PEI. Finally,

Recent Progress in Biomedical Applications of Chitosan Derivatives as Gene. . . 223



the NLS in PNDs promoted DNA to enter into the nucleus. Both in vitro and in vivo
experiments have proved the anti-tumor activity of the delivery system [45].

To sum up, there is no doubt that the anti-tumor effect in vivo has stricter
requirements for carrier function compared to in vitro. However, the biocompatibil-
ity and modifiability of chitosan enable the design of a multifunctional, safe, and
efficient DNA delivery platform, which is in favor of achieving the high-efficiency
anti-tumor in vitro and in vivo.

3.1.2 Chitosan Derivatives for DNA Delivery in Tissue Engineering

Gene therapy allows cells to continuously express and secrete growth factors that
promote tissue regeneration or stem cell differentiation, which is an important
strategy for tissue engineering. Owing to the unique biocompatibility, biodegrad-
ability, and antibacterial ability, chitosan plays a vital role in tissue regeneration.
Numerous studies have wielded a resorbable and gene-active chitosan scaffold to
carry the bone morphogenetic protein (BMP-2) gene to achieve bone regeneration
[56, 57]. At the same time, chitosan scaffolds were also used in skin regeneration due
to their reported function to promote granulation tissue formation, collagen expres-
sion, inflammatory cell infiltration, and hemostasis [58, 59]. However, most of these
studies used chitosan rather than chitosan derivatives. Chitosan derivatives also
possess special functions in tissue regeneration. For example, Huang and his com-
panions developed a dual-network hydrogel with polyethylene glycol diacrylate
(PEGDA) and thiolated chitosan (TCS). By carrying Trp-rich peptides (PSI) with
broad-spectrum antibacterial effect and pANG (expressing angiopoietin 1) plasmid
coated by N-trimethyl chitosan chloride, the hydrogel could achieve excellent skin
tissue regeneration. The introduction of thiol groups made PEGDA/TCS own
stronger tissue adhesion and sustained drug release than PEGDA/CS. In in vivo
wound healing experiments, the PEGDA/TCS-PSI-pANG group had a better effect
of accelerating skin regeneration than other groups in a full-thickness skin defect
model. Subsequent histological analysis demonstrated that the hydrogel PEGDA/
TCS-PSI-pANG could promote skin healing by reducing inflammation and increas-
ing microvascular regeneration [46]. Also, there were researchers developing
chitosan/PEI patch to load epidermal growth factor (EGF) and epidermal growth
factor receptor (EGFR) genes (EErP-CPs) for tympanic membrane regeneration
substituting for surgical treatment of tympanic membrane perforation. The addition
of lower cytotoxicity 1.3 kDa PEI significantly increased the cell adhesion ability of
EerP-CPs. After treatment, EGF could be released quickly to elevate the survival rate
of tympanic membrane cells. EGFR gene played a role after 3 days of treatment and
further increased the viability of tympanic membrane cells. The synergistic effect of
EGF and EGFR enhanced cell viability, cell migration, and cell adhesion [60].

For the application of chitosan derivatives in nerve regeneration, the main
strategy is to deliver and successfully express neurotrophins, which are a family of
growth factors that have an important impact on neurogenesis after injury. The group
of Wu constructed a multifunctional gene nanocarrier (CPPP) composed of
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chitosan-graft-PEI-PEG modified with RGD/TAT. In brief, 293T cells transfected
by the CPPP/pCMV-EGFP-Ntf3 complexes could continuously produce
neurotrophin-3 (NT-3), which accelerated the differentiation of neural stem cells
and the growth of nerve protrusions [47]. To achieve nerve repair in vivo, targeting
neurons is helpful for precise nerve regeneration treatment. Pereira Gomes et al.
prepared thiolated trimethyl chitosan nanoparticles grafted with non-toxic carboxyl
fragments of tetanus neurotoxin (HC) to deliver brain-derived nerve growth factor
(BDNF) DNA plasmids for the treatment of peripheral nerve damage. In this study,
HC has been reported to enable nerve targeting [61]. And the TMCSH-HC/BDNF
nanoparticles were used to treat peripheral nerve injury in BALB/c mice by intra-
muscular injection. After 21 days of treatment, compared with the non-targeted
nanoparticles and the blank control group, the expression of BDNF, growth-
associated protein GAP-43, and neurofilament protein were augmented, and the
mice of the TMCSH-HC/BDNF group showed functional recovery, indicating the
potential of chitosan-based gene therapy in nerve regeneration [48].

3.1.3 Chitosan Derivatives for DNA Vaccine Delivery

DNA can enter the nucleus to drive protein synthesis and induce an immune
response against pathogens, which is always considered as DNA vaccine [22].
DNA vaccines have received increasing attention because of their simple produc-
tion, stability at room temperature, and the ability to induce humoral and cellular
immunity, without the risk of virulence reversal similar to that of live attenuated
vaccines [51, 62]. Importantly, chitosan derivatives can be applied in the field of
DNA vaccine stemmed from its superior safety and cationic characteristics
[63]. Most DNA vaccines delivered by chitosan derivatives are administered by a
mucosal route such as oral [49] and nasal [50, 51, 64] due to the unique
mucoadhesive property of chitosan [65]. The mucosal administration method
based on chitosan derivatives has unique advantages such as being more suitable
for mass immunization with increased patient compliance than needle immunization
[66, 67]. For oral DNA vaccine delivery, polymeric nanoparticles (NPs) composed
of oleoylcarboxymethyl chitosan (OCMCS)/hyaluronic acid (HA) have been elab-
orated by Liu et al. to immunize fish against Aeromonas hydrophila infection by
wrapping aerolysin gene (aerA). The introduction of negatively charged HA
weakens the interaction between nanoparticles and DNA for promoting the release
of DNA in a pH 7.4 environment. Interestingly, the polymeric NPs/DNA complexes
remained stable under the acidic condition (pH 6.0), and released DNA at pH 7.4
(Fig. 1c). The antigen-specific antibodies in the serum of carp after oral administra-
tion of OCMCS-HA/aerA NPs were higher than those immunized with OCMCS/
aerA NPs and DNA alone [49]. Also, the mannose-modified chitosan nanoparticles
could form a multi-T-epitope DNA vaccine, which was administered intranasally to
combat Mycobacterium tuberculosis. The delivery system effectively mediated
humoral and cellular immunity, which was superior to subcutaneous injection of
bacillus Calmette-Guerin (BCG). It is worth mentioning that mannose was
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introduced to target antigen-presenting cells (APC) in this study since the surface of
APC cells is rich in mannose receptors and APC ones preferentially internalize
pathogens or particles containing mannose residues [50]. Similar APC targeting
strategies have also been used in previous studies of chitosan derivatives for
delivering a hepatitis B DNA vaccine [68].

It is well known that DNA vaccines are often combined with adjuvants to pursue
better immune effects [62]. Zhao et al. prepared water-soluble chitosan nanoparticles
to co-deliver Newcastle disease virus (NDV) F gene and C3d6 molecular adjuvant
through nasal administration and achieved effective immunity of Newcastle disease
virus, which confirmed molecular adjuvants improved the immune response of DNA
vaccines [51]. On the other hand, chitosan has been exploited in combination with
poly (lactic-co-glycolic acid) (PLGA) or adjuvant of [Quil-A (extracted from
Quillaja Saponaria)] to deliver DNA vaccines [69, 70]. Notably, chitosan itself is
also an adjuvant to induce dendritic cell maturation and enhance cell-mediated
immunity, which is regulated by intracellular DNA sensors as the enzyme cyclic-
di-GMP-AMP synthase (cGAS) and stimulator of type I interferon genes (STING)
[71]. However, the mechanism of chitosan as an adjuvant is not yet complete, and
few studies have been conducted on the synergistic effect between chitosan itself and
DNA vaccines [62]. At present, chitosan derivatives as adjuvants or DNA vaccine
carriers are still in their infancy. With the further elucidation of the chitosan adjuvant
mechanism, chitosan derivatives will have better application prospects as DNA
vaccine delivery vehicles.

3.2 Chitosan Derivatives for RNA Delivery

RNA interference (RNAi) has become a popular gene therapy method, which can be
used for knocking out special genes in a sequence-specific manner to suppress gene
expression [99, 100]. Just like DNA delivery, the delivery of RNA molecule also
requires suitable carriers to resist degradation by nucleases in vivo and ultimately be
effectively internalized by target cells and organelles. Currently, the safety and
effective gene silencing of chitosan derivative vectors have got a great degree of
recognition. And chitosan derivatives have been introduced into numerous studies to
treat cancer and inflammatory diseases by delivering different RNA interference
molecules including siRNA, shRNA, miRNA. (summarized in Table 2).

3.2.1 Chitosan Derivatives in siRNA Delivery System

siRNA, as a double-stranded RNA obtained by chemical synthesis containing 21–23
base pairs, is considered to be the most effective gene silencing substance in RNAi
molecules [101]. Once siRNA enters cells, it can bind with Dicer and then be cut in
21–23 nt short siRNA which integrates into the RNA-induced silencing complex
(RISC) and then is unwound to become single-stranded siRNA. The remained guide
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strand can guide the RISC to cleave specific mRNA or prevent its subsequent
translation [102]. Except that it does not require to enter the nucleus, the delivery
of siRNA is the same as DNA delivery. Both require the carrier to possess targeting
ability, achieving the successful endosomal escape after being internalized into the
cells, and finally releasing the gene into the cytoplasm for serving functions.

Chitosan derivatives with different targeting ligands were usually applied in
cancer by delivering siRNA that could silence anti-apoptosis, pro-angiogenesis, or
immunosuppressive related molecules [72–76]. As a GABAB receptor agonist,
baclofen was introduced to modify trimethyl chitosan for survivin (a kind of anti-
apoptotic gene) siRNA delivery by Ni et al. eventually treating non-small cell lung
cancer. Baclofen could target GABAB receptor overexpressed on the surface of
non-small cell lung cancer for enabling the gene silencing system to effectively
inhibit tumor growth [74]. Han et al. have designed galactose-modified
multifunctional nanocarrier, including urocanic acid-grafted galactose trimethyl
chitosan derivative (UA-GT), charge reversal crosslinker poly (allylamine
hydrochloride)-citraconic anhydride (PAH-Cit), and vascular endothelial growth
factor (VEGF) siRNA. In their research, the introduction of galactose could recog-
nize liver cancer cells for effective cellular uptake, urocanic acid accelerated
nanocarriers endosomal escape, and PAH-Cit could trigger the charge reversal by
the acidic condition of endosomes. All of these promoted siRNA delivery to the
cytoplasm. Their nanocarriers have proven effective gene silencing and anti-tumor
activity in vivo without obvious systemic toxicity [72]. Hyaluronic acid-modified
chitosan usually can target the tumor cells overexpressing CD44 to not only improve
targeting ability but also increase the stability of nanoparticles and reduce serum
protein adsorption [75, 76]. It is worth mentioning that in addition to hyaluronic acid,
mannose-modified trimethyl chitosan has also been synthesized to improve inter-
nalization of nanoparticles in tumor-associated macrophages, thus relieving tumor
immunosuppression and hindering tumor progression by inhibiting the expression of
vascular endothelial growth factor (VEGF) and placental growth of factor
(PIGF) [73].

Recently, many studies have got a better result by co-delivering chemotherapeu-
tics and siRNA than single treatment via chitosan derivatives [77, 79, 80, 103]. The
co-delivery of chemotherapeutics and siRNA can simultaneously regulate multiple
signal pathways and exert a synergistic anti-tumor effect [104]. Since the physico-
chemical properties of small molecule drug and siRNA are diverse, it is a challenge
to deliver sufficient siRNA and related hydrophobic chemotherapeutics at the same
time. A hyaluronic acid-grafted carboxylated graphene oxide-modified trimethyl
chitosan carrier (CGO-TMC-HA) was constructed to encapsulate hypoxia-inducible
factor (HIF)-1α siRNA and dinaciclib as a kind of CDK inhibitor (Fig. 2a). The
overexpression of HIF promotes the formation of a tumor hypoxic microenviron-
ment, which can cooperate with cyclin-dependent kinase (CDK) 1, 2, and 5 to
accelerate tumor cell division and proliferation [80]. In this study, graphene oxide,
as a hydrophobic material with a large surface area and good stability, loaded the
hydrophobic drug dinaciclib through a π-π stacking method. The combination with
trimethyl chitosan can simultaneously be delivered siRNA. Finally, this delivery
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system was proven to be able to effectively inhibit the invasion and proliferation of
murine melanoma, colorectal cancer, and breast cancer cells.

What’s more, there are some strategies through the co-delivery of chemical drugs
and siRNA reversing the multidrug resistance (MDR) that is a predominant barrier to
limit the efficacy of chemotherapeutic drugs in the clinic [105]. Zhang et al. designed
a kind of polymeric micelles consisted of poly-L-lysine-palmitic acid-modified N-
succinyl chitosan derivative (NSC-PLL-PA) to deliver DOX and P-glycoprotein
(P-GP, a multidrug resistance-related efflux transporter) siRNA. The structure of N-
succinyl chitosan as a hydrophilic shell facilitated the NPs transportation in the
blood and palmitic acid as the core could carry DOX. The IC50 values of free DOX,
DOX-micelle, and siRNA-DOX-micelle were 5.23, 4.21, and 1.28 μg/mL, respec-
tively, after 48 h of incubation with HepG2/ADM cells (overexpression of P-GP),

Fig. 2 Chitosan derivatives for RNA delivery. (a) Illustration of the anti-tumor mechanism and
intracellular transport of CGO-TMC-HA NPs co-delivering HIF-1α-siRNA and the CDK inhibitor
Dinaciclib [80]; (b) Illustration of the formation of CE7Q/CQ/S and its simultaneous chemo/gene/
photothermal tri-therapies functions [93]. Permissions From [80, 93]
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which demonstrated the synergistic anti-tumor effect of the co-delivery of P-GP
siRNA and DOX [79]. However, DOX and siRNA play a role in different regions.
Just like DOX needs to enter the nucleus, and siRNA generally works in the
cytoplasm. To solve this problem, multilayer dual-targeting chitosan nanoparticles
were prepared by Han et al. The outer galactose-modified trimethyl chitosan could
target the tumor cells through galactose, the middle layer of poly (allylamine
hydrochloride)-citraconic anhydride (PAH-Cit) could promote endosomal escape
and release siRNA into the cytoplasm, and the inner TAT-modified mesoporous
silicon could carry DOX into the nucleus. It was found that after intravenous
injection of low-dose nanocomplexes, there was a powerful anti-tumor effect with
no obvious toxicity. Therefore, these nanocomplexes can be used as an effective and
safe carrier to maximize the synergy between chemotherapeutics and siRNA [77]. In
addition, our group elaborated a mitochondrial targeting copolymer TPP-CP-LND
(TCPL) to deliver siRNA into the cytoplasm and mitochondria-damaging chemo-
therapeutics to the mitochondrial matrix. The copolymer TCPL consisted of
triphenylphosphine (TPP, mitochondrial targeting ligand) and lonidamine (LND,
mitochondrial-damage chemotherapeutics) conjugated to the polyethylenimine in
chitosan-graft-PEI (CP). After coating the tumor-targeting copolymer poly (acrylic
acid)-polyethylene glycol-folic acid (PPF), the delivery system could synergistically
activate the mitochondrial apoptosis pathway by LND and effectively mediate tumor
cell apoptosis via Bcl-2-siRNA in the cytoplasm [78]. In general, multifunctional
carriers and co-delivery strategies of siRNA and chemical drugs can often play a
more significant anti-tumor effect than single-functional carriers and single siRNA
delivery. In multilayer delivery systems, targeting and hydrophilic modified chitosan
derivatives are often used as the outermost layer of nanostructures [72, 77, 79,
80]. Chitosan is also used with materials that possess special functions but with
toxic side effects, such as graphene oxide and poly-L-lysine-palmitic [79, 80]. Due
to the excellent biocompatibility of chitosan, the performance of the delivery system
can be effectively improved while reducing the toxicity of these materials. Interest-
ingly, in these studies, trimethyl chitosan, a quaternized chitosan derivative, has
become the most popular modification method, which may derive from its superi-
ority in terms of positive charge and water solubility [72–74, 76, 77, 80, 103].

Tumor necrosis factor-α (TNF-α) is a pro-inflammatory cytokine mainly secreted
by macrophages. Inducing the recruitment of inflammatory cells plays a key role in
the pathogenesis of various inflammatory diseases, such as acute liver injury,
enteritis, and rheumatoid arthritis [106]. And chitosan derivatives have been proven
to effectively treat a variety of inflammatory diseases by inhibiting the expression of
TNF-α in macrophages via effective delivery of TNF-α siRNA [81–84, 86–88]. He
et al. prepared mannose-grafted trimethyl chitosan-cysteine (MTC) oral
nanoparticles encapsulating TNF-α siRNA. And in vivo, their treatment effectively
protected mice from acute liver injury and death induced by inflammation under the
condition of low-dose siRNA (3.75 nM/kg) [81]. No doubt targeting ligand plays an
important role in the delivery of MTC nanoparticles. Subsequently, they synthesized
MTC materials with different mannose densities, namely MTC-4, MTC-13, and
MTC-21 containing mannose density of 4%, 13%, and 21% respectively.
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Interestingly, MTC-4 NPs exhibited the best in vivo TNF-α knockout efficiency
because the internalization of MTC-4 in peritoneal exudate cell macrophages (PECs)
was superior to other groups in vivo. This phenomenon was explained that the
mannose-mediated PEC uptake of MTC-4 NPs was saturated under the condition
of limited chitosan receptors on PEC, and too many mannose residues shielded
the positive charge of NPs and led to steric hindrance, which was not conducive to
the cellular uptake. Hence, the ligand density is the key factor in gene silencing, and
the conclusion in this study may be a handbook for targeted chitosan derivatives-
mediated nanocarriers in the anti-inflammatory treatment [82].

Recently, more and more cationic ligands were carried out to modify chitosan
derivatives, such as N-(2-hydroxy)propyl-3-trimethyl ammonium chitosan chlorides
(HTCCs) [84], urocanic acid-modified chitosan [85], and diethyl aminoethyl
chitosan (DEAE-CH) [86], to ameliorate the gene silencing efficiency of siRNA in
macrophages, curing inflammation. These cationic modifications were designed to
enhance the buffer capacity of chitosan and strengthen the interaction between
chitosan and siRNA to form more stable nanoparticles. Among them, DEAE-CH
with different molecular weights was made by Shi, which possessed stronger siRNA
encapsulation ability than pure chitosan [86]. By further modifying folic acid and
PEG, the final folate-PEG-CH-DEAE/TNFα siRNA effectively inhibited the expres-
sion of TNFα and significantly reduced inflammation in a mouse collagen antibody-
induced arthritis model [87]. Besides, the safety studies have confirmed that the
nanoparticles met the threshold standards of the existing International Standard
Organization (ISO) and American Society for Testing Material (ASTM) guidelines
[88], which represents a highly biocompatible material based on chitosan derivatives
possessing good clinical application prospects.

3.2.2 Chitosan Derivatives in shRNA Delivery System

Usually, the expression of shRNA is realized by delivery of plasmid DNA or
through viral vectors, and the generated pre-shRNA is departed from the nucleus
through Exportin 5, which is then treated by Dicer and imported into the RISC. As
the degradation of the sense strand, the antisense strand guides RISC to find mRNA
with a complementary sequence. After perfect complementarity, the targeted mRNA
is cleaved by RISC. Unlike direct delivery of siRNA, shRNA delivery can achieve
continuous silencing of targeted mRNA, while siRNA requires multiple administra-
tions [102, 107].

At present, the application of chitosan derivative-based vectors to deliver shRNA
is still relatively scarce and mainly focuses on tumors [89–93, 108, 109]. By cross-
linking hydrazone bonds and disulfide bonds with chitosan, and then immobilizing
PEI and PEG on them, Chen et al. proposed a dual stimulus-response (acidic pH
condition and reducing environment) carrier SCS-g-PEI-g-PEG, which was
harnessed to load Birc5-shRNA for promoting tumor cell apoptosis [89]. In vitro
transfection results manifested that the silencing efficiency of SCS-g-PEI-g-PEG/
Birc5-shRNA onMCF-7 cells reached 40%which was higher than CS-g-PEI-g-PEG
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and PEI 25K. Thanks to the rapid expression of Birc5-shRNA and the continuous
inhibition of the Birc5 gene, SCS-g-PEI-g-PEG/Birc5-shRNA also achieved the best
therapeutic effect in MCF-7 cell tumor-bearing nude mice with a single administra-
tion in vivo compared with the blank control. However, the carrier in this research
lacks the deficiency of targeting group, while it has obvious uptake in the liver and
spleen. Liu et al. prepared transferrin-functionalized chitosan-graft-poly (L-lysine)/
MMP-9 shRNA plasmid complexes to treat nasopharyngeal carcinoma. By targeting
the transferrin receptors on the surface of HNE-1 cells, the CS-PLLD-Tf/MMP-9
shRNA complexes could be highly effective to silence the MMP-9 protein (more
than 40%) and inhibit tumor development with satisfactory stability and safety [90].

Similar to siRNA, chitosan derivatives can be used to co-deliver shRNA and
chemotherapeutics to achieve synergistic anti-tumor effects. Jia et al. designed a
folate-modified chitosan-disulfide bond-PEI combined with silica to load paclitaxel
and P-GP shRNA (P-shRNA). Nanoparticles significantly down-regulated the
expression of P-GP (expression rate decreased by 63%) and successfully reversed
the resistance of MCF-7 cells to paclitaxel (resistance reversal index 50.59)
[92]. Also, Song’s group delivered DOX and survivin shRNA by grafting
α-tocopherol (α-TOS) succinate onto trimethyl chitosan (TAS). α-TOS has been
reported that it could induce the apoptosis of a variety of tumor cells and yet be safe
for normal cells. In this study, TAS vectors selectively killed tumor cells, and
TAS/DOX/survivin shRNA NPs had strong anti-tumor activity through multiple
synergistic treatments. No doubt modifying substances with the anti-cancer ability
on the carrier opens up a promising idea for shRNA delivery and combination
therapy [91]. What’s more, other researchers exploited a water-soluble chitosan
quaternary amine derivative with high transfection efficiency, 6-N, N, N-trimethyl
triazole chitosan (CQ). Then, they used the click chemistry to connect near-infrared
fluorescence heptamethine cyanine dyes (Cy7s) on CQ and prepared a
multifunctional carrier platform CE7Q/CQ/S to deliver survivin shRNA and
erlotinib, which included chemo/gene/photothermal tri-therapies functions
(Fig. 2b). Both in vitro and in vivo results indicated that the suppression of survivin
expression could play a synergistic role with erlotinib to induce powerful anti-cancer
effects in erlotinib-resistant NSCLC cells [93].

3.2.3 Chitosan Derivatives in MiRNA Delivery System

Unlike siRNA, miRNA is an endogenous non-coding single-stranded RNA, as post-
transcriptional regulation of cellular gene expression. Normally, miRNA is produced
from longer precursor molecules (pre-miRNA) and mainly binds to the 3-
0-untranscribed region of target mRNA, while siRNA can interact with any part of
mRNA [102]. By pairing with mRNA antisense complementarity, miRNAs have
been confirmed to regulate cell metabolism including cell migration, proliferation,
autophagy, and stem cell self-maintenance [110]. However, owing to the instability,
metabolic toxicity, and non-specific distribution of miRNA, a suitable carrier is
necessary for the delivery of miRNA in the treatment of many diseases. Some
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successful cases have been suggested that chitosan derivatives are promising as
powerful carriers for miRNA delivery.

Recently, miRNA-based clinical cancer treatment has attracted more and more
attention [111, 112], and chitosan derivatives have achieved exciting results for
delivering miRNAs to treat cancer [94–97]. Liu et al. designed a hybrid carrier
(GO-CS-MPG) containing graphene oxide, chitosan, and cell-penetrating peptide
(MPG) to deliver miR33a/miR199a. GO-CS-MPG by in situ injections had a
significant inhibitory effect on melanoma [95]. But due to in situ administration in
the tumor site, the delivery system was not modified with solubility groups for better
retention effect, which also limited the further application of this delivery system in
the clinic. Tekie et al. designed chitosan-thiolated dextran nanoparticles. And
miR-145 was conjugated on thiolated dextran via a reduction-responsive disulfide
bond. Finally, the targeted aptamer AS1411 was modified on the surface of the
nanoparticles. Unlike electrostatic adsorption of nucleic acid, the method of conju-
gated modification makes the nucleic acid more stable and reduces the risk of
leakage [96]. Also, a synergistic treatment strategy was adopted by Liu et al. via
modifying 5-fluorouracil to galactosylated chitosan and co-delivering 5-fluorouracil
and miRNA-122 (GC-FU/miR-122) to treat hepatocellular carcinoma. The
co-delivery system had a superior ability to inhibit the growth of liver cancer cells
and promote cancer cell apoptosis compared to the single treatments [97]. What’s
more, Tu et al. used a similar strategy to deliver miRNA-218 through tocopherol-
modified carboxymethyl chitosan, in which tocopherol could cooperate with
miRNA-218 to promote cancer apoptosis [94]. And the flexible modification
methods of chitosan derivatives could provide innovative ideas for the delivery of
miRNA and might produce better results for cancer treatment.

Apart from cancer, ulcerative colitis is also a field of application for miRNA
[81]. Deng et al. used mannose-trimethyl chitosan to load miR-146b mimic
(MTC-miR146b). After oral administration, miR146b could be effectively delivered
to the colon and reduce the secretion of pro-inflammatory factors in M1 macro-
phages including TNF-α, IL-6, and IL-1β via inhibiting the Toll-like receptor
4 pathway. Finally, MTC-miR146b was confirmed for effective treatment of colitis
[98]. At present, there are still few studies on chitosan derivatives to deliver miRNA
in areas other than cancer and ulcerative colitis. It is undeniable that miRNA-based
gene therapy technology will develop rapidly with the further study of the mecha-
nism of miRNA by researchers. Besides, based on the biocompatibility and flexibil-
ity of chitosan, chitosan derivatives have great potential to become ideal carriers for
miRNA delivery.

3.3 Chitosan Derivatives for Gene Editing

Gene editing is a breakthrough technology that can alter cell fates through precise
manipulation of specific gene sequences in the organism’s genome [113]. With the
rapid development of delivery vectors, gene editing has become a beneficial weapon
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for genetic disease treatment. CRISPR/Cas9 was first proposed as an emerging
genome editing tool in mammalian cells in 2013, its application has been continu-
ously expanded. CRISPR/Cas9 can not only modify the genome sequence of cells
and organisms but also achieve epigenetically and transcription modification
[114]. Like other gene therapy vectors, the delivery vectors of the CRISPR-Cas9
system are also divided into two types: viral vectors and non-viral vectors. Viral
vectors like adeno-associated viral (AAV), adenoviral (AD), and lentiviral vectors
face critical tests of safety issues and limited capacity. Non-viral vectors such as
PEIs, Lipofectamine, etc. are relatively safe and have a high capacity, but with
unsatisfactory biocompatibility and low delivery efficiency. Chitosan is a biocom-
patible gene delivery vector with great potential, but there are a few studies on the
delivery of CRISPR/Cas9 gene-editing system by chitosan vector [115–119]. In
most of these studies, CRISPR/Cas9 plasmids were delivered and then transfected to
express cas9 protein in cells [115, 117, 118]. However, Qiao et al. considered that
the unexpected immune response may be triggered by the sustaining expression of
Cas9 enzyme in the cells, leading to the risk of other negative side effects such as
carcinogenesis. So, they prepared chitosan-coated red fluorescent protein
(RFP@CS) to co-deliver CRISPR/Cas9 ribonucleoproteins (RNPs) and single-
stranded DNA (ssDNA) donors. The introduction of negatively charged RFP in
chitosan facilitates the intracellular release of CRISPR/Cas9 ribonucleoproteins and
may protect its activity. The safety of this delivery system has been sufficiently
verified, and the gene-editing capability of RFP@CS was similar to the commercial
reagent Lipofectamine CRISPRMAX, in a variety of cells (HEK293T, RAW264.7,
HeLa, U2OS and A549 cells) [116].

The occurrence of cancer involves a variety of gene mutations and oncogene
activation. CRISPR-Cas9, as a simple and highly specific multifunctional genome
editing platform, has proven to be a powerful tool in cancer therapy [114]. Cheng
et al. successfully published three studies on chitosan-based CRISPR/Cas9 gene
therapy vectors for tumor therapy. The carboxymethyl chitosan was modified by the
AS1411 aptamer to target nucleolin overexpressed in the tumor cell membrane and
nucleus [115, 118, 119]. Based on AS1411 aptamer-modified carboxymethyl
chitosan, they studied the effects of multifunctional drug delivery systems modified
with different cell-penetrating peptides and nuclear targeting peptides (Table 3). And
it appeared that successful cellular uptake and nuclear localization could effectively
promote CRISPR-Cas9 plasmid-mediated gene editing.

However, the instability and off-target effects of CRISPR-Cas9 limit its applica-
tion [120]. The delivery of RNPs by natural chitosan may hinder its release and
cause its inactivation. Therefore, it is necessary to modify effective molecules on
chitosan to ensure the activity of CRISPR/Cas9 ribonucleoprotein and the successful
intracellular release, which will become a promising research interest in the future.
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4 Challenges and Future Directions

Chitosan, a natural cationic polysaccharide material, has been widely used as a gene
therapy vector due to its excellent biocompatibility and biodegradability. It has been
proved that the water solubility, charge strength, and even transfection efficiency of
chitosan were settled by the parameters of chitosan. Adjusting the parameters to
achieve a balance between nucleic acid protection and release is regarded as an
effective way to optimize chitosan. However, due to the size difference between
nucleic acid substances (such as pDNA and siRNA), the parameters of chitosan have
various rules for the delivery of different nucleic acids. At present, there is still a lack
of a unified and systematic evaluation of the best parameters for chitosan to deliver
different nucleic acids.

More importantly, it cannot be ignored that the low solubility and limited
transfection efficiency of pristine chitosan under physiological conditions have
impeded its further application in the clinic. Luckily, a variety of chitosan derivatives
make up for these shortcomings and endow chitosan with more functions, such as
cell targeting, nuclear targeting, and hydrophobic drug encapsulation. The prepon-
derances of chitosan derivatives are based on the modifiability, biocompatibility, and
biodegradability of chitosan, which can be combined with some materials possessing
special functions to ameliorate the properties of chitosan itself. For example, the
introduction of PEI increases the transfection efficiency, and the combined use of
graphene enhances the encapsulation ability of hydrophobic drugs to achieve com-
bined therapy while reducing the toxic side effects of PEI and graphene materials
themselves. What’s more, multifunctional chitosan derivatives modified by targeting
ligands such as mannose and galactose, water-soluble groups such as quaternization
and PEG, and buffering enhancement groups such as urocanic acid and poly-(N-3-
carbobenzyloxy-lysine) have generally shown better effects in biomedical applica-
tions as gene carriers.

Currently, chitosan derivatives have been widely used in many fields to deliver
gene drugs, including tumor treatment, inflammation, tissue regeneration, and DNA
vaccines. But it is undeniable that there are still many challenges that we need to
solve to facilitate the clinical transformation of chitosan derivatives as gene carriers.
The degree of grafting of chitosan derivatives targeting groups still needs systematic
evaluation. Because of membrane receptor saturation, too many modified targeting
ligands may cause steric hindrance to adversely affect the membrane uptake. How-
ever, due to a large number of applicable ligands in the complex system of chitosan
derivatives, only rare studies have evaluated this aspect. Also, more methods are
needed to optimize the design details of chitosan derivatives to achieve better gene
therapy such as how to deliver siRNA or miRNA into the cytoplasm and chemo-
therapy drugs into the special organelles (such as nucleus or mitochondria, etc.),
respectively, in the synergy treatment of tumors. Because some chemotherapeutics
(such as DOX and lonidamine) often need to enter the nucleus or mitochondria to
play a role, while siRNA or miRNA takes effect in the cytoplasm. Hence, the
co-delivery of genes and drugs with different target endpoints in one carrier is still
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a challenge, and the targeting and high transfection ability of the delivery system are
also the key points in the various disorder treatment. Importantly, chitosan’s flexible
modifiability has shown great potentials for the construction of such multifunctional
gene delivery carriers. Besides, chitosan has been proposed to have an adjuvant
effect that can induce the maturation of dendritic cells and trigger an immune
response. Currently, its immune mechanism has not been fully understood, however,
it is foreseeable that chitosan derivatives have huge prospects as nucleic acid vaccine
carriers stemming from their potential adjuvant capabilities.

Undeniably, the research of chitosan derivatives for miRNA, shRNA, and
CRISPR/Cas9 delivery is still far less than that for DNA and siRNA. However,
with the further elucidation of the molecular mechanism in miRNA and shRNA and
the development of the CRISPR/Cas9 gene-editing system, chitosan derivatives
have sufficient potential to deliver different gene drugs for varying disorder treat-
ment, including but not limited to tumor treatment, tissue regeneration, immune
vaccine, and inflammation disease.
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Abstract Oral drug administration is the most common and preferred route of
administration for both patients and doctors. However, some drugs, as the case of
hydrophobic anticancer drugs, cannot be administered orally since they are ham-
pered by the physiological and biological barriers of the gastrointestinal tract. Thus,
the use of nanotechnology, particularly, the use of polymeric micelles has received
great attention to overcome these limitations and achieve a better therapeutic out-
come. Polymeric micelles have the ability to protect the drug from the harsh
environment of the gastrointestinal tract, improving the stability and solubility of
the drug for an enhanced oral bioavailability. Chitosan is a natural polymer with very
interesting biological properties and has received growing interest to produce poly-
meric micelles to encapsulate hydrophobic drugs. The limitations of the oral admin-
istration and the mechanisms of the intestinal absorption, as well as the chitosan
modifications to produce polymeric micelles are reviewed in this chapter. Finally,
recently developed chitosan-based polymeric micelles were included in the review,
with a focus on the delivery of anticancer drugs for oral chemotherapy.

Keywords Cancer chemotherapy · Drug delivery · Micellar systems ·
Nanomedicines

1 Introduction

Cancer is the second cause of death worldwide, after cardiovascular diseases. The
World Health Organization (WHO) has declared that 10 million deaths per year are
due to cancer and around 70% of the deaths arise from low- and middle-income
countries [1]. Cancer can be defined by the uncontrolled cell division that grows
beyond their normal limits and can invade other parts of the body and/or spread to
other organs. The latter is the process called metastasis and is the main cause of death
from cancer [2]. The treatment usually is based on chemotherapy, radiotherapy,
and/or surgery, and if cancer is detected at the early stage, the likelihood of patients
being cured is very high. Thus, the pharmaceutical industry and researchers have
been searching for new forms of chemotherapy, as the oral chemotherapy, for cancer
treatment with better therapeutic effects and less aggressive, as the conventional
chemotherapy.

The oral route has remained the preferred drug administration route due to the
ease and lack of need for venous access, good patient compliance, and improved
patient life quality since patients can receive treatment in the comfort of their own
homes. However, the number of new drugs administered orally has not grown much
in recent years. This may be due to the difficulties that are found in the gastrointes-
tinal tract (GIT) as pH differences, enzymes, and other physiological barriers. After
passing through the GIT and into the intestine, drugs must cross the epithelium and
enter the liver to undergo first-pass metabolism, which is a critical issue. Most drugs
that are taken orally reduce their concentration even before they reach the intestine,
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and when they are subjected to intestinal and hepatic metabolism, their bioavailabil-
ity becomes very low. Particularly anticancer drugs, despite being very effective
against several types of cancer, are very hydrophobic, which means low solubility in
aqueous solution, poor oral availability, and low intestinal permeability [3].

To overcome all of these inadequacies, hydrophobic drugs can be encapsulated or
associated with polymeric micelles in order to be protected from the biological
fluids, to preserve its stability until the epithelium and at the same time improving
its absorption due to the increased solubility. Polymeric micelles are able to increase
the circulation time of the drugs, lessen the P-glycoprotein (P-gp) efflux effect, and
therefore improve its therapeutic efficacy. These systems are based on amphiphilic
polymers, which are constituted by hydrophobic and hydrophilic segments and have
been proving to have a substantial potential in the enhancement of the bioavailability
of highly hydrophobic anticancer drugs [4–6]. Due to hydrophobic interactions,
hydrophobic drugs are encapsulated into the micelle core and thus protected after
oral administration.

There are several types of polymers used to produce polymeric micelles. Partic-
ularly in this review, we will focus on chitosan, a natural polymer widely used on the
delivery of hydrophobic anticancer drugs.

2 Oral Delivery of Drugs

Oral chemotherapy is a cost-effective treatment preferable for patients and doctors.
Differently from intravenous administration that exposes a high dose of a cytotoxic
agent to the systemic circulation after administration but still at low concentration for
cancer treatment, the oral chemotherapy can prolong the time that a drug is in contact
with the cancer cells at a relatively low dose and in a safer concentration for normal
cells. To be effective, drugs administered orally have to be travel through the GIT
and be absorbed until they reach the blood circulation. However, the oral route has
some limitations as the biological and/or physico-chemical interactions of the drug
with the GIT, which includes pH variations, presence of various enzymes as well as
the bacterial flora in the intestine. Next, we will discuss in more detail why it is not
that easy to create new orally administrable drugs.

2.1 Limitations to the Oral Administration of Drugs

The pH differences along the GIT, especially in the stomach, together with the
enzymatic production can lead to modifications on drug solubility and stability due
to oxidation and hydrolysis processes [7], being highly important to protect drugs
from this harsh environment of the GIT with nanosystems, as the case of polymeric
micelles.
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When a drug is administered orally, it is subjected to mechanisms called efflux of
drugs. One of the most common efflux pumps present in the intestinal tract is the
P-gp, which is highly expressed in the apical side of the intestinal epithelial cells,
particularly in the jejunum [8]. It is an ATP-dependent membrane transporter protein
that has been identified as the primary cause of multidrug resistance. Thus drugs that
are substrates to this protein are pumped out to the lumen of the intestine and are not
absorbed, being responsible for reducing the oral bioavailability of many molecules.
Moreover, a drug can undergo first-pass intestinal metabolism [9]. It is a drug
metabolization that occurs before the drug enters the bloodstream, via enzymes
present in the brush border or inside the enterocytes, the main cellular population
of the intestine, which also leads to a decrease in intestinal absorption.

After the drug passes the first-pass intestinal metabolism and reaches the blood
capillaries, drugs are subjected to the first-pass hepatic metabolism. This consists in
the metabolization of the drug by the liver, where every drug that is absorbed is
transported through the portal circulation [9]. In the liver, due to the metabolization
by several hepatic enzymes, the amount of drug available to proceed to the systemic
circulation is decreased, since the main function of the liver is to clean the body from
endogenous compounds. This is the main reason why many drugs have little oral
bioavailability [10]. These processes, both intestinal and hepatic metabolisms,
involve the presence of the cytochrome P450 3A4 (CYP3A4), a member of cyto-
chrome P450 (CYP450), a super family of enzymes [8].

Furthermore, the GIT is covered by a mucus layer that extends from the gastric
mucosa to the colon, becoming thicker at the ileum and colon regions. At the colon,
the mucus layer can reach up to 800 μm, which can be a physical barrier for the
intestinal absorption of molecules [11]. Nowadays, this limitation can be overcome
by the use of nanoformulations, which protects the drug until the intestine and has
the surface modified to enhance its mucodiffusion for a better drug absorption. In
addition, the use of mucoadhesive polymers such as chitosan can improve
bioadhesion and increase drug intake into the systemic circulation [12].

2.2 Intestinal Absorption Mechanisms

During intestinal absorption, molecules or nanosystems can be transported by the
intestinal wall to reach the blood circulation by several mechanisms depending on
the molecule/system used (Fig. 1). Other parameters very important in the intestinal
absorption, which will dictate the mechanism of transport, are the type of material
(in case of nanosystems), the size of the molecule/system, the surface charge, and the
hydrophobicity/hydrophilicity balance [13, 14]. Each mechanism of transport will be
explained below in more detail.

The paracellular transport involves the diffusion of molecules by the spaces
between the cells through the opening of the tight junctions until it reaches the
bloodstream (Fig. 1c). Usually, this type of transport involves smaller molecules and
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it is known that chitosan has the ability to temporarily open the tight junctions of the
epithelium [15, 16].

Transcellular transport is a process in which substances can cross the epithelial
cell membrane from the apical to the basolateral side, and it includes passive or
active transport as well as endocytosis [17]. The passive diffusion is the simple
diffusion of substances through the cell, a process more frequent for lipophilic
molecules (Fig. 1a). However, the active transport is energy-dependent by the use
of ATP to selectively transfer substances through the cellular membrane (Fig. 1b).
Endocytosis is defined by the transport of substances from the cellular membrane to
the cytoplasm and is the most frequent mechanism of transport of nanosystems.
There are three types of endocytosis: (1) the receptor-mediated endocytosis, which
involves the combination of a ligand with a receptor at the apical side of the cell,
which crosses the cell to the basolateral side and delivers the molecule to the blood
capillaries (Fig. 1d). It is based on a targeted delivery, and for the case of
nanosystems, they are decorated with a ligand for a specific type of cells that have
the receptor for this specific ligand; (2) the phagocytosis via M cells, where macro-
molecules and nanosystems are thought to be transported, despite the fact that these
cells are very rare in the intestine (Fig. 1e); (3) the pinocytosis, which involves the
invagination of the cellular membrane forming a vesicle, which will transport the
molecules until the basolateral side of the cell and, consequently, reach the blood
circulation (Fig. 1f). This latter can even be divided into four major mechanisms:

Fig. 1 Different mechanisms involved in the small intestine absorption. (a) passive diffusion; (b)
active transport; (c) paracellular transport; (d) receptor-mediated endocytosis; (e) endocytosis via M
cells; (f) pinocytosis
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macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis,
clathrin-independent endocytosis and caveolae-independent endocytosis [18].

The use of nanotechnology, as polymeric micelles, can be an advantage when
formulating new oral delivery dosage forms. Chitosan is a biocompatible and
biodegradable polymer with ease of forming derivatives due to its chemical consti-
tution. These chitosan derivatives have been widely used to form polymeric micelles
for oral administration due to its amphiphilic ability. In the next section, it will be
explained the main chemical modifications of chitosan to produce amphiphilic
polymers and, consequently, generate polymeric micelles.

3 Chitosan Modifications into an Amphiphilic Polymer

Chitosan is derived from chitin, the most abundant polymer in nature, and has called
a lot of attention due to its properties. Being composed by ß-(1,4)-linked
D-glucosamine and N-acetyl-D-glucosamine units, chitosan is known by its low
toxicity [19], biodegradability [20], biocompatibility [21], antimicrobial activity
[22], ability to temporarily open the tight junctions of the epithelium [16], and
mucoadhesiveness [12]. Also, chitosan has an evident antitumor activity due to the
positive surface charge that can neutralize the negatively charged tumor surface and
thus improve the intestinal absorption [23]. Of course, all these advantages are
highly influenced by the molecular weight and degree of acetylation (DA), which
will affect its chemical and biological features. Moreover, chitosan solubility is
dependent on its DA, ionic concentration, and pH.

Other important characteristic of chitosan is the presence of reactive groups on its
backbone, which can facilitate chitosan modifications into new chitosan derivatives.
The presence of C2-anime, C3-hydroxyl, and C6-hydroxyl makes possible several
chemical reactions as alkylation, acylation, hydroxyalkylation, or carboxyalkylation.
Here, we briefly describe the main properties of these modifications.

3.1 Alkylation

Alkylation can occur with both functional groups of chitosan (-NH2 or -OH);
however, the reactions using the amino groups are more frequent. This is one of
the most frequent modifications of chitosan and is characterized by the grafting of
alkyl chains in the chitosan backbone. Since alkylation occurs mainly in the amino
groups by the reductive amination of chitosan, N-alkylated chitosan derivatives are
generated [24]. As in other substitutions, the hydrophobic character of chitosan will
depend on the length of the alkyl chain and the substitution degree. As higher the
alkyl chain and/or the substitution degree, a more hydrophobic chitosan derivative
will be obtained. Several works have been developed based on this reaction and,
typically, new chitosan derivatives are obtained to improve chitosan properties.

256 A. Almeida and B. Sarmento



Chen et al. [25] demonstrated better hemostatic activity in the N-alkylated chitosan
as compared with unmodified chitosan. Better properties make chitosan more attrac-
tive for biomedical applications.

3.2 Acylation

In this type of derivatives, both -NH2 and -OH groups are used in the reaction. Thus,
we can have N-acylation or O-acylation, depending on the site of the grafting. This
modification is characterized by the incorporation of acyl groups, which is typically
a carbodiimide reaction mediated by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) [24]. The majority of these
derivatives are nanoparticles or micelles with self-assembly ability. Also, the
chitosan solubility in aqueous or organic solvents is improved, depending on the
molecular weight, acyl chain length, and substitution degree. Piegat et al. [26]
demonstrated that chitosan grafted with linoleic acid had better antibacterial activity,
compared to unmodified chitosan. Several other studies used acylation to make
chitosan an amphiphilic derivative to produce polymeric micelles [6, 27–30].

3.3 Hydroxylation and Carboxylation

Both reactions are also common when modifying chitosan mainly because they
improve the solubility of chitosan in water. Hydroxyalkylated chitosan is obtained
by the reaction of chitosan with epoxides, while carboxyalkylated chitosan with
acidic groups. The reaction may occur in both reactive groups of chitosan and,
besides improving its water solubility, other biological properties are improved, as
the antibacterial and antioxidant activity [31, 32].

An ideal carrier should be biocompatible and biodegradable, present no cytotox-
icity, and form stable complexes able to cross the GIT and deliver the drug for an
improved intestinal permeability. Chitosan is able to form those complexes through
its chemical modification into an amphiphilic polymer and consequently produce
polymeric micelles. In the next section, it will be discussed in detail the main
advantages of using polymeric micelles and its main properties.

4 Polymeric Micelles as Delivery Platform

Polymeric micelles are known by the core–shell structure formed spontaneously by
amphiphilic copolymers. The self-assembly process is due to the gain of entropy of
the solvent molecules since the hydrophobic segments of the polymer aggregate and
leave the aqueous medium [33]. The micelle core is hydrophobic and is covered by a
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hydrophilic corona, forming the core–shell structure (Fig. 2). In aqueous solution,
the micelle core is used as a reservoir for hydrophobic biomolecules, while the shell
offers the colloidal stability of these systems. The payloads of these systems can
range from drugs, proteins, peptides, DNA, or siRNA. However, in this chapter, we
will focus exclusively on hydrophobic anticancer drugs.

One important characteristic of the polymeric micelles is the critical micelle
concentration (CMC) that is the concentration of the polymer above which it is
possible to form micelles spontaneously [35]. The lower the CMC value, the more
stable the micelles are. Imagining in in vivo scenario, low CMC prevents micelle
dissociation upon dilution in the biological fluids and blood circulation, as the case
of oral administration. Actually, the balance between hydrophilic/hydrophobic moi-
eties will dictate several properties as the CMC, stability, solubility, or encapsulation
efficiency. Other important parameter to take into consideration is the micelle
production method. There are five different main ways of producing them as the
direct dissolution, the evaporation solvent, dialysis, freeze-drying, or the oil-in-water
emulsion [36]. The production method is crucial for having a good drug loading and
encapsulation efficiency and is determinant in the final micelle size.

It is possible to enumerate several advantages of using polymeric micelles as a
drug delivery vehicle. Polymeric micelles can improve the aqueous solubility of
hydrophobic drugs due to the hydrophobic core; provide a controlled deliver due to
the polymer used in the micellar structure and target the deliver by using specific
ligands to the cancer cells receptors; can protect the drug from the biological fluids
improving its stability; can encapsulate a great amount of drug, increasing the drug
dose that reaches the targeted cells and thus promoting a higher treatment efficacy;
can decrease the side effects by the fact of the drug be encapsulated through the GIT
and be specifically delivered; and have longer life-time and lower aggregation

Fig. 2 Schematic representation of hydrophobically modified chitosan self-assembly. Aggregates
can entrap hydrophobic drugs in their hydrophobic core. Reprinted with permission from [34]
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concentration, which means good thermodynamic stability, better than those
low-molecular weight surfactants [33, 37, 38].

There are several copolymers very often used for micelles production as the case
of the biodegradable poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-
co-glycolic acid) (PLGA) and poly(ε-caprolactone) (PCL), and non-degradable
copolymers of poly(ethylene oxide) (PEO), poly(ethylene glycol) (PEG), and poly
(propylene oxide) (PPO). However, natural polymers as chitosan and chitosan
derivatives have gained much attention on micelles production for delivery of
hydrophobic anticancer drugs. As previously mentioned, chitosan is mucoadhesive
and, when talking about oral formulations, it is great if we can use mucoadhesive
polymers to enhance the adhesion to the intestinal epithelium and thus improve the
residence time of the system for a better therapeutic outcome.

Although a significant number of polymeric micelles are in clinical trials, as the
case of NK012 micelles, based on PEG-poly(L-glutamic acid)-SN-38 conjugated
[39, 40], NK105 micelles, based on PEG-poly(L-aspartic acid) loaded with pacli-
taxel (PTX) [41] or IT-101, based on polymer–cyclodextrin–camptothecin conju-
gated [42, 43], there is no micellar system based on chitosan at this phase. However,
in the next section, we describe the latest polymeric systems based on chitosan to
deliver anticancer hydrophobic drugs with promising results for oral chemotherapy.

5 Hydrophobic Anticancer Drugs Loaded into Polymeric
Micelles

Chemotherapy is, in most of the cases, crucial for cancer treatment. There are several
drugs effective against cancer; however, they have low solubility and low intestinal
permeability, which turns the treatment ineffective. Moreover, these drugs are
cytotoxic for normal cells, despite being efficient in stopping the cell division
process. Thus, the scientific community started to think about adjuvants or other
forms of delivery that could overcome these drawbacks. Actually, the improvements
of oral dosage forms are still the major concerns of oral chemotherapy [44].

According to the biopharmaceutical classification system (BCS), most of the
hydrophobic anticancer drugs are classified as BCS 4, which means low solubility
and low permeability. Thus, if administered orally, these drugs will present low
bioavailability. In that regard, polymeric micelles appeared as a promising strategy
to efficiently delivery anticancer drugs, particularly hydrophobic drugs. Moreover,
chitosan-based micelles have been frequently used for oral delivery of anticancer
drugs due to its capability to protect the drug through the GIT, enhancing the
solubility and absorption of poor water-soluble drugs. Several hydrophobic antican-
cer drugs encapsulated or associated with polymeric micelles based on chitosan for
cancer treatment will be presented in this section.
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5.1 Paclitaxel Delivery

PTX is a well-known anticancer drug commonly used in chitosan-derived systems.
Its mechanism of action influences the cell cycle through the hyperstabilization of
the microtubules, which ceases the mitosis until cell dead [45]. PTX is approved by
U.S. Food and Drug Administration (FDA) for the treatment of several types of
cancer such as breast, ovarian, and lung cancer, and it is classified by the BCS as
class IV drug, i.e., poorly soluble and poorly permeable. Thus, PTX is commercially
formulated as Taxol™ for intravenous administration; however, its excipients lead to
serious side effects as neurotoxicity, nephrotoxicity, and hypersensitivity [46].

Other alternatives using nanomedicine are being applied to overcome these
drawbacks. This is the case of Abraxane®, albumin nanoparticle-based system
FDA approved, Lipusu®, a liposome system approved by the State Food and Drug
Administration of China, Paclical®, a micellar system in clinical phase III, or even
Genexol-PM®, already in the market. However, all these nanosystems are being
tested for intravenous administration, which is not the ideal route of administration
due to the drug instability in the bloodstream and lack of specificity, the high
probability of infections or thrombosis, and also, the high cost of these formulations
for the patients [47]. Thus, there is an urgent need in developing new oral drug
delivery systems with high efficacy and low toxicity and cost for the patients.

Almeida et al. developed a new chitosan-based system through the introduction
of PCL into the chitosan backbone [27]. It is still a preliminary work, but the authors
found a twofold increase in the in vitro intestinal permeability of PTX compared
with the free drug. In a similar work, chitosan was modified with myristoyl chloride
as hydrophobic segment to produce micelles. PTX was efficiently encapsulated into
the system and showed no cytotoxicity against colorectal cancer cells, just as the
PTX permeability that was doubly increased compared to the free drug [28].

In other study, Xu et al. used Pluronic F127-chitosan copolymer modified with
cysteine and sodium cholate to prepare polyion complex micelles. The in vivo
pharmacokinetic study in rats revealed an increase of the oral bioavailability of
PTX from around 9% to 42%, when the drug is administered freely or encapsulated
in the micelles, respectively. Moreover, it was observed an area under the
concentration–time curve (AUC) fivefold higher and a maximal plasma concentra-
tion (Cmax) threefold higher when the drug was administered encapsulated into the
micelles compared to the free drug [46]. The authors attributed these results to the
cysteine modified micelles, which can improve the mucoadhesiveness and so
increase the contact of the micelles with the intestinal mucosa and consequently
provide a higher drug concentration. More recently, chitosan hydrophobically mod-
ified with stearic acid and conjugated with L-carnitine for the targeting of the
intestinal organic cation/carnitine transporter 2 (OCTN2) was successfully devel-
oped and PTX encapsulated with a high drug loading (16%). The pharmacokinetic
studies performed in rats demonstrated twofold increase of the Cmax and a relative
oral bioavailability of 166% of PTX encapsulated into the micelles, compared to the
commercial form of PTX, Taxol™ [48]. No differences in the Cmax were observed
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for the micelles without conjugation with L-carnitine and a relative oral bioavail-
ability of 84% was observed, which suggest the active targeting of the micelles and
transport by the OCTN2 had great impact in the increase of the oral bioavailability of
PTX. Also, internalization studies performed in Caco-2 cells using coumarin-6 as
model drug exhibited a significantly higher uptake by the micelles conjugated with
L-carnitine, compared to the freely coumarin-6 or the micelles without L-carnitine
conjugation [48].

Recently, chitosan was modified into a multifunctional amphiphilic polymer
using polylysine and cysteine. The in vitro antitumor efficacy studies performed in
Caco-2 cells showed higher cytotoxicity after 48 h of incubation for the micelles,
compared with Taxol, and higher cellular uptake compared with non-conjugated
micelles. Furthermore, the in vivo data revealed a sixfold higher AUC and oral
absorption of PTX by the micelles, ninefold increase of PTX in the tumor, and
twofold tumor reduction, when comparing with the free drug [49].

In another study, trimethyl chitosan (TMC) was conjugated with PTX (TMC-
PTX) and folic acid (FA-TMC-PTX) and tested for oral and intravenous adminis-
tration, containing approximately 11% PTX. An increase in the oral absorption of
PTX was firstly observed in vitro, where both systems presented a twofold increase
on the intestinal mucoadhesion, and a 16- and 19-fold increase of PTX intestinal
permeability for TMC-PTX and FA-TMC-PTX micelles, respectively, compared to
PTX solution [4]. The in vivo studies demonstrated that both micellar systems had an
impact in the tumor suppression, where FA-TMC-PTX was the most efficient in both
routes of administration (Fig. 3). The animals body weight was maintained during
the study, and survival experiment showed a significantly increase in the life span for
the animals treated with both micellar systems, compared with saline or PTX. Thus,
both systems showed promising results for cancer treatment by oral or intravenous
administration.

Later, Wang et al. used the same tumor model to assess the efficacy of the
carboxymethyl chitosan derivative micelles (200 nm), highly encapsulated with
PTX with a drug loading of 35%. These micelles were able to increase the AUC
and the Cmax of 16 and 26-fold, respectively, compared with Taxol™, and also, the
animals treated with micelles showed an antitumor inhibition effect around 46%,
twofold higher compared with the free drug [5].

A summary of the chitosan derivatives used to encapsulate and deliver paclitaxel
is depicted in Table 1.

5.2 Curcumin Delivery

Curcumin (CUR) is a natural active drug with applicability in several fields due to its
antioxidant, antidepressant, anti-inflammatory, antimicrobial, chemopreventive, and
anticancer properties [50, 51]. Its mechanism of action is related with the cell
signaling pathway as cell cycle progression inhibition, reduction of angiogenesis
and cell proliferation, and inducing cell apoptosis [52, 53]. CUR is known for being
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listed on the FDA’s GRAS (generally regarded as safe) since an oral dose of 12 g was
reported as tolerable in human clinical trials [53]. However, as hydrophobic drug, its
oral availability (<1%) is hampered by the low aqueous solubility and intestinal
absorption. Therefore, several nanoformulations are being explored in order to
improve the oral availability of CUR and thus improve the therapeutic efficacy of
the drug.

Fig. 3 Antitumor efficacy of PTX, TMC-PTX, and FA-TMC-PTX on H22 tumor-bearing mice.
Five administrations were conducted every alternate day. (a) Tumor growth curves following i.v. or
p.o. administration of saline and distinct PTX formulations. Indicated values were mean � SD
(n ¼ 6). *P < 0.05 versus PTX (i.v.); #P < 0.05 versus TMC-PTX via the same administration
route; $ P < 0.05 versus p.o. administration. (b) Survival curves of H22 tumor-bearing mice
receiving i.v. or p.o. administration of saline and distinct PTX formulations (n ¼ 6). Reprinted
with permission from [4]
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In a work developed by Silva et al., chitosan was modified with myristoyl
chloride to obtain an amphiphilic polymer with self-assembly properties. CUR
was efficiently encapsulated into micelles and no cytotoxicity was found in colorec-
tal cancer cells, demonstrating to be a safe carrier of the drug [29]. Regarding its
intestinal permeability, CUR encapsulated into chitosan micelles showed a signifi-
cant increase in the intestinal permeability, compared with the free drug. The authors
believe the permeability enhancement was due to the mucoadhesive character of
chitosan and its ability to open the tight junctions of the epithelium [29]. In another
study developed by Woraphatphadung et al., polymeric micelles based on a new
chitosan derivative with pH-sensitive properties for CUR delivery in the colon was
achieved. The CUR release in the simulated gastric fluid (SGF) was relatively low
around 20%, increasing to 50–55% in the simulated intestinal fluid (SIF) and
60–70% in the simulated colonic fluid (SCF), which, compared to the free drug,
was significantly higher (~20%). Also, micelles showed higher cell inhibition (IC50

6.18 � 0.18 μg/mL) than the free drug (IC50 11.38 � 3.07 μg/mL) [54]. In the same
year, chitosan was modified with arginine and thiolated fucoidan aiming to improve
the tight junctions opening ability and to enhance the mucoadhesion of the micelles
and permeation of the drug through the P-gp inhibition. Data showed that micelles
were able to increase the apparent permeability coefficient (Papp) of CUR
(2 � 10�6) compared with the free drug (1 � 10�7), as well as, micelles loaded
with CUR were able to significantly inhibit the growth of Caco-2 cells [55]. A
similar work developed by Raja et al. mentioned that chitosan was modified with

Table 1 Summary of the chitosan derivatives used to encapsulate and deliver paclitaxel

System

Average
size
(nm) CMC

Loading
efficiency Evaluation References

Chitosan-g-
polycaprolactone

~400 9.55 � 10�4 mg/
mL

82% In vitro [27]

3,6-O,O0-dimyristoyl
chitosan

~480 8.90 � 10�3 mg/
mL

100% In vitro [28]

F127-chitosan modi-
fied with cysteine and
bile salt

~60 2.50 � 10�3 mol/
L

85% In vitro
and
in vivo

[46]

L-carnitine conjugated
chitosan-stearic acid

~160 14.31 μg/mL 84% In vitro
and
in vivo

[48]

Polylysine and cysteine
functionalized chitosan

~165 – 91% In vitro
and
in vivo

[49]

Trimethyl chitosan and
folic acid

~175 0.08 mg/mL (Drug
loading of
11%)

In vitro
and
in vivo

[4]

Carboxymethyl
chitosan-rhein

~217 31.25 μg/mL 87% In vitro
and
in vivo

[5]
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acrylonitrile and arginine to develop a system with improved mucoadhesion and
solubility for CUR delivery. CUR was highly encapsulated into the system and its
aqueous solubility was significantly enlarged in comparison with the free drug, and
also a mucoadhesion enhancement was observed due to the arginine and acryloni-
trile incorporation as well as due to the use of chitosan.

A summary of the chitosan derivatives used to encapsulate and deliver curcumin
is depicted in Table 2.

5.3 Other Hydrophobic Anticancer Drugs

Camptothecin (CPT) is an anticancer drug with strong activity against several types
of tumors. Its mechanism of action is based on the inhibition of the nuclear enzyme
topoisomerase I, ending cell division, leading to apoptosis [57]. Despite being very
powerful on stopping cell division, its therapeutic efficacy is hampered by the low
solubility and bioavailability and due to the high toxicity. Also, CPT is
pH-dependent, which can suffer hydrolysis in aqueous media easily. As a result of
being encapsulated in polymeric micelles, drugs can be protected from biological
fluids and delivered to the target site in higher doses for better treatment.

Silva et al. [2] developed a new chitosan amphiphilic derivative based on 3,6-O,
O0-dimyristoyl to encapsulate and efficiently deliver CPT. Empty micelles presented
a safe profile against colorectal cancer cell lines and CPT-loaded micelles exhibited a
low release rate, showing no cytotoxic effect against the same cell lines. However,
when tested the CPT permeability, polymeric micelles showed to improve sevenfold
the CPT transport across Caco-2/HT29-MTX co-culture model, result that can be
explained by the ability of chitosan in opening the tight junctions of the epithelium
[2]. Also, in preliminary study, Almeida et al. modified chitosan with O-methyl-
O0-succinylpolyethylene glycol and oleic acid to produce polymeric micelles to

Table 2 Summary of the chitosan derivatives used to encapsulate and deliver curcumin

System

Average
size
(nm) CMC

Loading
efficiency
(%) Evaluation References

Ammonium myristoyl
chitosan

~372 9.38 � 10�6 mg/
mL

69 In vitro [29]

Arginine-modified
chitosan and thiolated
fucoidan

~167 – 62 In vitro [55]

N-naphthyl-N,O-succi-
nyl chitosan

~321 0.07 mg/mL 30 In vitro [54]

Chitosan modified with
acrylonitrile and
arginine

~199 – 76 In vitro
and
in vivo

[56]
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encapsulate CPT aiming to improve its solubility and bioavailability as potential
candidate for oral chemotherapy [30].

Doxorubicin (DOX) has been used against several types of cancer as chemother-
apy. However, DOX can be easily pumped out of the cells due to the P-gp efflux
pump. Thus, being encapsulated in polymeric micelles can avoid efflux transport and
improve oral absorption.

Stearic acid-g-chitosan was used to encapsulate and improve the oral availability
of DOX through the formation of polymeric micelles by self-assembly [6]. This
system revealed good permeability as compared with free DOX, increasing the
transport in the Caco-2 monoculture model from 20- to 40-fold, depending on the
SD. More interesting, in vivo studies performed in rats demonstrated a threefold
improvement in the oral availability of DOX encapsulated into micelles compared
with free DOX and an AUC 4-times superior. Also, these micelles had an elimina-
tion half-life of 11 h, much more prolonged than the control, which may favor the
cancer treatment [6]. In another study, Mu et al. [58] used quercetin-chitosan
conjugated (QT-CS) to produce polymeric micelles and improve the oral bioavail-
ability and solubility od DOX. Results showed a safe profile for the polymeric
micelles against Caco-2 cells and a twofold higher DOX uptake from the loaded
micelles, as compared with free DOX. The apparent permeability coefficient (Papp)
performed in Caco-2 monolayers was tenfold higher for the DOX-loaded chitosan
micelles than for free DOX, demonstrating the effect of chitosan opening the tight
junctions of the epithelium and thus increasing the intestinal permeability.

Docetaxel (DTX) is an antimicrotubular agent approved for the treatment of
several types of cancer. However, this drug is administered intravenously and no
oral form is available until now. Kumar et al. [59] recently developed a new chitosan
amphiphilic derivative through the grafting of oleic acid on carboxymethyl chitosan
backbone for the delivery of DTX. Caco-2 model was used to investigate the Papp,
which revealed to be up to sixfold higher for the DTX-loaded micelles than the free
DTX. The authors believe this increase on the intestinal permeability was achieved
by paracellular transport, mainly due to the use of chitosan to open the tight junctions
of the epithelium. These micelles also demonstrated to be stable in gastrointestinal
fluids, where their size and PdI were nearly maintained. Moreover, the in vivo
pharmacokinetic study after oral administration revealed an almost twofold and
threefold increase on the Cmax and AUC, respectively, for the DTX polymeric
micelles as compared with the free DTX, leading to an increase of DTX oral
absorption.

A summary of the chitosan derivatives used to encapsulate and deliver
camptothecin, doxorubicin, and docetaxel is depicted in Table 3.
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6 Conclusions

The advances of nanotechnology have enabled the delivery of anticancer drugs or
chemotherapeutic agents through nanoparticles, micelles, or liposomes. These trans-
port vehicles and, especially detailed here, polymeric micelles based on chitosan
have a great potential since they can potentially overcome some of the biological and
physiological barriers of the gastrointestinal tract as well as reduce systemic toxicity
and improve the solubility and bioavailability of many anticancer drugs. Particular
attention was given to chitosan, a biocompatible and biodegradable polymer with
mucoadhesive properties and ability to temporarily open the tight junctions of the
epithelium for the production of polymeric micelles. Thus, this chapter summarizes
the main limitations of the oral administration and identifies various anticancer
therapeutic agents using polymeric micellar systems as a carrier vehicle to delivery
and improve the therapeutic efficacy and safety of this drugs.
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Abstract Chitosan, a natural-based cationic polysaccharide, has a great potential to
be utilized as drug delivery systems, tissue engineering scaffolds, and wound
dressings due to its biocompatibility, bioactivity, biodegradability, antibacterial
property, gelling behavior, cell adhesion, and proliferation abilities. Due to the
presence of primary amino and hydroxyl groups, chitosan can be chemically mod-
ified or functionalized with other bioactive molecules easily to improve its physico-
chemical and biological properties required for advanced biomedical applications. In
this context, considerable efforts have been made to conjugate chitosan and its
derivatives with different types of photosensitizers/photothermal agents, quantum
dots (QDs), bioactive molecules, metals, and metal oxides to develop theranostic
agents for concurrent imaging and treatment of tumors. The chitosan-based
theranostics were found to have better cellular imaging capability, tumor-targeted
drug release, and multimodal therapeutic efficiencies. This chapter reviews the
recent progress of chitosan-based theranostics, their properties, and applications in
advanced cancer therapy.
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1 Introduction

Cancer is a most divergent and lethal disorder that remains the second-leading cause
of mortality worldwide [1]. The most commonly used cancer treatment methods are
surgery, radiation therapy, and chemotherapy. These methods can be utilized indi-
vidually or in a combined manner based on the type, stage, and location of cancer
present in the body and the age, general health, and other factors of the patient.
Although these methods have experienced many advancements in recent years, still
their practical applications are not completely satisfied to suppress the cancer cells
more effectively with minimum risk factors. Most of these treatment methods are
non-specific to deliver the drug in the tumor site and hence show cytotoxicity to the
normal cells and poor drug biodistribution in the diseased area. Moreover, these
approaches are generally not sufficient to overcome biological barriers, to treat
metastatic disease, and for monitoring, treating, and imaging cancer
simultaneously [2].

In recent years, nanotechnology has been regarded as a promising tactic to deal
with cancer and has been broadly exploited to expand the traditional cancer treat-
ment methods [3, 4]. Nanotechnology plays a vital role in developing the
theranostics for diagnosis, early detection, monitoring, and therapy of cancer
[5]. These theranostics have therapeutic, diagnostic, and imaging properties. More-
over, they can carry an additional payload of drugs. Because of the large surface area
to volume ratio, theranostic nanoparticles (NPs) can comprise various targeting
ligands that provide specificity and high affinity for target cells. Due to the smaller
size (<200 nm), theranostic NPs can preferentially accumulate in the cancer cells
due to the enhanced permeation and retention (EPR) effect and may exhibit long
blood circulation effects by avoiding recognition by the reticuloendothelial system
(RES). Therefore, theranostic NPs with adequate drug loading and releasing ability
would considerably enhance the efficacy of cancer therapy and potentially overcome
the drawbacks related to conventional treatment methods.

So far, different types of NPs based on polymeric materials, ceramics, carbon
nanotubes, and inorganic materials have been established as theranostics for cancer
diagnosis and therapy [6]. Using surface modification, these NPs have been conju-
gated with a hydrophobic anticancer drug to improve its bioavailability. Moreover,
they have been coated with hydrophilic and biocompatible polymers to improve
their circulation in the bloodstream for a longer period and avoid recognition by the
RES [7]. The theranostics NPs with a suitable size and surface modification can pass
through the blood–brain barrier (BBB) and deliver therapeutic concentration of
drugs in the brain for the treatment of central nervous system cancers [8]. Moreover,
these NPs may have the benefits of overcoming multidrug resistance [9].
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Chitosan is a cationic biopolymer, which is derived from chitin by the alkaline
deacetylation process. In recent years, chitosan has been extensively considered as a
promising biomaterial for the development of advanced theranostics for cancer
therapy due to its desired characteristics such as biocompatibility, biodegradability,
gel-forming ability, the capability to conjugate imaging agents, biomarkers, ligands,
and therapeutic agents. The chitosan-based NPs with imaging, targeting, and ther-
apeutic efficiencies have been proved to be a potential material for cancer
theranostics. In this chapter, the recent improvements of chitosan-based theranostics
such as glycol chitosan loaded with photosensitizers/photothermal agents, chitosan
loaded with QDs, chitosan-noble metal conjugates, chitosan-based magnetic NPs,
chitosan-based hybrid NPs, and chitosan-multimodal nanocomposites in cancer
therapy have been reviewed in detail.

2 Theranostics Based on Chitosan and Its Derivatives

An ideal theranostic material must have a diagnosis, imaging, and therapeutic
abilities instantaneously. A variety of multifunctional NPs containing therapeutic
molecules, imaging agents, and targeting ligand have been developed for the early
detection and inhibition of tumors. Due to the occurrence of targeting molecule, such
NPs can reach the target-site more specifically and release the drug in a controlled
manner and thereby avoid the unwanted side effects. The imaging agent loaded with
NPs can be utilized to image the tumor cells and thereby monitor the progress of the
treatment. In recent years, the NPs based on polymers, noble metals, metal oxides,
and ceramics have been largely considered as theranostics for the simultaneous
imaging and therapy of various diseases [10, 11]. Among the polymers, chitosan-
based materials have been shown the potential to be used for the developments of
advanced theranostic systems with various other functional materials for the diag-
nosis, imaging, and therapy of cancer because of their favorable characteristics such
as biocompatibility, nontoxicity, biodegradability, bioactivity, non-toxicity, and
lower adverse effects [12].

2.1 Chitosan Loaded with Photosensitizers/Photothermal
Agents

Photodynamic therapy (PDT) is one of the important approaches for cancer treat-
ment, where photosensitizers play a major role to create reactive oxygen species
(ROS), namely singlet oxygen and hydroxyl radicals in presence of light with a
suitable wavelength [13]. These ROS can kill various biological objects in the
surrounding medium and hence are measured as a promising candidate for the
abolition of tumor cells. The photosensitizers accumulated in the tumor sites can
also produce an intense fluorescence signal under light irradiation, which can be
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used as imaging agents for imaging and diagnostic applications [14]. However, the
usage of photosensitizers as a therapeutic agent is highly limited due to their
nonspecific phototoxicity, less water solubility,and ineffective tumor-targeting abil-
ity. The limitations of photosensitizers can be overcome by encapsulating them into
chitosan-based tumor-targeted drug delivery carriers.

Glycol chitosan is a water-soluble derivative of chitosan. It is prepared by
reacting chitosan with hydrophobic glycol molecules. Due to its amphiphilic nature,
glycol chitosan can be self-assembled to NPs for the delivery of therapeutic and
imaging agents in the tumor site. The glycol chitosan NPs loaded with photosensi-
tizer and anti-cancer drugs have been considered as a promising candidate for
imaging and therapy of cancer because of their biocompatibility, cationic nature,
improved EPR effect, and functional groups for surface modification and
bioconjugation. Lee et al. [15] developed glycol chitosan-based NPs loaded with
protoporphyrin IX (PpIX) as a photosensitizer for PDT and imaging of cancer. The
PpIX-loaded glycol chitosan NPs presented the improved tumor-targeting ability
compared to free photosensitizer when treated with SCC7 tumor-bearing mice. Also,
amphiphilic self-assembled NPs were prepared using the glycol chitosan conjugated
with chlorin e6 (Ce6), a photosensitizer for PDT of cancer [16]. Since Ce6 generated
ROS more effectively in the NPs, the Ce6-loaded glycol chitosan showed enhanced
PDT in MDA-MB-231 breast cancer cells. In another approach, FITC-labeled glycol
chitosan-Ce6 NPs and chitosan-Ce6 NPs were prepared and analyzed their
biodistribution in vivo in the cancer cells [17]. Compared to free Ce6, chitosan-
Ce6 NPs presented reduced in vitro cell viability and improved in vivo tumor
phototoxicity, which confirms its potential for the PDT and imaging of cancer.

Shrestha and Kishen prepared rose Bengal-loaded chitosan and studied its
antibiofilm efficiency on gram-positive and gram-negative bacteria using PDT
[18]. Under the treatment of rose bengal-loaded chitosan, the shape of bacterial
biofilm was disintegrated. This result indicated that rose bengal-loaded chitosan had
improved antibiofilm activity compared to the control photosensor. Sun et al. [19]
developed methylbenzene blue-loaded carboxymethyl chitosan NPs as a theranostic
agent for cancer therapy. These NPs exhibited pH-dependent drug release behavior
due to the presence of carboxymethyl chitosan. The prolonged controlled drug
release from the NPs was observed at pH 7.4 medium compared to pH 5.5 medium.
Under a laser light treatment, these NPs showed antibiofilm activity and inhibition of
cancer cell growth in acidic conditions. Moreover, the developed NPs exhibited self-
imaging ability and antitumor activity against the tumor mice model. Recently,
Pandya et al. [20] prepared chitosan-tetraphenyl chlorin conjugate NPs loaded
with mertansine or cabazitaxel as imaging contrast agents and for PDT of cancer.
Due to the strong interaction between the drugs and photosensitizer, the chitosan-
tetraphenyl chlorin conjugate NPs showed the improved drug loading capacity.
These NPs presented the enhanced cytotoxicity and PDT effect on breast cancer
cell lines, suggests their suitability for cancer theranostics.

Photothermal therapy (PTT) is another promising approach to destruct cancer
cells by thermal energy. In PTT, near-infrared (NIR) light is engrossed and
transformed to confined heat by the NPs, resulting in the demolition of the tumor
cells [21]. Kumar et al. [22] developed polycaprolactone coated and IR
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820 dye-loaded glycol chitosan composite for imaging and PTT of cancer cells.
These composites retained their structural stability even after the exposure to laser
light and presented the sustained release profile. Also, they exhibited the imaging
capability, improved cellular uptake, and enhanced photothermal effect on breast
cancer cells. Manivasagan et al. [23] fabricated chitosan-polypyrrole composite NPs
for imaging-guided PTT of cancer. Because of the synergistic effects of chitosan and
polypyrrole, these composites had improved biocompatibility, stability, and NIR
absorbance. The in vivo study demonstrated that the prepared composite NPs had
better antitumor activity against the tumor-bearing mice under NIR radiation.
Recently, Lee et al. [24] prepared chitosan oligosaccharide lactate conjugated with
ZW800–1 NIR fluorophore for imaging and targeted PTT of cancer. The HT-29
tumor-bearing mice treated with developed conjugate presented a considerable
decrease in the volume of tumor after NIR laser irradiation. Further, chitosan
oligosaccharide lactate-ZW800–1 conjugate showed light-triggered PTT and strong
fluorescence in tumor sites.

2.2 Chitosan Loaded with QDs

The inorganic nanocrystals that belong to groups III–V and II–VI are known as QDs.
Due to the fluorescent properties, QDs are considered an imaging agent in the field of
cancer theranostics. The fluorescent properties of QDs can be altered by changing
their size and configuration [25]. So far, considerable works have been done to
develop multifunctional theranostics based on chitosan and its derivatives encapsu-
lated with QDs for cancer therapy.

Tan et al. [26] prepared chitosan-QD composite surface modified with human
epidermal growth factor receptor 2 (HER2) antibodies for the imaging and targeted
delivery of si-RNA to MCF-7 and SKBR3 human breast cancer cell lines. Due to the
presence of a greater number of HER2 receptors, more internalization of the
chitosan-QD composite was found in SKBR3 cells compared to MCF-7 cells.
When chitosan-QD was utilized to release HER2 si-RNA, HER2 gene expression
levels were decreased to 80%. Also, Yuan et al. [27] prepared chitosan-ZnO QDs for
imaging and tumor-targeted drug delivery. Due to the presence of chitosan, the
prepared materials showed the improved drug loading efficiency and biocompati-
bility. Also, these materials presented the imaging ability by emitting the blue-light
due to the existence of ZnO QDs. In another approach, curcumin-loaded O-
carboxymethyl chitosan grafted with ZnO QDs was prepared for cancer therapy
[28]. Since ZnO QDs were conjugated with chitosan, these materials presented
enhanced stability for better drug release, imaging, and therapeutic efficiencies.

Ma et al. [29] developed carboxymethyl chitosan loaded with CdTe QDs. Due to
the strong binding ability of carboxymethyl chitosan to CdTe QDs with Zn2+, the
developed materials presented an improved fluorescence property. These NPs accu-
mulated more effectively at the tumor site of tumor-bearing mice after intravenous
inoculation. Due to the biocompatibility and imaging ability, the developed NPs
showed great potential for the imaging and therapy of cancer. In another study, a film
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based on CdTe QDs functionalized with chitosan-L-cysteine was prepared. This film
showed better imaging ability and antibacterial property due to the synergistic effect
of CdTe QDs and chitosan-L-cysteine [30].

Multifunctional chitosan NPs containing folic acid (FA), FITC, doxorubicin
(DOX), carbon QDs, and vascular endothelial growth factor (VEGF) shRNA were
prepared as a theranostic agent for cancer therapy (Fig. 1) [31]. The average particle
size and charge of these NPs were found to be 154 nm and 23.2 mV, respectively.
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These NPs effectively delivered the VEGF shRNA into HeLa cells by shielding
shRNA from degradation. The NPs presented the pH-responsive anti-cancer drug
release profile. Due to the presence of FA, the prepared NPs exhibited improved
cellular uptake by HeLa cells through folate-receptor-mediated endocytosis. The
HeLa cells treated with multifunctional chitosan NPs presented reduced VEGF
expression, minimal cell proliferation, and augmented cell apoptosis. Besides,
these NPs confirmed outstanding fluorescence cellular imaging due to the presence
of carbon QDs. In another study, Ding et al. [32] developed FA-conjugated
carboxymethyl chitosan NPs containing QDs and Fe3O4 NPs for cellular imaging
and tumor-targeted drug delivery. Due to the presence of FA, these NPs were
successfully uptaken by tumor cells via the FA-receptor-mediated endocytosis
mechanism. Moreover, they exhibited simultaneous fluorescence imaging and mag-
netic properties due to the synergistic effects of QDs and Fe3O4 NPs. Further, Lin
et al. [33] fabricated nano-micelles based on pluronic-containing anticancer drug and
ZnO/CdTe QDs. In this study, the surface of nano-micelles was altered by
FA-conjugated chitosan to improve their tumor-targeting ability and blood circula-
tion time. The in vivo study results disclosed that these NPs had controlled drug
release and fluorescence cellular imaging capabilities.

Recently, Janus et al. [34] prepared chitosan-based carbon QDs doped with
nitrogen for diagnosis, cellular imaging, and controlled drug delivery. The devel-
oped QDs presented photoluminescence property in visible light. The chitosan-
based carbon QDs modified with amino acids such as lysine and glutamic acid
showed a higher quantum yield. Biocompatibility studies demonstrated that the
developed NPs had no cytotoxicity on human dermal fibroblasts.

In another approach, Yu et al. [35] designed FA-conjugated copper sulfide (CuS)-
chitosan QDs for imaging-guided cancer therapy. These NPs presented adequate
biocompatibility, increased cellular uptake, strong NIR light absorption, and
improved photothermal efficiency. They also effectively targeted and amassed in
the cancer cells within 60 min. Under laser light irradiation, these NPs potentially
inhibited the growth rate of tumor cells.

2.3 Chitosan-Noble Metal Conjugates

In recent years, noble metals such as gold (Au), silver (Ag), and palladium (Pd) have
received much importance as cancer theranostics due to their exceptional optical,
electrical, and photothermal behaviors. The metal NPs encapsulated with chitosan
and its derivatives have a large potential to be used for cancer imaging and therapy
due to their excellent stability and multifunctional effects [36]. Chitosan can form
complexation with metal ions through hydroxyl and amino groups present in the
polymer chain and hence can improve the stability of metal NPs [37].

Thangam et al. [38] developed the multifunctional chitosan NPs encapsulated
with Ag and natural fluorescent protein, R-phycoerythrin for cancer therapy. The
theranostic ability of these NPs was studied against MDA-MB-231 breast cancer
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cells. The developed NPs presented noticeably high cytotoxicity in the MDA-MB-
231 cells, but less cytotoxicity in the normal cells. In recent years, Au NPs are
largely utilized as a theranostic agent for cancer treatment because of their
non-toxicity, high surface-to-volume ratio, excellent optical and photothermal prop-
erties [39]. The Au NPs encapsulated chitosan can have the improved drug loading
and tumor-targeted drug delivery ability and imaging property.

Zhang et al. [40] developed chitosan-modified Au NPs for the radiotherapy of
cancer. Due to the improved radiation sensitivity, the prepared NPs showed remark-
able damage to tumor cells under X-ray irradiation. In another strategy, Sahoo et al.
[41] developed chitosan-Au NPs for the apoptosis of cervical cancer cells (Fig. 2).
Due to the fluorescence property of Au NPs, the developed NPs presented the optical
imaging of cells without the usage of additional dyes. Also, as a radiosensitizer, the
chitosan-Au NPs enhanced the efficiency of the radiotherapy. Yan et al. [42]
prepared poly(vinyl alcohol)/chitosan nanofibers incorporated with Au NPs for
delivery of the drug to cancer cells and imaging of cancer cells. Due to the surface
plasmon resonance (SPR) property of Au NPs, the developed nanofibers can be used
to attain image-guided therapies.

The Pd NPs coated with RGD peptide-linked chitosan oligosaccharide were
developed for imaging and PTT of cancer cells (Fig. 3) [43]. These particles
presented the selective accumulation in MDA-MB-231 breast cancer cells and
improved photothermal effects under irradiation of 808-nm laser light at 2 W/cm2

power density. Due to the coating of chitosan oligosaccharide, the NPs showed
adequate biocompatibility, colloidal stability, and water dispersity. Since the devel-
oped NPs exhibit a good amplitude of photoacoustic signals, they facilitated the
imaging of cancer cells using a photoacoustic tomography system.
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Recently, Sun et al. [44] fabricated Au NPs coated with glycol-chitosan for cancer
cell imaging and therapy. These NPs showed relatively improved cellular uptake by
breast cancer cell lines and good photoacoustic signals in the in vitro studies. The
improved photoacoustic signals could be due to the plasmon coupling effect of
glycol-chitosan-coated Au NPs in cancer cells. Further, these NPs presented
photoacoustic cancer cellular imaging without using any antibodies or surface
alteration. Wang et al. [45] prepared core-shell composite NPs based on Fe3O4,
chitosan, and Au NPs as cancer theranostics. These NPs had improved cytotoxicity
against different types of human carcinoma cell lines. The developed core-shell
composite NPs could be used for the imaging and therapy of pancreatic, gastric, and
colon cancers. Further, Ma et al. [46] developed Au encapsulated chitosan NPs for
cancer therapy. These NPs presented outstanding biocompatibility, improved col-
loidal stability, pH-dependent drug release property, high drug loading, and fluores-
cence imaging abilities.

2.4 Chitosan-Based Magnetic NPs

Among the inorganic nanomaterials, magnetic NPs have been extensively used in
hyperthermia, drug delivery, magnetic resonance imaging (MRI), drug delivery,
bioseparation, and catalysis due to their exceptional multifunctional characteristics
[47, 48]. The magnetic NPs exhibit excellent superparamagnetic behavior when their
size is reduced to<15 nm. In recent years, much interest has been given to chitosan-
magnetic NPs conjugates for the tumor-targeted drug delivery and imaging modal-
ities using an externally applied magnetic field [49]. Among the magnetic NPs,
superparamagnetic iron oxide (Fe3O4) NPs are widely considered as a promising
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MRI contrast agent for cancer therapy because of their lesser toxicity and increased
proton relaxation that results in a lesser detection limit [50]. Hence,
superparamagnetic Fe3O4 NPs have been combined with chitosan as cancer
theranostic agents. For instance, Lee et al. [51] prepared self-assembled chitosan-
linoleic acid NPs encapsulated with Fe3O4 NPs as a contrast agent. These NPs were
found to increase the colloidal stability of the Fe3O4 NPs. Moreover, they reduced
the cytotoxicity and showed the targeted MRI of the cancer cells without imaging the
normal cells. Maria et al. [52] prepared Fe3O4-loaded chitosan NPs for the sustained
delivery of docetaxel and imaging of cancer cells. The results showed that the drug
retains its efficiency during its loading into the NPs and hence NPs carried the drug
into tumor cells effectively. Further, Shi et al. [53] prepared carboxymethyl chitosan
conjugated Fe3O4 NPs as a contrast agent in MRI (Fig. 4). These NPs were
efficiently taken up by the human mesenchymal stem cells (hMSCs) through endo-
cytosis and showed minimal cytotoxicity as compared to the control medium. Due to
high labeling competence, the developed Fe3O4 NPs detected <100 labeled cells by
MRI. Santos et al. [54] synthesized multifunctional Fe3O4/chitosan-L-glutamic acid
core-shell NPs for tumor-targeted drug delivery and hyperthermia usages. These
NPs presented the improved drug loading and controlled drug release profile with a
localized hyperthermia ability.

Fan et al. [55] developed multifunctional Fe3O4 NPs surface-modified with
carboxymethyl chitosan and FA (Fig. 5). The results showed that the surface-
modified Fe3O4 NPs decrease not only the cytotoxicity against the normal cells
but also the detention of Fe3O4 NPs by macrophages. Due to the presence of FA, the
established NPs were effectively taken up by FA-receptor positive cancer cells for
MRI, drug targeting, and hyperthermia. Balan et al. [56] reported magnetic NPs
comprised of N-palmitoyl chitosan and Fe3O4 NPs by ionic gelation method. The
developed NPs had a mean size of ~150 nm and a zeta potential of 16.78 mV. In
addition, they offered the drug loading ability, high value of magnetic saturation
(54.59 emu/g), and superparamagnetic behavior required for cancer theranostics. In
another approach, Wang et al. [57] developed magnetic graphene functionalized
with chitosan for the simultaneous delivery of therapeutics and magnetic NPs to the
tumor site. Because of the presence of chitosan, the developed magnetic graphene
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sheets were found to be biocompatible, stable, and dispersed in the aqueous medium.
These NPs presented the improved drug loading ability, pH-dependent drug release
profile, cellular uptake by the A549 human lung cancer cells. Due to the enhanced
cellular uptake, the cytotoxicity of the drug-loaded NPs towards the tumor cells was
measured to be larger than that of free drug.

Also, Lim et al. [58] developed magnetic NPs based on N-naphthyl-O-
dimethymaleoyl chitosan and Fe3O4 for effective cancer therapy. These NPs were
found to have the capability of pH-dependent drug release and MRI abilities (Fig. 6).
They showed an increased rate of drug release at acidic medium than that at alkaline
medium, which could be desired for effective delivery of therapeutics in cancer sites.

Zhou et al. [59] prepared chitosan-coated Fe3O4 NPs with a collective ability of
drug distribution and hyperthermia effect using a coacervation followed by a
chemical cross-linking technique. In this study, FA-conjugated poly(ethylene gly-
col) (PEG) was functionalized on the surface of the chitosan-coated Fe3O4 NPs to
expand the long blood circulation and targeting ability. Due to the presence of
targeting ligand, the developed NPs showed higher cellular uptake by HeLa cells
through folate-receptor-mediated endocytosis. Guanghui et al. [60] fabricated Fe3O4

and DOX-loaded chitosan NPs and found that the synthesized NPs could be suitable
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for MRI and delivery of therapeutic agents due to their imaging contrast ability and
pH-sensitive properties, respectively. Further, Wang et al. [61] prepared
multifunctional DOX-loaded Fe3O4–CdTe@SiO2–carboxymethyl chitosan core-
shell NPs. These NPs exhibited good biocompatibility, outstanding magnetic-guided
tumor-targeting, and fluorescence labeling abilities. The nanobubbles encapsulated
with magnetic NPs have also been considered as a promising candidate for cancer
theranostics due to their long blood circulation ability and tumor-targetability. For
instance, Yang et al. [62] developed carboxymethyl hexanoyl chitosan nanobubbles
loaded with camptothecin and Fe3O4 NPs for the imaging and therapy of cancers.
Due to the synergistic effect of carboxymethyl hexanoyl chitosan and Fe3O4 NPs,
the developed nanobubbles demonstrated the increased cytotoxicity against the
breast tumor cells and tumor-specific accumulation.

Li et al. [63] developed the multifunctional DOX-loaded Fe3O4 NPs blended with
chitosan and graphene oxide by electrospray method (Fig. 7). These NPs had the
particle size in the range of 100–1,100 μm. Due to the presence of Fe3O4 and
graphene oxide, the multifunctional Fe3O4 NPs showed magnetic responsive behav-
ior with improved drug loading efficiency and stimuli-responsive DOX release
profile under NIR irradiation for the chemotherapy of cancer. In another study,
chitosan NPs coated with Fe3O4 were reported for cancer theranostics [64]. These
NPs presented the enhanced MRI signals, imaging of tumor cells, and tumor-specific
drug delivery. The biodistribution study conducted using BALB/c mice demon-
strated that the developed NPs mainly accumulated in kidneys and liver as they are
the important organs that participated in the removal of Fe3O4 NPs. These results
confirmed that Fe3O4-coated chitosan NPs are a promising material for the diagno-
sis, imaging, and therapy of liver cancer.

In recent years, gene silencing and RNA interference practices have received
much interest in cancer therapy. However, due to the rapid disintegration of siRNA
by endonucleases before cellular uptake, the usage of these methods is restricted. To
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overcome these drawbacks, Bruniaux et al. [65] developed chitosan functionalized
with Fe3O4 NPs and siRNA for RNA interference and MRI contrast abilities. In this
study, the coating of PEG and poly-L-arginine on the surface of NPs was found to
improve their biocompatibility and siRNA transfection ability. Because of the
existence of chitosan, the developed NPs presented the pH-dependent delivery of
siRNA into the cells. Likewise, Israel et al. [66] reported chitosan-coated Fe3O4 NPs
as nanocarriers for siRNA for gene silencing therapy.

Olono et al. [67] fabricated the core-shell of Fe3C/γ-Fe2O3 NPs encapsulated
micelles based on sodium dodecyl sulfate and oleic acid stabilized with chitosan
using the sonochemical synthesis method. These micelles showed an average size of
19.71 nm, a polydispersity index of 0.134 and a zeta potential of �41.5 mV. Due to
their drug loading efficiency and imaging property, these nanocarriers could be an
ideal theranostic agent for cancer therapy. Kumar and Srivastava [68] prepared
FITC-linked polycaprolactone glycol chitosan IR 820 NPs for hyperthermia-induced
cancer cell death. These NPs showed outstanding photostability for 5 min. The
results confirmed that FITC-linked polycaprolactone glycol chitosan IR 820 NPs
could be an effective theranostic material for image-guided PTT of cancer. Recently,
Baktash et al. [69] prepared hybrid NPs based on chitosan grafted graphene oxide
combined with Fe3O4 NPs as a pH-sensitive theranostic for cancer therapy (Fig. 8).
The DOX-loaded NPs showed the increased rate of drug release at the acidic
medium that could be ideal for tumor-targeted drug delivery. Due to the presence
of Fe3O4 NPs and graphene oxide, the T2 contrast efficacy of the developed NPs was
found to be improved. MTT study conducted with L929 cell lines showed the good
biocompatibility of NPs, suggesting less contact of GO with the cell membrane due
to the presence of chitosan. The results confirmed that the drug-loaded NPs
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developed using low molecular weight chitosan presents improved cytotoxicity
against the MCF7 cancer cells.

2.5 Chitosan-Based Hybrid NPs

In recent years, glycol chitosan-5β-cholanic acid conjugate has received much
interest for its outstanding biocompatibility and tumor-specific biodistribution. The
NPs based on glycol chitosan-5β-cholanic acid conjugate presented the selective
accumulation in liver tumor tissues, suggesting that these NPs can evade the
recognition by RES in the liver [70]. Further, these NPs were found to be extremely
dispersed in the brain tumor, indicating the possibility of using them as cancer
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theranostics [71]. Considering together, glycol chitosan-5β-cholanic acid NPs could
be ideal for cancer theranostics irrespective of the location and type of the cancers.
Similarly, Yoon et al. [72] developed glycol chitosan-based NPs as a carrier for
si-RNA and chemotherapeutic agents and studied their physicochemical character-
istics such as particle size, surface, and pH-sensitive properties.

Kim et al. [73] developed paclitaxel-loaded chitosan NPs linked with Cyanine-
5.5 (Cy5.5) for imaging and therapy of cancer (Fig. 9). The developed NPs at the
optimal amount of administration resulted in the increased rate of tumor cell death
compared to free drugs and showed the imaging capability. Na et al. [74] also
reported chitosan NPs loaded with paclitaxel and Cy5.5 for imaging and therapy
of cancer. In another approach, Srinivasan et al. [75] developed chitosan-IR820
conjugates for imaging and hyperthermia of cancer cells. These conjugates showed
hyperthermic cell growth inhibition in human sarcoma cancer cells, SKOV-3, and
antibody upon exposure with laser light. The extent of cell growth inhibition due to
hyperthermia was found to be higher in chitosan-IR820 conjugates than IR820 alone
exist in cancer cells/antibody.

Carbon-based materials such as graphene and graphene oxide have the potential
to be used in drug delivery, bioimaging, wound healing, and tissue engineering
[76]. These materials can be suitable for the PTT of cancer cells due to their
biocompatibility and functionalization ability [77]. Since carbon-based materials
have layered sheet-like structure, they offer a high surface area for the increased
adsorption of therapeutic agents. By considering this merit, Fu et al. [78] prepared
GO-modified carboxymethyl chitosan and linked it to hyaluronic acid and FITC for
tumor-targeted controlled delivery of DOX. The developed NPs presented a high
drug loading ability along with the increased rate of drug release at acidic conditions
(pH 5.8). Also, these NPs showed increased cellular uptake and thereby cancer cell
apoptosis. Baghbani et al. [79] prepared the nanodroplets based on curcumin-loaded
chitosan/perfluorohexane for ultrasound (US) imaging contrast and cancer therapy.
Under US exposure, the nanodroplets presented the increased cytotoxicity against
the 4 T1 human breast cancer cell lines, which confirmed their potential to be used in
image-guided cancer therapy.
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Recently, a nanodroplet has been developed for siRNA delivery using the
microbubble transmission technique [80]. In this study, the core of nanodroplets
was made up of perfluoropentane and magnetic NPs with a shell containing
deoxycholic acid conjugated chitosan and siRNA. The nanodroplets were converted
into microbubbles after exposure to US for a longer circulation time in the blood-
stream. The magnetic NPs within the microbubbles were utilized to improve the
localization via an externally applied magnetic field. The developed materials
presented a four-fold decrease in the viability of human lung and breast cancer
cells. In another study, DOX-loaded chitosan-Ag hybrid NPs were prepared and
analyzed their physicochemical properties [81]. Due to the existence of chitosan,
these NPs showed the pH-responsive controlled drug release behavior. Moreover,
they showed enhanced cytotoxicity against subcutaneous tumors and cancer cell
lines. Further, Zhang et al. [82] fabricated methylene blue-loaded hybrid
PEG-chitosan/Fe3O4 NPs for imaging and combined PDT/PTT of cancer. Due to
the formation of singlet oxygen, the prepared NPs effectively killed the cancer cells
under NIR radiation. Also, they exhibited controlled photoexcitation to eradicate the
tumor cells without affecting normal cells. These hybrid NPs could be considered for
MRI and collective PDT/PTT of cancer.

2.6 Chitosan-Based Multimodal Nanocomposites

Chitosan has been utilized as a matrix for encapsulating two or more theranostic NPs
to obtain nanocomposites with improved theranostic capability. In this context, Lin
et al. [83] developed the multi-modal nanocarriers based on chitosan functionalized
with Fe3O4 NPs, methotrexate-PEG, and Cy5.5. In this study, methotrexate-PEG
was used as a prodrug, which can target the tumor cells. These NPs presented higher
accumulation in the target site, decreased adverse effects, sustained drug release,
enhanced therapeutic efficacy, and higher cellular uptake compared to the control.
Due to the presence of Fe3O4 NPs and Cy5.5, these nanocarriers could be used in
multi-modal imaging and cancer therapy. Wang et al. [84] prepared multifunctional
core-shell NPs based on Fe3O4/Au encapsulated chitosan as a photothermal and
dual-imaging agent. The NPs showed outstanding magnetic properties, plasmonic
activities, and fewer hemolytic effects. Due to the exceptional photothermal behav-
ior of Fe3O4/Au NPs, the developed NPs could be ideal for PTT and simultaneous
MRI and field imaging of cancer cells. Kim et al. [85] fabricated Cy5.5-labeled Au
NPs coated with glycol chitosan and linked with fibrin-targeting peptides for CT
imaging and therapy of cerebrovascular thrombi using a tissue plasminogen activa-
tor. Key et al. [86] prepared peptide-conjugated glycol chitosan NPs loaded with
Fe3O4 and Cy5.5 for MRI/NIR fluorescence imaging and therapy of cancer. These
NPs specifically accumulated in the tumor site without gathering in the normal
tissues and presented multimodal cellular imaging capability.

Recently, Liu et al. [87] prepared DOX-loaded polyoxometalate NPs surface
coated with mesoporous silica and FA–chitosan for multimodal imaging and
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chemotherapy of cancer. These NPs presented upconverting luminescence under
NIR light and CT imaging characteristics. Due to the generation of heat under laser
light irradiation and the release of DOX, the prepared NPs showed their potential to
be used for the combined PPT/chemotherapy of cancer. Because of the presence of
FA-chitosan, they also exhibited the tumor-targeted pH-responsive drug release.
Further, Choi et al. [88] developed glycol chitosan NPs containing iodine for US
and computed tomography (CT) imaging of cancer tissues. In this study, diatrizoic
acid-containing iodine was linked to glycol chitosan and then perfluoropentane was
loaded into the resulting product to form a multimodal imaging agent. The prepared
NPs showed effective accumulation and US/CT signals in the tumor site.

3 Summary

Over the last few decades, considerable efforts have been taken to utilize chitosan
and its derivatives for the development of theranostics for effective imaging and
therapy of cancer due to their desirable physiochemical and biological properties.
Chitosan and its derivatives have been largely combined with photosensitizers/
photothermal agents, QDs, noble metals, magnetic NPs, and other functional mate-
rials to fabricate the advanced cancer theranostics. Since photosensitizers-loaded
chitosan selectively accumulates in the tumor site, they can be effectively utilized for
PTT and fluorescence imaging of cancer cells. Due to the presence of tumor-
targeting ability and imaging capability, the targeting ligand-linked chitosan NPs
encapsulated with QDs and anticancer drugs demonstrated better cellular imaging
and therapeutic efficacy at the tumor site. In recent years, chitosan-Au NPs conju-
gates are largely considered for the combined PTT and imaging of tumors. In this
system, the Au NPs provided the optical and photothermal properties to chitosan-Au
NPs conjugates, while chitosan offered better drug loading, controlled release, and
tumor-targeting abilities. Due to the exceptional superparamagnetic and
photothermal properties of Fe3O4 NPs, chitosan and its derivatives have been
conjugated with Fe3O4 NPs to fabricate different types of chitosan-based magnetic
NPs as theranostics for cancer therapy. These magnetic NPs could be a promising
material for simultaneous MRI, PTT, and chemotherapy of cancer because of the
synergistic effects of Fe3O4 NPs and chitosan-based materials. Further, chitosan-
based materials conjugated with different fluorescent dyes and functional materials,
namely Fe3O4 NPs, Au NPs, therapeutic agents, 5β-cholanic acid, PEG, and GO
established their suitability for multimodal imaging and therapy of cancer. Overall, it
is apparent that chitosan-based theranostics have a large potential to be utilized in
real-time cancer therapy after the systematic evaluation of their cytotoxicity and
immunotoxicity and completion of preclinical studies.
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Abstract Vaccination is a highly effective and safe method in preventing life-
threatening infections in both human and animals. It is based on the principle of
activating the immune system and providing protection against infection by admin-
istration of the pathogen (antigen) that causes the disease. In general, vaccines can be
classified as live-attenuated, inactivated, toxoid vaccines, subunit and highly purified
recombinant vaccines. Use of subunit and highly purified vaccines enhances the
safety; however, their immunogenicity is relatively low due to their monomeric
nature and the absence of other immunostimulatory components. Among the strat-
egies to improve the immunogenicity of subunit vaccines is use of adjuvants and/or
delivery systems. Chitosan has been one of the most attractive materials that has
been investigated as vaccine adjuvant/delivery system, due to its promising features
such as bioadhesivity, biocompatibility, biodegradability, and penetration enhancing
activity, as well as bioactive properties (immunostimulatory, anti-inflammatory). In
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this review, after giving brief information about chitosan and its role in immuniza-
tion, recent studies on chitosan-based adjuvant/delivery systems will be reviewed in
line with the delivery route.

Keywords Adjuvant · Chitosan · Cutaneous · Mucosal · Parenteral · Vaccine
delivery

1 Introduction

Vaccination is a highly effective and safe method in preventing life-threatening
infections in both human and animals. It is based on the principle of activating the
immune system and providing protection against infection by administration of the
pathogen (antigen) that causes the disease [1]. In general, vaccines can be classified
as live-attenuated, inactivated, toxoid vaccines, subunit and highly purified recom-
binant vaccines. Nucleic acid (DNA and RNA)-based vaccines have also attracted
attention, especially during the COVID-19 pandemics. Use of subunit and highly
purified vaccines contains the specific fragment of the pathogen that induces the
immune response, and by this means, they provide enhanced safety. However, the
immunogenicity of subunit vaccines is usually relatively low due to their monomeric
nature and the absence of other immunostimulatory components [2–5]. Among the
strategies investigated to improve the immunogenicity of subunit vaccines are
polyvalent antigen display, use of adjuvants and/or delivery systems [6, 7]. Adjuvants
have diverse mechanisms of action and should be selected for use on the basis of the
route of administration and the type of immune response (antibody, cell-mediated, or
mucosal immunity) that is desired for a particular vaccine [3, 8, 9]. As the activity of
the adjuvant is the result of multiple factors, the enhanced immune response obtained
with the adjuvant for one antigen cannot be extrapolated to another antigen. Fur-
thermore, each antigen differs in its physical, biological, and immunogenic proper-
ties. Adjuvants are divided mainly into two groups as immunostimulant and delivery
systems according to their mechanism of action [7, 8, 10, 11]. Immunostimulants act
by directly stimulating the immune system specifically through pattern-recognition
receptors (PRRs), such as toll-like receptors (TLRs), NOD-like receptors (NLR),
C-type lectins, and RIG-like receptors of immune cells [12–14]. Delivery systems
provide the presentation of the required amount of the antigen and/or adjuvants to
the appropriate immune cells. Adsorbent mineral salts (e.g., aluminum salts), par-
ticulate systems, and combinations of them are included in this group [14, 15]. Alum
is the only compound that has approval as an adjuvant (since 1930), whereas the
other adjuvants used in commercially available vaccines have approval with the
product. It is noteworthy that although many studies have been carried out to date,
the number of adjuvants available on the market is still very limited, mainly due to
the safety issues [8, 16–18]. There are numerous studies on new adjuvants which are
in clinical trial stage [19, 20].
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Particulate delivery systems, especially lipid-based systems such as immune-
stimulating complexes (ISCOMs), liposomes, emulsions, virosomes, lipid
nanoparticles as well as polymer-based micro- and nanoparticles have been designed
to deliver the antigens. The main aim is to exert all the properties of pathogens with
the exception of causing disease [21, 22]. Key features of pathogens that can be
mimicked by vaccine delivery systems are their size, shape, and surface molecule
organization. Besides the above-mentioned features, uptake of these systems by
APCs or reaching to lymph nodes depends also on surface charge, hydrophobicity,
and hydrophilicity [23]. In general, cationic particles show greater uptake and
activation of APCs than neutral or anionic particles. This is attributed to the
enhancement of binding to the negatively charged cell surface by the positively
charged particle, which subsequently sets off internalization into the cell [24, 25]. Par-
ticulate systems are also reported to provide a depot effect and extend the residence
time of the antigen [26–28]. Furthermore, depending on the type of the particulate
system as well as the ingredients used to prepare this system, mechanism of uptake
by the immune system can also differ. Virus size particles (20–200 nm) are taken
into cells by endocytosis and directly reach lymph nodes and create immune
response by interacting with B cells. Larger size particles (0.5–5 μm) are taken
into cells with macropinocytosis, particles larger than 0.5 μm are taken up by
macrophages predominantly by phagocytosis [29–31]. In addition to antigen deliv-
ery, particulate systems themselves have been shown to enhance the immune
responses.

Natural (e.g., chitosan, alginate, hyaluronic acid) and synthetic polymers (e.g.,
polyanhydrides, polyesters (poly lactic acid (PLA), polyglycolic acid (PGA), poly
(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL)) and their combinations
have been investigated for the preparation of polymeric micro- and nanoparticles for
antigen delivery [32, 33]. Amongst them, chitosan has been one of the most
attractive polymers that has been investigated as vaccine adjuvant/delivery system,
due to its promising features such as bioadhesivity, biocompatibility, biodegradabil-
ity, and penetration enhancing activity, as well as bioactive properties
(immunostimulatory, anti-inflammatory) [34–49]. Chitosan-based systems have
been prepared both as an adjuvant/antigen-delivery system for systemic and mucosal
immunization. The studies showed that chitosan stimulates both humoral and cellu-
lar immune responses against various antigens. In the following sections, after
giving brief information about chitosan and its role in immunization, recent studies
on chitosan-based adjuvant/delivery systems will be reviewed in line with the
delivery route.

2 Chitosan and Immunization

Chitosan is obtained by deacetylation of chitin, which is a polysaccharide found in
the exoskeleton of crustaceans and insects and in the cell walls of some bacteria and
fungi [39, 42, 49–51]. Chitosan is a linear copolymer consisting of poly [ß-(1! 4)-
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Chitin 

Chitosan (100% deacetylated)

Chitosan (partially deacetylated - randomized)

Chitosan (partially deacetylated - blockwise)

Fig. 1 Chemical structure of chitin and chitosan

296 S. Parmaksız and S. Şenel



2-amino-2-deoxy-D-glucopyranose] with randomly located N-acetylglucosamine
groups depending upon the degree of deacetylation (DD) of the polymer (Fig. 1).
A monograph for water-soluble chitosan chloride is included in the European
Pharmacopeia [52] and a monograph for chitosan in the United States Pharmaco-
peia/National Formulary [53]. In these monographs, chitosan source is animal,
specified as shells of shrimps and crabs, and its degree of deacetylation is required
to be above 70%. Other specifications such as appearance, solubility, identification,
bacterial endotoxin, microbial limits, loss on drying, residue on ignition (or sulfated
ash), limit of heavy metals, limit of protein content, average molecular weight and
molecular weight distribution, appearance of solution, matter insoluble in water, pH,
viscosity are also stated in the pharmacopeia. Non-animal source (fungal) chitosan is
also available for medical purposes; however, it has not been included in the
pharmacopeia yet.

Chitosan can be characterized in regard to its intrinsic properties (purity, molec-
ular weight, viscosity, and degree of deacetylation) and physical form. It is com-
mercially available in various grades of purity, molecular weight (low, medium,
high), and degree of deacetylation, obtained from either animal or non-animal
sources. Chitosan is readily soluble in dilute acidic solutions below pH 6.0. Degree
of deacetylation (DD), which represents the proportion of N-acetyl-D-glucosamine
units with respect to the total number of units, can be randomized or blockwise
(Fig. 1). The DD and deacetylation pattern play an important role in defining the
physicochemical and biological properties of chitosan. Chitosan has cationic charge
due to its free amino groups, which are also the active sites ready to interact with
various molecules enabling to tailor structures and systems with desired properties.
Chitosan is degraded by enzymes such as chitosanase and lysozyme. The biodegra-
dation rate of chitosan is controlled by its DD and molecular weight as well as its
crystallinity. Up to date, no adverse issues have been reported about its safety in
medical applications, both internally and externally [54]. It is important to make sure
that it does not cause any allergies or any other side effects as it is mainly animal-
sourced.

For decades, chitosan has been widely investigated in medical field both as a
therapeutic agent and as a delivery system due to its promising features [55–63]. For
immunization, chitosan and its derivatives have been investigated both as an adju-
vant and antigen-delivery system, in different forms such as gel, film, fibers, micro-
and nanoparticle gel, aqueous dispersions for systemic and mucosal immunization
[37, 42, 43]. Chitosan has been shown to induce both humoral and cellular immune
responses against various antigens. Zaharoff and his group [36] have shown in
C57BL/6 mice that chitosan solution, prepared using water-soluble glutamate salt
of chitosan, improved humoral and cell-mediated immune responses to a subcuta-
neous vaccination with a model protein antigen in the absence of additional adju-
vants. They reported that chitosan exhibited mainly two characteristics that may
allow it to function as an immune adjuvant. First, the viscous chitosan solution was
shown to display an antigen depot. Second, it was found to induce a transient 67%
cellular expansion in draining lymph nodes. In presence of chitosan, antigen-specific
serum IgG titers were enhanced over fivefold and antigen-specific CD4+
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proliferation over sixfold. The nature of the immune responses facilitated by
chitosan was reported to be a mixed TH1/TH2 response. Delayed type hypersensi-
tivity (DTH) responses were used to confirm that chitosan also induced a robust cell-
mediated immune response. Studies by several groups have continued to elucidate
the mechanism underlying the adjuvant activity of chitosan. These proposed mech-
anisms can be summarized as antigen protection, depot formation, enhanced antigen
uptake and presentation and direct modulation of immune responses [24, 64–
68]. The positive surface charge of chitosan was shown to enhance the immune
response by increasing the interaction of antigen with immune cells that have
negative surface charge. In addition, chitosan extends the contact time of the antigen
with the surface and increases the uptake by APCs due to its bioadhesive property. In
recent years, studies revealing the immunomodulatory effects of chitosan have been
reported. Bueter et al. [69] have shown that chitosan activates the NLRP3
inflammasome, and this contributes to Th1 cell polarization. Caroll et al. [44] have
described the mechanism by which chitosan promoted DC activation and induction
of cellular immunity. Chitosan was shown to stimulate the intracellular release of
DNA, which engaged the cGAS-STING pathway to mediate the selective produc-
tion of type I IFN and interferon-stimulated genes (ISGs). These cytokines were
reported to be responsible for mediating the activation of DCs and induction of
cellular immunity. The authors concluded that chitosan could engage the STING-
cGAS pathway to trigger innate and adaptive immune responses.

There are numerous studies performed in vivo in animal models [36, 37, 48, 70–
73] while a small number of studies in human showing the adjuvant effect of
chitosan. McNeela et al. [74] have formulated a nasal diphtheria vaccine and showed
that chitosan glutamate significantly augmented Th2-type responses, which corre-
lated with protective levels of toxin-neutralizing antibodies in intranasally boosted
individuals. One year after this study, it was reported that a remarkably efficient and
reliable induction of levels of meningococcal and diphtheria immunity associated
with protection against disease was obtained by simple syringe insufflation of
Menjugate-C in chitosan glutamate in 36 healthy volunteers [75]. Read et al. [76]
have investigated the use of chitosan, as a nasal delivery system with inactivated,
subunit influenza vaccine. Subjects received nasally standard inactivated trivalent
influenza vaccine with chitosan. Serum hemagglutination inhibition (HI) titers fol-
lowing intranasal vaccination with the nasal chitosan-influenza vaccine was reported
to meet the criteria set by the regulatory authority in terms of seroprotection rate.
El-Kamary et al. [77] have developed an adjuvanted dry powder intranasal Norwalk
Virus-Like Particle (VLP) vaccine formulation including monophosphoryl lipid A
(MPL) and chitosan (ChiSys®, Archimedes Development Ltd.) and performed a
Phase 1–2 study. It was reported that the intranasal monovalent adjuvanted Norwalk
VLP vaccine was well tolerated and highly immunogenic. As a follow-up of this
study, intranasally administered adjuvanted Norwalk VLP vaccine was investigated
in healthy adults against experimental human Norwalk virus illness [78]. Protection
against illness and infection was demonstrated after challenge with a homologous
virus. Neimert-Andersson et al. [79] have demonstrated the safety and tolerability of
a chitosan-based hydrogel (ViscoGel-based on a low deacetylated medical grade
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chitosan) in a Phase I/IIa clinical trial in combination with a model antigen
(Act-HIB). However, no adjuvant effect was observed on the antibody response
after i.m. administration, while ViscoGel was shown to have an impact on the IFN-γ
response to the vaccine. Importantly, Act-HIB in combination with ViscoGel did not
inhibit a cell-mediated response, different than that Act-HIB alone. The reason for
not observing any adjuvant effect can be attributed to the low deacetylation degree of
the chitosan used as well as its solubility properties. Scherließ et al. [80] have
reported that the adjuvant effect of chitosan would be dependent on its molecular
weight, degree of deacetylation and also its particle size and preparation technique
that would affect the solubility and viscosity. In this line, when the clinical studies
reported so far is examined, it is noteworthy that in general water-soluble chitosan
salts such as chitosan glutamate with deacetylation degree above 80% were used in
these studies.

3 Chitosan-Based Systems for Immunization

As described above, chitosan itself exerts immunostimulant property. Furthermore,
due to its versatile chemical and physical properties structure, it allows to prepare
delivery systems in different forms and with desired properties such as particle size,
surface charge, conjugation with other molecules, etc. (Fig. 2). Chitosan has been
used in aqueous dispersion, gel, micro- and nanoparticle form to study its effect on
immune response and for delivery of different antigens.

There are numerous studies reported on advantages of these dosage forms over to
each other.

In our previous study, we have compared the aqueous dispersion and
nanoparticles of chitosan and its derivatives carboxymethyl chitosan (MCC) and
trimethyl chitosan (TMC), for nasal delivery of tetanus toxoid in vivo in Balb/c mice
[38]. Chitosan and TMC nanoparticles (300–400 nm), which had positively charged

Mucosal
- Oral
- Sublingual
- Nasal
- Buccal
- Vaginal
- Pulmonary

Parenteral
- Intramuscular
- Subcutaneous
- Intradermal

Cutaneous

Immunization routes

Mucosal and systemic 
immune stimulation

Enhanced cellular and 
humoral immune 
responses

Strong protection and 
increased survival rate

Chitosan-based systems

Micro/nanoparticles

Gels

Emulsions

Microneedles

ro/nanopartrr icle

Fig. 2 Chitosan-based adjuvant/vaccine delivery systems and delivery routes
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surfaces induced higher serum IgG titers when compared to those prepared with
MCC, which were negatively charged and smaller in size (40–90 nm). Both the
aqueous dispersion and nanoparticle systems prepared by chitosan derivatives were
found to enhance mucosal immune responses and no significant difference was
found between the aqueous dispersion and the nanoparticles. Nonetheless, encapsu-
lation of the antigen into nanoparticles would be more advantageous aqueous
dispersion, especially in regard to protection of the antigen both in vitro and
in vivo before reaching the target M-cells, and especially for mucosal delivery,
removal of the chitosan nanoparticles from the application site will be less compared
to aqueous dispersion. In another study, we have developed TMC-MCC
nanoparticles (280 nm) by complexation between the oppositely charged chitosan
derivatives without using any crosslinker and immune responses against intranasal
administration of TT loaded systems were compared to that obtained with chitosan,
TMC, and MCC nanoparticles [40]. TMC-MCC complex nanoparticles were shown
to induce higher mucosal and systemic immune responses. Results of these two
studies demonstrated that the surface charge and particle size of the chitosan-based
system play an important role in obtaining an enhanced immune response. Gordon
et al. [81] have compared in vitro and in vivo the immunostimulatory capacity of
chitosan nanoparticles and thermosensitive chitosan hydrogels as particulate deliv-
ery systems for a model antigen, ovalbumin (OVA). No significant immunogenicity
was obtained with nanoparticles, whereas chitosan gel formulation was shown to
stimulate both cell-mediated and humoral immunity in vivo. In a recent paper
released from our group, a comparison was performed in regard to cellular uptake
and macrophage activation between the gel, nanoparticle and microparticle forms of
chitosan-based adjuvant system incorporated with porins [82]. Uptake from J774A.1
macrophage cells was observed to be higher with the gels, following microparticles
and nanoparticles. Expression of MHC-II molecules in murine macrophage cells was
not observed with chitosan gel or nanoparticles, while high stimulation of MHC II
expression was obtained with the microparticles. On the other side, CD80 and CD86
expression was observed to increase with both gel and nanoparticles.

In the vast majority of the studies performed on chitosan, nanoparticles have been
the preferred adjuvant/delivery systems [10, 39, 42, 49]. They offer numerous
advantages besides being biodegradable, bioadhesive, and biocompatible: chitosan
nanoparticles do not require elevated temperature, shear stress, and organic solvent
use during preparation, preparation methods are easily applicable and stable particles
are obtained, with high loading capacity. Furthermore, the particle size can be tuned
according to the desired properties. Combination with other polymers and loading of
additional adjuvants is also possible with chitosan nanoparticles. The most distinct
property of chitosan nanoparticles is their positive surface charge, which plays an
important role in enhancement of the immune responses.

In studies that have been going on for years, it has been shown that when
chitosan-based systems are used with different antigens by different administration
routes of administration, they increase humoral and cellular response and provide
protection against pathogen. Various chemical modifications of chitosan have also
been investigated in order to improve the applicability for vaccine delivery [83]. In
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the following sections, the chitosan-based delivery systems for vaccine will be
reviewed for each delivery route after giving a brief introduction to each route.

4 Chitosan for Mucosal Immunization

Mucosal surfaces (e.g., nasal, oral, buccal, sublingual, rectal, vaginal) are the main
entrance of many pathogens to the body, thus majority of the infections occur at or
take their departure from the mucosal surfaces. To combat infection, mucosal
surfaces are equipped with physical, chemical, and immunological defense mecha-
nisms. In particular, mucosal tissues comprise a highly compartmentalized and
specialized immune system in the form of the mucosa-associated lymphoid tissue
(MALT) [84, 85]. MALT helps to induce pathogen-specific immune responses and
in the secretion of immunoglobulin A (IgA) at mucosal surfaces to protect against
infection [86–88]. The MALT includes the nasopharynx-associated lymphoid tissue
(NALT), the bronchus-associated lymphoid tissue (BALT), and the gut-associated
lymphoid tissue (GALT), which comprises Peyer’s patches (PPs) and isolated
lymphoid follicles (ILFs) [86, 89, 90]. Each mucosal route induces different immune
responses in terms of potency and longevity, due to the differences in the organiza-
tion and cellular make-up of lymphoid structures in different mucosal tissues.
Mucosal immunization is considered as an attractive alternative to conventional
parenteral immunization, eliciting immune defense in both mucosal and systemic
tissue for protecting from pathogen invasion at mucosal surfaces without any
necessity of needle-based vaccination [91–95]. However, currently very few muco-
sal vaccines are available on the market. This is due to the lack of effective delivery
systems that are able to protect antigen as well as provide strong adjuvanticity.

4.1 Oral and Sublingual Delivery

Oral immunization has limitations due to degradation of the vaccine in the acidic pH
as well as the presence of the digestive enzymes and low intake of antigens in the
lymphoid tissue of the gastrointestinal tract [96, 97]. Investigations on design of new
adjuvant/delivery systems focus on protecting the antigens from degradation in the
intestine and stomach and deliver them efficiently to the gut-associated lymphoid
tissue (GALT) [98]. Furthermore, antigens can get diluted before absorption at the
mucosa. Hence, a comparatively larger amount of vaccine may be needed for oral
vaccination to produce an effective immune response that is comparable to other
routes. Preferably, an oral mucosal vaccine is intended to adhere to the intestinal
mucosa or selectively target the M cells. Among the approaches to improve the
delivery of vaccines orally is the use of delivery systems to encapsulate them in
particulate systems such as polymeric micro- and nanoparticles, liposomes, etc.
[26, 42, 99–102].
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Chitosan-based systems have been investigated both as adjuvant and delivery
system also for oral delivery of vaccines both in human and veterinary field. In the
early 2000s, van der Lubben et al. [60] have shown that chitosan microparticles
(<10 μm) were taken up by the Peyer’s patch after intragastric administration to
mice. A dose-dependent immune reaction was observed for mice vaccinated with
different doses of DT incorporated to chitosan microparticles. Up to present,
chitosan micro- and nanoparticles have been investigated for oral delivery of numer-
ous viral and bacterial antigens as well as DNA vaccines (Table 1).

Saraf et al. [103] have developed chitosan nanoparticles for hepatitis B surface
antigen (HBsAg) anchored with lipopolysaccharide (LPS) as an adjuvant. The
nanoparticles were coated with alginate as a stabilizing agent for oral mucosal
immunization. Enhanced production of secretory IgA was observed in all mucosal
secretions. Alginate coating was shown to provide higher immune responses when
compared to uncoated particles.

Renu et al. [104] have prepared chitosan nanoparticles for delivery of Salmonella
subunit vaccine through drinking water or feed in poultry. Cellular uptake of
F-protein coated chitosan nanoparticles was found to be higher than F-protein
alone. Nanoparticles were reported to trigger the expression of both cell surface
and endosomal TLRs, as well as enhanced Th1 and Th2 cytokines mRNA expres-
sion in vitro. Moreover, drinking water and feed-delivered nanoparticles were shown
to reduce the Salmonella load in chickens, suggesting that reduced bacterial load was
mediated by the adjuvant effect as well as efficient vaccine delivery to mucosal
immune cells. In another study, carboxymethyl chitosan/chitosan nanoparticles
(CMCS/CS-NPs) loaded extracellular products (ECPs) of Vibrio anguillarum were
developed for oral antigen delivery in fish vaccination. Oral immunization of ECPs-
loaded CMCS/CS-NPs group in turbot was shown to elevate specific antibody and
higher concentrations of lysozyme activity and complement activity in fish serum
than ECPs solution [105].

Chang et al. [106] have evaluated the effect of chitosan hydrolysate (obtained via
cellulase degradation of chitosan), low molecular weight chitosan, and a
chitooligosaccharide mixture on mitogen-induced and antigen-specific immune
responses after oral administration in Balb/c mice. All chitosan products were
shown to significantly increase the proliferation of splenocytes and Peyer’s patch
lymphocytes. Chitosan oligomixture was found to be the most potent chitosan
hydrolytic product to elicit IgM, IgG, and IgA production, while low molecular
weight chitosan was the most potent one to elevate splenic IFN-γ production and
IFN-γ/IL-4 (Th1/Th2) ratio.

Slütter et al. [107] have compared the immune responses obtained by oral
administration of nanoparticles prepared using chitosan and its N-trimethylated
derivative, TMC. Intraduodenal vaccination with OVA-loaded nanoparticles was
shown to induce significantly higher antibody responses than immunization with
OVA alone. TMC nanoparticles were found to induce anti-OVA antibodies after
only a priming dose. The interaction of nanoparticles with the intestinal epithelium
was also explored, using a follicle associated epithelium model. Only TMC
nanoparticles were found to exert intrinsic adjuvant effect on dendritic cells. It was
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concluded that nanoparticles can increase the M-cell dependent uptake and enhance
the association of the antigen with dendritic cells depending on their composition.

Abkar et al. [108] have investigated the Omp31-loaded N-trimethyl chitosan
nanoparticles against Brucella melitensis infection. Nanoparticles were administered
orally and intraperitoneally in mice. Intraperitoneal immunization was shown to
induce Th1–Th2 immune responses, while with oral immunization a mixed Th1–
Th17 immune response was obtained. Vaccinated groups of mice when challenged
with B. melitensis 16 M were found to be significantly protected in the orally
administered group in comparison with intraperitoneally immunized mice. The
authors suggested that administration route plays a main role in determining the
immune response type.

Xu et al. [109] have developed mannosylated chitosan nanoparticles (MCS NPs),
which were enterically coated with Eudragit® L100, targeting the APCs in the
region of Peyer’s patches. Oral immunization using BSA-loaded Eudragit® L100-
coated MCS NPs was found to elicit strong systemic IgG antibody and mucosal IgA
responses. The enhanced transcytotic property across M cells and binding affinity to
the APCs of the nanoparticles was attributed to the chemically modified chitosan
with mannose, which induced the receptor-mediated endocytosis for targeting into
APCs, leading to high transfection efficiency and enhanced immune responses.

Soares et al. [110] have encapsulated recombinant hepatitis B surface antigen into
alginate-coated chitosan nanoparticles and compared this system to that prepared
with glucan particles following oral and subcutaneous administration in mice.
Firstly, they showed in vitro that both systems could be internalized by peripheral
blood mononuclear cells and murine Peyer’s patches, which was considered as an
important indicator for oral immunization. The results of in vivo studies demon-
strated that there was a need for a subcutaneous priming prior oral boosting to induce
HBsAg seroconversion. It was suggested that with this immunization schedule with
only one injectable dose would be favorable for mass vaccination, especially in
developing countries. Biswas et al. [111] have prepared sodium alginate-coated
nanoparticles using three different molecular weight (42, 74, and 106 kDa) chitosan
for delivery of measles antigen and administered orally to mice. Nanoparticles were
shown to induce strong immune response and significant correlation was observed
between the immune response with chitosan molecular weight, higher IgG and IgA
levels with lowest molecular weight (42 kDA).

In another study, alginate-coated chitosan microparticles were prepared for deliv-
ery of diphtheria toxoid [112]. The developed microparticles were shown to deliver
the antigen effectively to the M cell resulting significant immune responses. More-
over, when compared to Alum, alginate chitosan microparticles were found more
effective in stimulating the systemic and mucosal immune responses.

Chitosan has been utilized also in combination with particulate systems prepared
with other materials. As an example, Jiang et al. [113] have used chitosan conjugated
with M cell ligand, CKS9, to coat the PLGA microparticles loaded with a membrane
protein B of Brachyspira hyodysenteriae (BmpB) against swine dysentery. Coating
of PLGA microparticles with chitosan was reported to result in a slight increase in
immune responses, while with the addition of M cell ligand systemic and mucosal
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immune responses were increased significantly. In another study, Barhate et al. [114]
have developed chitosan functionalized-gold nanoparticles a carrier for tetanus
toxoid along with immunostimulant. A significant increase was observed in immune
response following the oral administration in mice with chitosan functionalized-gold
nanoparticles, and in presence of Quillaja saponaria extract, the immunogenicity was
increased even more. In another study, liposomes carrying the synthetic toll like
receptor-4 agonist, CRX-601 were modified with PEG copolymers (Pluronics) and
phospholipid-PEG conjugates and coated with methylglycol chitosan to deliver
influenza antigens [115]. These systems were evaluated for their ability to generate
an immune response in a sublingual murine influenza vaccine model. Liposomes
coated with chitosan were reported to result in the most robust and consistent
immune response with sublingual administration.

Buffa et al. [116] have investigated the impact of chitosan as well as a range of
TLR ligands as potential adjuvants for different routes of mucosal immunization
(sublingual – SL, intranasal – IN, intravaginal – IV) and a parenteral route
(subcutaneous – SC) in the murine model in regard to assess their ability to enhance
antibody responses to HIV-1 CN54gp140 (gp140) and tetanus toxoid (TT) in sys-
temic and vaginal compartments. Chitosan was found to significantly enhance
systemic responses to TT by the sublingual route, providing a strong Th2 biasing
effect for SL- and IN-administration with both TT and gp140. IN-immunization with
gp140 was shown to provide a more balanced Th1/Th2 profile than SL- or
SC-routes. The authors have concluded that in the design of mucosal vaccine
strategies route, antigen and adjuvant effects play important role.

4.2 Nasal Delivery

Nasal mucosa is another route widely investigated for mucosal immunization. In
nasal immunization, antigens can be taken either by the M-cell connected to the
nasal-associated lymphoid tissues (NALTs) or antigen-presenting cells present in
nasal mucosa, hence intranasal vaccination can initiate via NALT or diffusion into
nasal mucosa [117, 118]. On the other hand, in the nasal cavity the mucociliary
clearance limits the nasal residence time of the particles and causes removal of the
administered vaccine system quickly.

Due to its positive charge as well as its mucoadhesive and penetration enhancing
properties, chitosan-based systems become very attractive for nasal immunization,
by prolonging the residence time of the vaccine as well as by enhancing the uptake of
the antigen. It has been reported that the nasal formulations based on chitosan induce
significant serum IgG responses similar to and secretory IgA levels superior to that is
induced by a parenteral administration of the vaccine [119]. In most cases, for nasal
delivery, chitosan and its derivatives have been used in aqueous dispersion, gel, or
especially, particulate forms. As an example, for chitosan gel, our group has
investigated base chitosan and water-soluble chitosan in gel form as an adjuvant/
delivery system for intranasal immunization against foot-and-mouth disease (FMD)
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[43]. Chitosan-based FMD gels were shown to induce FMD antigen-specific serum
IgG and nasal IgA levels, the latter being significantly stronger as compared to that
obtained following subcutaneous administration of the FMD antigen in Freund’s
incomplete adjuvant. No difference in regard to obtained immune responses was
found between base chitosan and water-soluble chitosan.

Shim et al. [120] have investigated the induction of mucosal and systemic
immunity by chitosan nanoparticles loaded with three Brucella abortus recombinant
proteins after intranasal immunization of BALB/c mice. Antigen-specific IgA with a
Th2-polarized immune responses were elicited by the nanoparticle formulations and
combination of the highly immunogenic antigens elicited IgG specific to each type
of antigen. Similarly, Senevirethane et al. [121] have investigated a chitosan-based
Brucella nasal vaccine using Brucella immunogens (sodC, omp19, BLS, and PrpA)
against nasal Brucella challenge in BALB/c mice. Enhanced IgG and mucosal IgA
levels and protection were obtained with cocktail antigen loaded nanoparticles.

In general, in order to obtain high immune responses, inclusion of adjuvant is
required for nasal immunization. Various research groups have investigated chitosan
alone as an adjuvant or in combination with other adjuvants. Renu et al. [122] have
used the adjuvant, poly(I:C) to improve the innate and adaptive immune responses
elicited by a killed/inactivated swine influenza virus antigen (KAg)-loaded chitosan
nanoparticle (CS NPs-KAg) in pigs following the nasal immunization. Unlike
chitosan nanoparticles without poly(I:C), incorporation of poly(I:C) was shown to
increase both the Th1 and anti-inflammatory cytokines gene expression in TBLN
and this effect was associated with a high frequency of IFN-γ secreting T-helper/
memory and γδT cells in PBMCs. However, the sIgA response in the airways was
not substantially induced. Induced cross-reactive cell-mediated immune response,
elevated HI titers, and higher frequency of antigen-specific IFN-γ secreting T-helper/
memory and γδT cells obtained in young swine were reported to be superior to
commercial vaccine.

Trimethylated chitosan (TMC) has been widely investigated for nasal delivery of
vaccines. Hagenaars et al. [123] have investigated the influence of TMC on
nasal delivery of whole inactivated influenza virus in mice by comparing the nasal
residence time and the specific location in the nasal cavity. A comparable nasal
clearance profile was observed with and without TMC, therefore it was concluded
that adjuvant effect of TMC in intranasal formulations should not be ascribed to
differences in nasal residence time of the bulk vaccine. However, it was stated that
presence of TMC resulted in an increased contact area between the antigen and
epithelium, which was related to the improved immunogenicity of TMC-adjuvanted
formulations. Later, the same group investigated a TMC-antigen nanoconjugate and
TMC nanoparticles for nasal vaccine delivery. They suggested that efficient
codelivery of antigen and adjuvant to DCs, rather than a particulate form of the
antigen/adjuvant combination, is decisive for the immunogenicity of the antigen
[124]. Our group has shown that nanoparticles prepared with TMC showed similar
immunogenicity to nanoparticles obtained with chitosan for nasal delivery of tetanus
toxoid [38]. For both formulations IgG2a/IgG1was found to be smaller than 1, indi-
cating a predominant Th2 response. Nevagi et al. [125] have developed a group A
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streptococcus (GAS) peptide vaccine based on combined lipidic TLR 2 agonist and
self-adjuvanting polymers. Nanoparticles were formed via ionic complexation of the
anionic lipopeptide conjugates with trimethyl chitosan (TMC), which has a cationic
nature.

Mosafer et al. [126] have prepared alginate-coated TMC and chitosan
nanoparticles for delivery of PR8 influenza virus. After nasal immunization in
BALB/c mice, chitosan nanoparticles elicited higher IgG2a and IgG1 antibody titers
than that with TMC nanoparticles. The antibody titers were decreased with alginate
coating and less immune response was induced when compared to coated TMC
formulations. Bento et al. [127] have developed a combined adjuvant system based
on chitosan and the mast cell activator compound 48/80 (C48/80) in nanoparticle
form and coated with alginate to deliver anthrax protective antigen. The adjuvant
effect was found to be higher when in combination form, while presence of alginate
was found to decrease the immune response.

Sinani et al. [128] have used aminated plus thiolated chitosan (atChi) polymers to
develop nanoparticles for nasal immunization. Amination and amination plus
thiolation were shown to significantly improve the mucoadhesive property of
chitosan. Aminated plus thiolated chitosan nanoparticles showed slightly higher
antibody titers compared to aminated chitosan nanoparticles which was attributed
to the increased mucoadhesiveness of atChi polymer due to thiol groups in its
structure.

Rose et al. [129] have coated the lipid-polymer hybrid nanoparticles (LPNs) with
a water-soluble derivative of chitosan, glycol chitosan and investigated mucosal
immune responses against recombinant Chlamydia trachomatis fusion antigen
CTH522. Increased antigen-specific mucosal immune responses were induced in
the lungs and the genital tract with the glycol chitosan-coated LPN adjuvant upon
nasal immunization of mice. The mucosal responses were characterized by CTH522-
specific IgG/IgA antibodies, together with CTH522-specific interferon γ-producing
Th1 cells. Similarly, in another study, PLGA nanoparticles coated with chitosan or
glycol chitosan were investigated in vivo for nasal delivery of hepatitis B surface
antigen [130]. The glycol chitosan-PLGA nanoparticles were found to show lower
clearance and better local and systemic uptake when compared to chitosan coated
and uncoated PLGA. Furthermore, significantly higher systemic and mucosal
immune responses were induced with glycol chitosan-coated nanoparticles.

In another study, surface-functionalized, pH-responsive PLGA microparticles
were investigated for nasal delivery of hepatitis B surface antigen [131]. Mannan
and chitosan surface modification was found to enhance intracellular microparticle
uptake by macrophages. Residence time of the nanoparticles was increased by
chitosan coating and chitosan-mannan-PLGA microparticles were observed to
induce stronger humoral and cell-mediated immune responses compared to PLGA,
mannan-PLGA, and chitosan-PLGA microparticles [131].

In the examples given so far, it has been shown that coating with chitosan
increases the immune responses against various antigens. However, in a study
reported by Amin et al. [132], it was shown in rabbits that after nasal administration,
coating of liposomes by chitosan failed to increase both the residence time of
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liposomes in nasal cavity and systemic responses and coated liposomes could not
induce the mucosal responses as efficiently as non-coated liposomes. The authors
concluded that coating of liposomes affected their interaction potential with nasal-
associated lymphoid tissue cells. It was interesting that the size of the liposomes both
coated and uncoated was found to be around 2.3 μm and no data was given about the
surface charge of both uncoated and coated liposomes. Therefore, we believe that
further evaluations are needed to confirm this result.

Dehghan et al. [133] have loaded two different adjuvants, CpG
oligodeoxynucleotide (CpG ODN) and Quillaja saponins (QS) into chitosan
nanoparticles and investigated immune responses against influenza virus in rabbits.
Induction of humoral and cellular immune responses after nasal administration was
found to be highest with CPG ODN-chitosan nanoparticles. IgG titers were found to
be similar between chitosan nanoparticles and CPG ODN-chitosan nanoparticles up
to 60 days, yet on days 75 and 90, significantly higher IgG levels were obtained with
CPG ODN-chitosan based systems.

The reader can find the summary of the recent studies on chitosan-based partic-
ulate systems for nasal immunization in Table 1.

5 Chitosan for Parenteral Immunization

For immunization the main parenteral delivery routes are intramuscular, subcutane-
ous, and intradermal. When the literature is searched for utilization of chitosan for
parenteral immunization, it is noteworthy that the vast majority of the examples are
from veterinary field. The recent studies on chitosan-based systems for parenteral
immunization are summarized in Table 2. In this section, we will mention some of
these studies only to highlight the issues that are important in regard to formulation
aspect. Li et al. [134] have evaluated the potential and mechanisms of a
thermosensitive chitosan hydrogel as an adjuvant for a recombinant protein
(rP-HSP90C) containing epitope C from heat shock protein 90 of Candida albicans
rP-HSP90C vaccine. Chitosan hydrogels were shown to evoke a long-lasting IgG
levels and also enhance Th1, Th2, Th17 responses and the ratio of Th1/Th2. In
addition, chitosan hydrogel recruited immune cells at the injection site. Chitosan
hydrogel was suggested as an efficient adjuvant in fungal vaccines.

A water-soluble chitosan, N-2-Hydroxypropyl trimethyl ammonium chloride
chitosan/N-2-HACC) was evaluated as an adjuvant in solution form for immuniza-
tion against porcine parvovirus (PPV) [135]. It was reported that PPV/N-2-HACC
protected PPV infection mainly through enhancing the humoral immunity rather
than cellular immunity. In another study, the adjuvant property of the nanoparticles
prepared with chitosan, sulfated chitosan and HACC was evaluated in chickens
against inactivated Newcastle disease following subcutaneous administration
[136]. Chitosan and HACC nanoparticles were shown to induce antibody titers
and cytokine levels and provided 100% protection, whereas sulfated chitosan
nanoparticles were not effective to stimulate immune response. This difference
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was attributed to negative charge and low molecular weight of sulfated chitosan
nanoparticles.

Sadeghi et al. [137] have developed mannosylated chitosan nanoparticles loaded
with FliC protein and investigated the immunogenicity and protective efficacy
against Brucella infection in BALB/c mice. The use of mannosylated chitosan as
an adjuvant and antigen-delivery system was reported to increase immunogenic
properties of FliC protein. Although it was found to be inferior to live-attenuated
antigens, appropriate level of protection was observed.

Abdelallah et al. [138] have compared chitosan solution and alginate-coated
chitosan nanoparticles to alum as an adjuvant/delivery for the hepatitis A vaccine
(HAV). Enhanced humoral and cellular immune responses were obtained with
alginate-coated chitosan nanoparticles, increasing the seroconversion rate (100%).
Furthermore, the chitosan solution was reported to show comparable immune
responses to that obtained with alum with a balanced Th1/Th2 immune pathway.

TMC-based nanoparticles were used for parenteral delivery of nonstructural
protein 1 (NS1) of dengue virus (DENV) [139]. TMC nanoparticles were capable
of enhancing antibody production and establishing a mixed Th1-Th2 immune
response against the antigen. TMC NPs were shown to act also as an adjuvant for
cellular immunity. However, the mechanism behind CTL response adjuvanted by
TMC could not be elucidated. It was suggested that TMC NPs could disrupt the
lysosome and escape into the cytoplasm.

Bansal et al. [140] have prepared a thermosensitive gel incorporated with
nanoparticles by adsorbing the negatively charged pDNA of rabies on the surface
of cationic modified PLGA chitosan nanoparticles by electrostatic attraction and
finally dispersing in poloxamer 407 gel for immunization against rabies. Further,
Alum and MF59 were added as adjuvant. The pDNA nanoparticulate vaccine
dispersed in hydrogel was shown to induce both humoral and cell-mediated immune
responses. The antibody response was enhanced with the additional adjuvants,
skewing the Th1/Th2 immune profile toward Th2. The enhanced immune response
was attributed to the increased cellular uptake of the pDNA provided by the
particulate system. Retention of the vaccine at the application site was prolonged
by the gel formulation.

In another study with chitosan-based nanoparticles in hydrogel formulations
[141], cellular uptake of positively charged TMC nanoparticles was shown to be
more effectively internalized by dendritic cells compared to nanoparticles in nega-
tively charged hydrogel. It was known that positively charged particles (such as
TMC/NPs) can improve particle endocytosis by DCs and induce DC maturation.
Histological examination in mice samples showed that immune cells were recruited
to the outer layer of the NPs-Gel which indicates the implanted NPs-Gel can serve as
an in situ depot that recruits and concentrates immune cells. Moreover, in mice that
were immunized by a single administration of TMC nanoparticles in hydrogel,
significantly higher IgG titers were generated in week 2 following immunization
than TMC nanoparticles. These differences were maintained for at least 12 weeks,
suggesting that the NPs-gel can serve as a single-injection platform to strengthen and
prolong OVA-specific humoral immune responses.
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HBsAg loaded nanogels were prepared using chitosan (CS) and poly-γ-glutamic
acid (γ-PGA) [142]. Positively charged nanogel and negatively charged nanogels
were prepared by adjusting the CS and γ-PGA proportion. A single dose of posi-
tively charged nanogels was shown to induce both humoral immunity and cellular
immunity and provide long-term immune protection against hepatitis B virus, while
with negatively charged nanogels, cellular immunity was induced. Positively
charged nanogels were found to be more stable.

Lebre et al. [143] have investigated the ability of chitosan-aluminum
nanoparticles (CH-Al NPs), combining the immunostimulatory effects of chitosan
and aluminum salts, to promote dendritic cell activation. They assessed their impact
on innate and adaptive immune responses and compared the results to those reported
for conventional chitosan particles. All tested CH-NP formulations were capable of
modulating cytokine secretion by dendritic cells. CH-Al NPs were shown to promote
NLRP3 inflammasome activation, enhancing the release of IL-1β without signifi-
cantly inhibiting Th1 and Th17 cell-polarizing cytokines, IL-12p70 or IL-23, and
induced DC maturation, while pro-inflammatory cytokine production was not pro-
moted. A local inflammatory response comparable to that elicited by the vaccine
adjuvant alum was observed in with CH-Al NPs. These nanoparticles were com-
bined with HBsAg and administered subcutaneously in mice. Enhanced antigen-
specific IgG titers in serum, nasal, and vagina were obtained. The authors suggested
the developed chitosan-aluminum combination nanoparticles as a potential adjuvant
to enhance both innate and adaptive immune responses.

Similarly, our group has investigated the combination of chitosan with Salmo-
nella typhi porins as a new adjuvant system to enhance the immunogenicity of the
highly purified antigens [82]. Porins which are open channels filled with water in
protein structure found in the outer membrane of gram-negative bacteria have been
demonstrated to exert adjuvant effects. Cationic gels, microparticles, and
nanoparticles based on chitosan were prepared with high loading efficiency of
porins. Porins-chitosan combination systems were found to induce CD80, CD86,
and MHC-II expressions at different levels by different formulations depending on
the particle size. Similarly, TNF-α and IL-6 levels were found to increase with
porins-chitosan combination.

Wang et al. [144] have developed quaternized chitosan microgels without chem-
ical crosslinking as an adjuvant for H5N1 split vaccine and investigated the effect of
quaternization degree and size on the adjuvanticity of microgels. Microgels with
relatively smaller size (807 nm) and moderate quaternization degree (41% and 60%)
were found to be suitable for a maximum immune response.

6 Chitosan for Cutaneous Immunization

Cutaneous immunization (also referred to as skin vaccination or transcutaneous
immunization) is a promising alternative to replace parenteral immunization, being
a safe and needle-free delivery. This route of immunization takes advantage of the
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unique immunological features of the skin immune system [145, 146]. The skin,
which is the first line of defense preventing the entry of pathogens into the body is
composed of the epidermis, the dermis, and the hypodermis. The viable epidermis is
composed of approximately 90% keratinocytes. The epidermis and dermis have a
high density of immunocompetent cells such as Langerhans cells (LCs) and dermal
dendritic cells (dDCs), which represent the second line of defense and initiate
specific immune responses by presenting the processed antigens to other cells of
the immune system.

For cutaneous vaccine delivery, it is required that the antigen penetrates through
the stratum corneum and reaches to dendritic cells [147, 148]. Hence, for a success-
ful cutaneous immunization, it is essential to understand very well the structure and
function of the skin as well as the challenges (e.g., size, charge, and other physico-
chemical properties) in delivery of antigens. In cutaneous vaccination, the antigen is
directly delivered to immunocompetent cells either by needle-free jet and powder
injection or by creating microchannels or transient cavities in the upper skin layers,
using electroporation, laser poration, sono- or iontophoresis, barrier and ablative
methods, microneedle-mediated transport [149]. Furthermore, delivery systems
including polymeric nanoparticles and lipid-based systems to be delivered topically
have also been investigated to stimulate the immune responses [150]. Variety of
adjuvants including alum, Quillaja saponins, bacterial adenosine diphosphate
(ADP)-ribosylating exotoxins, and specific ligands of toll-like receptors have been
utilized in cutaneous vaccination in order to obtain improved immune responses.
Currently, studies are still continuing to find more effective adjuvants as well as to
elucidate mechanisms of action of these adjuvants.

Various research groups have investigated chitosan in different forms in cutane-
ous vaccination. Among these systems are microneedles which can be developed
using low-cost preparation methods and can be self-administered. Studies have
shown that with these microneedle systems, long-lasting humoral and cellular
immune response could be generated through skin with high patient compliance
[151]. Chen et al. [152] have designed a microneedle system, composed of
embeddable chitosan microneedles and a poly(L-lactide-co-D,L-lactide) (PLA)
supporting array for delivery of encapsulated antigens to the skin. They have
demonstrated in vivo that when microneedles loaded with a model antigen, OVA
was embedded in rat skin, microneedles gradually degraded and prolonged OVA
exposure at the insertion sites for up to 14 days. Further, in rats immunized by a
single microneedle dose of OVA, a significantly higher OVA-specific antibody
response which lasted for at least 6 weeks was obtained when compared to intra-
muscular immunization.

Li et al. [153] have prepared polyvinylpyrrolidone (PVP)-based fast dissolving
microneedle arrays microneedles which the needle tips were loaded with chitosan
nanoparticles for coencapsulation of a model antigen, OVA and an adjuvant, CpG
oligodeoxynucleotides (CpG). After insertion into the skin, the microneedle arrays
were fully dissolved within 3 min and the nanoparticles were released in the
epidermal layer. Following vaccination in mice, chitosan nanoparticles, loaded
with the antigen and the adjuvant were shown to effectively accumulate in peripheral
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lymph nodes, thus inducing greatly enhanced immune responses compared to
subcutaneous injections.

Siddhapura et al. [154] have investigated the potential of tetanus toxoid loaded
chitosan nanoparticles following bare topical and microneedle-assisted immuniza-
tion. Significantly higher humoral and cell-mediated immune responses were
obtained with bare chitosan nanoparticles as well as with hollow microneedle- or
soluble microneedle-assisted vaccinations. Higher IgG and IgG2a levels and IFN-y
and IL-2 cytokines indicated Th-1-based immune response was obtained with
hollow microneedle-assisted nanoparticles administration compared to commercial
vaccine and soluble microneedle-assisted administration. In another study, a
microneedle system was developed using sodium hyaluronate (HA) as the tip and
chitosan as the base, for biphasic antigen release, and was evaluated as a dermal
delivery system for single-dose vaccination. Upon skin insertion, the dissolvable HA
tip was dissolved within the skin for rapid release of the encapsulated antigens, thus
priming the immune system, while the biodegradable chitosan base remained in the
dermis for prolonged antigen release for 4 weeks, providing booster. It was shown
that single immunization with the HA/chitosan microneedle containing OVA stim-
ulated both T helper type 1 (Th1) and Th2 immune responses in rats and induced
considerably higher antibody responses when compared to subcutaneous
vaccination [155].

TMC was also investigated for cutaneous vaccination [156]. TMC-adjuvanted
diphtheria toxoid (DT) formulations were applied cutaneously with microneedles.
Mice were vaccinated with DT-loaded TMC nanoparticles and solution of TMC-DT.
The formulations were applied onto the skin before or after microneedle treatment
with two different microneedle arrays. Independent of the microneedle array used
and the sequence of microneedle treatment and vaccine application, cutaneous
immunization with the TMC/DT mixture was shown to elicit eightfold higher IgG
titers compared to the TMC nanoparticles or DT solution.

Different than the microneedle system, Yang et al. [157] have developed
galactosylated chitosan-modified ethosomes combined with silk fibroin nanofibers
for cutaneous vaccine delivery. It was demonstrated that the developed system was
able to induce anti-OVA-specific IgG levels and increase the expression of IFN-γ,
IL-2, and IL-6 by spleen cells in vivo. It was concluded that the large specific surface
area of nanofibers would enlarge the contact area between the ethosomes and skin,
resulting in enhanced efficacy.

7 Conclusion

For more than two decades, chitosan and its derivatives are being widely investi-
gated as an adjuvant and vaccine delivery system, inducing both humoral and
cellular responses, and only recently its mechanism of action has been elucidated.
Mechanistic understanding of its immunostimulatory activity will certainly be a key
to success in development of chitosan-based systems for immunization. Besides its
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immunostimulatory activity, chitosan is a promising material as an adjuvant/vaccine
delivery system also due to its favorable features such as positive surface charge,
mucoadhesive and bioadhesive properties as well as penetration enhancing property,
especially for mucosal and cutaneous immunization. By this means, chitosan
enhances the interaction with immune cells, increases the uptake of the antigen,
acts as depot, resulting in higher immune responses. Chitosan-based systems can be
formulated in different forms (gel, micro- and nanoparticle, etc.) with different shape
and size. Versatility in its physicochemical properties allows the formulators to
engineer customized systems with this polymer for antigen delivery. Furthermore,
it has been demonstrated that also combining chitosan with other vaccine delivery
platforms as well as other adjuvants results in more enhanced immune responses.
Yet, for a successful vaccine delivery system with enhanced efficacy, the properties
of chitosan to be used must be very well versed. In spite of numerous studies
performed on chitosan-based systems, up to date, there is no chitosan-based or
chitosan containing vaccine reached to the market yet. Reason for this can be
explained mainly due to the hurdles in standardization of chitosan and its derivatives,
which still remains as the major issue to be solved in order to maximize the
possibility of its approval. Another reason may be that it is a material of animal
origin. Nevertheless, results are encouraging for the future and chitosan appears to
have a great potential in vaccine delivery applications.
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Abstract Topical administration is considered to be the favored route for ocular
drug delivery by virtue of drug penetration into the underlying layers of eye.
Targeted delivery of drugs to the ocular tissues especially at the posterior segment
of eye is hindered predominantly. Long-term maintenance of therapeutic level of
drugs in the ocular tissue (both anterior/posterior segments) is the major specific
challenge faced by researchers. Development of novel pharmaceutical formulations
may overcome these barriers and imparts therapeutic levels in eye. In this regimen
chitosan due to its avoidance of toxicity, biocompatibility, bioadhesion, and
permeability-enhancing properties is widely used in ocular topical drug delivery.
Chitosan facilitates the transport of drugs to the inner eye or accumulation into the
corneal/conjunctival epithelia due to its mucoadhesion and permeation-enhancing
properties. In this chapter will be provided insights toward the different ocular
barriers, conventional and novel chitosan based ocular topical drug delivery systems.
Special emphasis will be made toward the development of chitosan based topical
delivery systems for ocular diseases.

Keywords Chitosan · Eye · Mucoadhesion · Ocular diseases · Pharmaceutical ·
Topical delivery

1 Eye

Human eye is a complex organ partitioned into anterior and posterior segments. The
anterior segment of eye comprises cornea, aqueous humour, iris, ciliary body, and
crystalline lens. Retina and vitreous humour occupy the posterior segment of the eye.
Corneal lamellar stroma supports the structural integrity of the cornea. The tissue
lining of the inner surface of the eye is the retina surrounded by vitreous cavity. The
neurons, photoreceptors, bipolar cells, horizontal cells, amacrine cells and ganglion
cells occupy the neural retina.

Vision loss (both reversible/irreversible) is one of the critical complications of
human diseases. The major causes for vision loss or the diseases affecting the eye
include age-related macular degeneration (dry/wet), cataract, glaucoma, diabetic
retinopathy (proliferative/non-proliferative), retinoblastoma, conjunctivitis (bacte-
rial/viral), and ocular trauma. The diseases affecting the anterior and posterior
segments of eye are shown in Fig. 1.

Eye is composed of varied protective barriers which protect the eye from exog-
enous substances and external stress. The anterior pole (cornea, conjunctiva, aque-
ous humour, iris, ciliary body, and lens) of the eye occupies approximately one-third
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with the rest of the part as the posterior segment. The posterior pole of the eye
includes sclera, choroid, retinal pigment epithelium, neural retina, optic nerve, and
vitreous humor.

The three layers present in the human eye can be distinguished with the outer
region which comprises cornea and the sclera. The function of cornea is to refract
and transmit the light to the lens and the retina followed by protection against
infection and structural damage to the deeper parts [1]. The multilayered tissue
cornea acts as the principal barrier for the eye. The paracellular resistance of
12–16 kΩ cm is created by 5–6 layers of columnar epithelial cells holding up of
tight junctions. The sclera protects the eye from internal and external forces by
forming a connective tissue coat and maintains its shape. Conjunctiva is the visible
part of the sclera covered by a transparent mucous membrane. The iris, the ciliary
body, and the choroid form the middle layer of the eye. The size of the pupil is
controlled by the iris. Retina forms the inner layer of the eye which is a complex,
layered structure of neurons that capture and process light. The three transparent
structures surrounded by the ocular layers are called the aqueous, the vitreous, and
the lens. The two-thirds of the eye comprise the posterior segment.

The various diseases affecting the eye both at anterior and posterior segments are
shown in Fig. 2. The challenging task for the ocular drug permeation includes tear
turnover, nasolacrimal drainage, reflex blinking, and ocular static and dynamic
barriers. During topical administration the ocular bioavailability is very low
(<5%) [2]. The complicated anatomical features of the eye along with its physio-
logical activity are responsible for more than 90% of drug loss.

Fig. 1 Diseases affecting the anterior and posterior segments of eye
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2 Ocular Barriers

The delivery of the drugs to the eye is a challenging task due to the presence of
multiple barriers before reaching the site of action both topically and systemically; it
faces multiple obstacles before. As a result, ocular bioavailability from topically
administered drug gets reduced to a lower extent. The various barriers (anatomical
barriers and physiological barriers) associated with the delivery of drugs to the eye
are shown in Fig. 3.

2.1 Anatomical Barriers

The topically administered dosage form enters into the eye with/without cornea
support. The hydrophilic drug transport through intercellular spaces is the major
challenge; hence, nano-based drug delivery systems were attempted by researchers
in order to improve the permeability of administered drugs present in the formula-
tion. The stroma comprising multiple layers of hexagonally arranged collagen fibers
containing aqueous pores or channels permits the hydrophilic drugs with restriction
for lipophilic drugs [3]. Optimum bioavailability depends upon the lipophilicity and
hydrophilicity balance. Wherein, no significant barriers are observed in other layers
which are leakier in nature.

Fig. 2 Anatomical layers of eye showing the various anterior and posterior segment diseases
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The large and small molecular weight drugs enter via the non-corneal route which
moves through conjunctiva and sclera. The conjunctiva was found to be more
permeable for hydrophilic molecules than cornea due to the presence of tight
junction proteins. The limbal area was associated with high vascularity which
hinders the delivery by permitting only a small fraction of the dose.

2.2 Physiological Barriers

Among the different layers in the cornea the squamous epithelial cells act as a barrier
for intercellular drug penetration. Cornea is occupied by only 5% of the eye and the
remaining 95% is occupied by the conjunctiva. The pre-corneal factors such as
solution drainage, tear dilution, tear turnover, and increased lacrimation reduce the
bioavailability of topically administered drugs [4]. The administered dose gets
reduced/diluted by lacrimation which leads to poor absorption and enhanced clear-
ance. This in turn significantly reduces the absorption and ultimately ends up with
low bioavailability. Thus significant pre-corneal loss of drugs upon topical admin-
istration may be prevented by maintaining isotonicity and nonirritating of the
formulations.

The tight junctions comprising anastomotic strands create resistance to the
paracellular drug absorption The complex nature of stratified corneal epithelium
along with the tight junction proteins acts as the barrier for drug permeation

Barriers to
ocular drug

delivery

Sclera
Cornea

Anatomical
barriers

Physiological
barriers

Conjunctiva
Precorneal

factor
Tear film

Tear dilution
Increase lacrimination
Solution drainage
Tear turnover

Endothelium
Descemet’s membrane
Stroma

Epithelium
Bowman’s membrane

Fig. 3 Barriers associated with ocular drug delivery
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[5]. Extracellular and intracellular calcium levels in tight junctions also reduce the
permeability of the administered drugs. The integrity of tight junctions is maintained
by the cellular calcium levels and actin filaments present on the cytoskeleton. The
permeability of drugs through the tight junctions may be practically enhanced by
disrupting the tight junction complexity or by chemical approach. The permeation at
corneal epithelium depends upon the charge of the molecules permeating [6].

Sclera occupies 80% of the posterior eye globe. The defense barrier against
penetration from undesired molecules is maintained by the ocular surface. The
scleral stroma consists of collagen, fibroblasts, etc. with high vascularity occupied
by rigid scleral collagenous shell that is lined internally by the uveal tract. The
thickness of sclera (0.3–1.0 mm) and choroid (averages 0.25 mm) also acts as a
barrier toward the entry. Retinal barriers (including retinal pigment epithelium),
static and dynamic barriers prevent entry of toxic substances and drugs.

3 Properties of Chitosan as a Topical Ocular Delivery
System

The properties of chitosan favoring the topical delivery of drugs are shown in Fig. 4.

Fig. 4 Physicochemical properties of chitosan
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3.1 Mucoadhesive Potential

The mucoadhesion is considered as an essential property for topical ocular drug
delivery systems for sufficient retention and penetration of therapeutics to the eye.
The mucus, with its anionic substructures such as sialic and sulfonic acids, will
efficiently interact with cationic primary amino groups of chitosan through electro-
static and hydrophobic interactions, which is depicted in Fig. 5 [7–9].

The mucoadhesion potential is accelerated by increases in the degree of
deacetylation, molecular weight, and decrease in cross-linking [10, 11]. However,
it is greatly dependent on the pH of the environment. At low pH of 1.2, weak
mucoadhesion is observed between uncharged –COOH and –SO3H groups of mucin
and protonated –NH3 group of chitosan. While at pH nearer to 4.5, the strong
electrostatic forces arise between protonated amino groups of chitosan and
deprotonated carboxylic and sulfonate groups of mucin. But at neutral pH and
above, deprotonated amino groups limited the electrostatic interactions, while the
weak van der Waal’s forces and hydrogen bonding predominate [12, 13]. In addition
to reduced mucoadhesion potential, the low hydrophilicity and swellability at neutral
to basic pH challenge the chitosan for delivery to the ophthalmic environment of
pH 7.8 [14, 15].

To surmount these problems, several modifications of chitosan have been derived
that attach monomers with a functional group promoting mucoadhesion at neutral
pH [16–18]. Thiolated chitosan possesses more degree of mucoadhesion due to the
strong covalent disulfide bonding between the thiol group (chitosan) and cysteine

Fig. 5 The mucoadhesive interaction between the protonated amino group of chitosan and
negatively charged mucin in the ophthalmic mucus membrane
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amino acid (mucus glycoprotein) [9, 19–21]. The trimethyl chitosan (TMCS),
formed by the reductive methylation of chitosan is another modified form with
improved mucoadhesion potential and solubility at neutral to basic pH [11, 22–
24]. Other chitosan derivatives formed with methyl acrylate and acrylic acid [25],
N-hydroxysuccinimide [26] and poly(ethylene glycol) diacrylate [27, 28], and
catechol [29] offer enhanced mucoadhesive property through hydrogen bonding,
covalent bonding, and complexation, respectively, between functional groups of
derivatives and mucus membrane.

Even though mucoadhesion is a promising approach, it has some limitations for
the drug delivery due to short life-span, high viscosity, hydrophilicity, multiple-
barrier property, and saturation of mucosal surface [30–32]. The mucosal layer is
dynamically reformed with an ocular clearance period of 5–7.7 min [33]. Thus it can
be concluded that, along with mucoadhesive potential, sufficient penetrability of
polymeric material across mucosal barrier also plays a vital role in ophthalmic drug
delivery [34].

3.2 Penetration Enhancement Property

Chitosan is an excellent candidate with enhanced penetration property also. Chitosan
interacts with extraocular structures such as the cornea and conjunctiva, offering an
increased localized concentration and residence time for therapeutics [35, 36]. The
cationic nature will support breaking the epithelial cells tight junctions through
structural reorientation of associated proteins [37, 38]. The penetration potential of
chitosan increases with an increase in molecular weight and degree of deacetylation.
The TMC exhibited excellent penetration enhancement by reducing the trans-
epithelial electrical resistance (TEER) up to 25–85% when compared to other
chitosan salts such as chitosan glutamate (CG) and chitosan hydrochloride
(CH) that showed 60% and 84% reduction in TEER, respectively [39–42]. But
TMC is more preferable due to its versatile solubility in any pH.

3.3 In Situ Gelling Property

Chitosan is a versatile biopolymer possessing in situ gelling property through
various mechanisms such as phase separation and covalent cross-linking. The
stimuli-responsive characteristics of chitosan will facilitate rapid sol to gel phase
conversion of ophthalmic formulations upon change in temperature and pH of the
environment. This will surpass the drawback of traditional ophthalmic delivery
solutions by preventing rapid lacrimal clearance, low penetration capacity, and
pre-corneal loss, etc. [43–45]. The interaction of conventional ophthalmic formula-
tion and chitosan based in situ hydrogels with the ocular mucosal surface is illus-
trated in Fig. 6.
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Thermoresponsive gelation is achieved by using low molecular weight polyol
phosphates that neutralize the acidic solution of chitosan and convert the solution to
gel at body temperature while maintaining isotonicity at ophthalmic pH [46]. Simi-
larly, derivatization of chitosan like thiolation and grafting with other polymers such
as poloxamer, gelatin, etc. also promotes thermoresponsive in situ gelation [43, 47–
50]. In the case of pH-responsive gelation, the functional groups of chitosan get
deprotonated at ophthalmic pH resulting in the expulsion of the loaded drug from the
compressed gel matrix [51].

The covalent cross-linking using chemical cross-linkers like diethyl squarate
(DES), ethylene glycol diglycidyl ether (EGDE), genipin, blocked diisocyanate,
etc. offers excellent in situ gelling potential to develop mechanically strong con-
trolled release formulations when compared to physical gelation methods [52–54].

3.4 Antimicrobial Potential

Chitosan is reported to have attractive broad-spectrum antimicrobial activity against
broad-spectrum organisms like bacteria, viruses, and fungi [55, 56]. The antimicro-
bial potential of chitosan is influenced by the degree of deacetylation, molecular
weight, concentration, cationic charge density, and physical state of chitosan; types
of the microorganism; pH and temperature of the environment, etc. There are several
proposed mechanisms for the antimicrobial action of chitosan such as bacterial cell
membrane disruption, inhibition of bacterial nucleic acid synthesis as well as trace

Fig. 6 The fate of conventional eye drops (a) and chitosan based in situ hydrogels (b) on ocular
application
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metal ion chelating activity that inhibits microbial growth [57–59]. The underlined
mechanisms of antimicrobial action of chitosan are depicted in Fig. 7.

The outer membrane of gram-negative bacteria is composed of lipopolysaccha-
ride stabilized by the interaction between anionic functional groups and divalent
metal ions. The polycationic chitosan will compete with the divalent metal ions like
Mg2+ and Ca2+ present in the cell membrane, as a result, destabilization of the outer
membrane or alteration in the activity of degradative enzymes happens (Fig. 8)
[60, 61].

Similarly, interaction of lipoteichoic acids with chitosan in the outer surface of
gram-positive bacteria will also cause membrane disruption, leakage of cellular
components, and cell death (Fig. 9) [62, 63]. Interestingly, chitosan possesses an
antifungal effect by inhibiting sporulation and spore formation. The antimicrobial
potential could be ordered as fungi> gram-negative bacteria >gram-positive bacte-
ria [64, 65].

3.5 Transfection Enhancement Property

In gene therapy chitosan is recognized as a simple non-viral vector owing to its
polycationic nature. It allows efficient encapsulation of anionic genetic materials
(DNA, siRNA, etc.), sufficient mucoadhesion, and further penetration through the

Fig. 7 Various mechanisms responsible for the antimicrobial action of chitosan
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tight cell junctions by structural reorientation of proteins to transport active payload
[43]. The net positive charge and nano-size range of lower than 100 nm facilitate the
easier endocytosis of fabricated conjugates. Moreover, its non-toxicity,
non-immunogenicity, and biocompatibility suggest its plausible role as a non-viral
vector in gene therapy when compared to other gold standards such as poly(lysine),

Fig. 8 Antibacterial mechanism of chitosan against gram-negative bacteria

Fig. 9 Antibacterial mechanism of chitosan against gram-positive bacteria
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poly(ethyleneimine), or poly(arginine) [66, 67]. The molecular weight and degree of
deacetylation also influence the transfection efficiency of chitosan. High molecular
weight chitosan shows low transfection efficiency as it forms highly viscous strong
complexes with chitosan. NOVAFECT is a commercially available low molecular
weight, ultrapure chitosan oligomer in deacetylated form having the ability to
transfect COS-7 cells when fabricated as chitosan-DNA nanoparticles to treat
corneal diseases [68]. Chitosan-DNA conjugate will also protect the payload from
intracellular DNAase. The transfection potential was also enhanced with thiolation
and trimethylation [69, 70].

However, the transfection efficiency of classical chitosan is comparatively low;
hence, various modifications are reported and compared elsewhere. Martien et al.
fabricated a nanoparticle using thiolated chitosan for plasmid delivery, proposed a
targeted release and higher stability toward nucleases. Here intra-chain disulfide
bonds are formed within the complex, which will cleave exclusively under the
reducing condition of cytoplasm, leading to site-specific release of genetic material.
The results demonstrated a five times increase in transfection efficiency when
compared to conventional chitosan/pDNA nanoparticles [71]. In another study,
Malmo et al. suggested a higher transfection efficiency of self-branched and self-
branched trisaccharide substituted chitosan when compared to linear one [72]. Sim-
ilarly, thiolated chitosan with trimethylation, chitosan/cyclodextrin, and PEGylated
chitosan have been proved its comparative potential in gene transfer in several
studies [73–75].

3.6 Controlled Drug Delivery Potential

Chitosan is the best choice for the controlled delivery of anionic drugs. Chitosan will
form strong ionic bonding or complexation with polyanionic drugs, offering a
prolonged and sustained release of therapeutics effectively [76, 77]. It can also be
homogenized with polyanionic excipients (hyaluronic acid, polyacrylates, alginate,
carrageenan, pectin, etc.) to form a stable, complex polymeric matrix favorable for
the controlled release of active moieties through polymeric erosion and diffusion
[78]. Similar nature of controlled release pattern is also observed when chitosan is
combined with inorganic multivalent anions (sulfates, tripolyphosphates) [79].

392 S. Natesan et al.



4 Chitosan and Its Derivatives Based Topical Ocular Drug
Delivery Systems

4.1 Hydrogel Based Systems

Chitosan and its derivatives are considered well-known stimuli-sensitive drug deliv-
ery system, that forms in situ gels based on pH, temperature, and ionic strength of the
applied environment. It allows tunable site-specific and sustained delivery therapeu-
tics to the ocular region that surpasses pre-corneal drug loss, lacrimal clearance, and
low penetration potential of conventional ophthalmic [43]. Hydrogels are biocom-
patible structures prepared through physical or chemical cross-linking without the
use of any harmful chemicals [80]. Chitosan based hydrogels are reported mainly by
using chitosan alone or from modified chitosan or chitosan blends.

4.1.1 Chitosan

Generally, chitosan alone is not used for the preparation of hydrogel as much due to
its low viscosity nature. But its intact pH-responsive nature could promote its in situ
gelling property in the ophthalmic region as well. However, the formulation pre-
pared via physical (tripolyphosphate, β-glycerophosphate, glucose-1-phosphate,
glucose-6-phosphate, etc.) or chemical (blocked diisocyanate, diethyl squarate,
genipin, ethylene glycol diglycidyl ether, etc.) cross-linking will efficiently improve
its in situ gelling potential and sustained release nature most favorable for ocular
application [43].

Fouda et al. developed a proniosome loaded chitosan gel of dorzolamide HCl and
compared it with marketed dorzolamide HCl eye drops for reduction of IOP for
glaucoma patients. The in vivo study revealed that proniosomal gel has the fastest
onset of action along with a drastic reduction of IOP for a prolonged period even up
to 8 h when compared with marketed. This suggested the retention of chitosan gel in
the ocular surface due to high mucoadhesive potential along with combined pene-
tration enhancement of proniosome and chitosan [81].

Similarly, when the nanovesicle of acetazolamide loaded in tripolyphosphate
cross-linked chitosan hydrogel, normalization of IOP was achieved within 45 min
and prolonged for 24 h, while the conventional tablet took 1.5 h for action and
prolonged only for 5 h. The high viscosity and mucoadhesion of hydrogel support
the progressive release of medicament through diffusion mechanism [82].

A thermoresponsive chitosan hydrogel using β-glycerolphosphate was developed
by Mohammed et al. for antimicrobial action that exhibits sol to gel transition at
29–37�C. They observed zone of inhibition against S. aureus for blank hydrogel
also. But complete microbial inhibition was achieved in antibiotics (gentamicin,
moxifloxacin) loaded hydrogel in a sustained manner of 4 h [83, 84].
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4.1.2 From Modified Chitosan

Several covalently cross-linked modified chitosan hydrogels were reported using
carboxymethyl chitosan (CMCS), glycol-modified chitosan (GlyCS), azide-
modified GlyCS, L-cysteine modified chitosan, etc. Also modified chitosan with in
situ gelling properties such as chitosan-grafted poly(N-isopropyl acrylamide), qua-
ternary ammonium CS, hexanoyl glycol chitosan, hydroxybutyl chitosan, etc. have
also been reported elsewhere in ophthalmic applications.

A voriconazole inclusion complex of poly(β-cyclodextrin) loaded chitosan
hydrogel was prepared by Yang et al. for fungal endophthalmitis, by spontaneous
mixing of separate solutions of carboxymethyl chitosan (CMCS) and Odex (Schiff
base reaction). The drug was released from an intertwined complex system of
CMCS/Odex network and poly(β-cyclodextrin) linear chain, through a combined
mechanism of chemical degradation, diffusion, and swelling [85]. Schiff base
reaction was carried out between amino groups of glycol-modified chitosan
(GlyCS) and aldehyde group of 4-arm PEG to form a sustained-release porous
hydrogel loaded with levofloxacin [86].

The thiolated chitosan has an attractive role in hydrogel preparation owing to its
cross-linking potential through disulfide bonds. In one study, anti-VEGF protein
(ranibizumab and aflibercept) loaded hydrogel was prepared using thiolated chitosan
prepared via coupling of L-cysteine, or 6-mercaptonicotinic acid with chitosan
through air oxidation. They observed a minimum burst release, enhanced cross-
linking, and controlled release through low swelling, at the same time intact nature of
protein drug was also preserved [87].

4.1.3 From Chitosan Blends

Chitosan can form hydrogel with other anionic or non-ionic macromolecules to
improve various properties than when used alone. It can be combined with non-ionic
polymers such as poloxamers, synthetic polyanions like PAA; polysaccharides like
hyaluronic acid, dextran sulfate, xanthan, alginate; as well as proteins like collagen,
gelatin, etc.

Gelatin is a protein used to improve thermo gelling property and mechanical
strength of chitosan widely. Several studies were reported elsewhere using chitosan/
gelatin hydrogel cross-linked with β-glycerol phosphate [88], genipin [89], oxidized
sucrose [90], etc. incorporating various therapeutic agents. The hydrogel is formed
through electrostatic, hydrophobic interactions between various groups. High
molecular weight and hydrogen bond interactions formed due to hydrophilic groups
of gelatin backbone and chitosan impart strong bioadhesive strength of hydrogel
blend [50, 91, 92].

Poloxamer, a thermoreversible hydrogel at 37�C, is attracted to various biomed-
ical applications nowadays. But weak mechanical strength of the same insists its
combination with other polymers like chitosan widely. An ophthalmic in-situ gel of
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poloxamer 407/chitosan was developed by Irimia et al. for the delivery of topical
anesthetic bupivacaine hydrochloride [93].

Poly(vinyl alcohol) (PVA) is another versatile non-ionic polymer that can com-
bine with chitosan. Unlike poloxamer, it offers pH-sensitive gelation rather than
thermosensitive at alkaline pH of 6–7.5. The formulation exhibited a swelling
controlled release of medicaments [94]. A triple combination of chitosan, PVA,
and poly(vinylpyrrolidone) also suggested an improved mucoadhesion with
prolonged release of 24 h when compared to marketed formulations of levofloxacin
and besifloxacin [95].

4.2 Colloidal Nanocarriers

Apart from the development of responsive hydrogel systems, chitosan also holds its
hallmark in the development of various colloidal nanoparticulate systems such as
nanoparticles, liposomes, micelles, etc. for myriads of applications. Nanocarriers
could be effectively applied as liquid dispersions, which adhere for a prolonged time,
or surpass effectively the ocular physiological barriers and reach the intraocular
region.

4.2.1 Nanoparticles

The nanoparticulate systems nowadays clutch their advantages over conventional
drug delivery systems owing to their targeting potential, narrow size range,
prolonged-release pattern, sustained activity, and reduced dose size and dosing
intervals [96, 97]. Chitosan nanoparticles are considered an excellent system for
ocular delivery due to their higher specific surface area and mucoadhesive potential
[98, 99]. The chitosan nanoparticles with a size range of 50–500 nm will effectively
cross the physiological barriers of eye and mucin mesh of the ocular surface, while
the higher particles will adhere only to the mucosal surface and release drugs
topically [32, 100–102]. The preparation methods employed for the production of
chitosan nanoparticles (CS NP) are ionotropic gelation, spray drying, reverse micelle
formation, emulsion droplet coalescence, nanoprecipitation, water-in-oil emulsion
cross-linking, etc. [103].

Ionotropic Gelation

It is the simplest and relatively most convenient method for the production of CS
NP. The mechanism involved the intra- and inter-molecular ionic cross-linking
between the cationic amino group of chitosan and anionic groups of polymers
(chondroitin sulfate, hyaluronic acid, sodium cellulose sulfate, alginate, etc.) or
small molecules (sodium tripolyphosphate (TPP), sodium sulfate) [104].
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The protonated chitosan in acidic solution will experience repulsive forces and
attractive forces due to cationic amino group and hydrogen bonding. This will form a
cross-linked structure with anionic phosphate groups of aqueous TPP when added to
chitosan solution [105, 106]. The ratio of CS/TPP will greatly affect the zeta
potential of nanoparticles since both are of opposite charge. Generally, CS NP
possesses a surface charge of 20–60 mV due to the protonation of the amino
group of chitosan. The higher positive zeta potential of CS NPs is crucial for their
prolonged ocular residence through mucoadhesion. Several studies demonstrated
that cationic surface charge is reduced with an increase in TPP concentrations [107–
110].

But the concentration of CS and TPP showed a different effect in size of CS NP in
different studies. The majority of the studies suggested that particle size is directly
proportional to the CS concentration [109, 111–113]. Some studies established a
decrease in particle size [107, 114], while some showed an initial increase followed
by a decrease or vice versa [108, 115]. Similarly, the TPP concentration also
suggested a wide range of effects on particle size [110, 116, 117] in a
concentration-dependent manner. When considering the drug loading/entrapment
efficiency, the concentration of CS and TPP showed an augmentation with an
increase in concentration. This is because, the denser the polymer could entrap
more drugs and more of TPP promotes efficient cross-linking to lock maximum
drugs [108, 109, 114].

Pectin is an anionic polysaccharide, which could undergo ionotropic gelation
with chitosan to form polyelectrolyte complexes. Dubey et al. fabricated
brinzolamide loaded CS/Pectin nanocapsule through polyelectrolyte complex coac-
ervation method and compared with commercial eye drop for its anti-glaucoma
potential. The developed nanocapsule holds a smooth spherical nano-sized structure
with improved corneal permeation, hence higher bioavailability [118]. Similar inter-
actions were observed between chitosan and lecithin (L), which is a naturally
occurring phospholipid blend, with an abundant phosphate group. The CS/L NP
formed facilitated the encapsulation of lipophilic drug Amphotericin B, an antibiotic
for fungal keratitis [119].

By Spray Drying

Spray drying is a simple, method for the pilot scale production of microparticles. It
involved only drying of drug-loaded polymeric liquid in a fine stream of hot air to
produce particles preferably microscale ranges. Ornidazole and pilocarpine are
loaded in the chitosan microsphere and evaluated in various studies
[120, 121]. Zhou et al. developed a double cross-linked chitosan microparticle
loaded with levofloxacin. Here, CS/TPP gel was initially spray dried, which was
then further cross-linked by glutaraldehyde during solidification. The developed
formulation showed sustained release over 1 day with controllable-swelling
potential [122].
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From Modified Chitosan

Despite myriads of advantages, plane chitosan limits its application due to certain
characteristics such as low aqueous solubility at neutral and alkaline pH, low
mucoadhesiveness, etc. When a chitosan nanoparticle is prepared via ionic gelation
with TPP, the density of the cationic amino group decreased due to the linkage
between CS and TPP. This will attenuate the mucoadhesive property of chitosan, by
hindering the interaction between mucin and –NH3

+ group. Furthermore, the cat-
ionic surface charge of CS NP is reduced based on TPP concentration [9, 123,
124]. Here the modification of chitosan is required to boost up various properties
through functionalization at hydroxyl and amino groups.

The trimethylation of chitosan (TMCS) will form quartered chitosan that exhibits
aqueous solubility at a wide range of pH. TMCS/TPP nanoparticle loaded with
diclofenac sodium showed improved mucoadhesion and the minimum effective
concentration was maintained in aqueous humour even after 12 h of administration
[125]. In another study, the flurbiprofen/cyclodextrin inclusion complex was encap-
sulated in TMCS/TPP system to enhance the ocular residence, aqueous solubility,
and mucoadhesion. The in vitro drug release pattern exhibited an initial burst release
followed by a sustained pattern [126]. Other derivatives such as
2-carboxybenzaldehyde chitosan [127], succinic anhydride [191] chitosan, methyl
methacrylate chitosan [128], chitosan-grafted poly(ethylene glycol) methacrylate
[129], thiolated chitosan [130], etc., prepared via modifications at the amino group
through Michael addition reaction were also reported elsewhere for nanoparticles
synthesis via ionic cross-linking. Also, two free hydroxyl end of chitosan is another
potential provision for modification. Glycol chitosan is a successful water-soluble
chitosan reported for drug encapsulation (cerium oxide/GLYCS) [131] or drug
conjugation (dexamethasone-GLYCS) [132].

4.2.2 Liposomes

Liposomes are lipid vesicular systems comprising aqueous core stabilized with
surfactant bilayer that can encapsulate both hydrophilic and lipophilic drugs. The
structure has a close resemblance to the cell membrane, hence holds prominent
biocompatibility [133]. Abd-Elsalam et al. developed agomelatine-loaded
olaminosomes using chitosan hydrochloride for ocular hypertension via the thin-
film hydration method. They observed a sustained along with controlled release
pattern in in-vitro studies concerning an increased amount of chitosan. The in vivo
studies of rabbit suggested that enhanced mucoadhesion and ocular retention favored
alleviation of ocular hypertension without any signs of toxicity [134].

Similarly, TMCS coated nanoliposome of pilocarpine hydrochloride for glau-
coma demonstrated a cationic charge and increased viscosity in releasing medium. It
followed an initial burst release pattern followed by sustained release of medica-
ment. The in vivo study revealed the non-irritant behavior of formulation on the
ocular topical application [135]. Octadecyl-quaternized carboxymethyl CS is
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another derivative, which is amphiphilic in nature employed for the ocular delivery
of highly hydrophobic drugs like curcumin and tetrandrine loaded in nanostructured
lipid carriers (NLC) and liquid crystalline NPs, respectively. The aqueous solubility,
mucoadhesion, and pre-corneal residence time of both drugs were improved with a
biphasic drug release pattern [136, 137].

4.2.3 Micelles

Micelles are self-assembled nanostructures (5–30 nm) of amphiphilic polymers that
are oriented into the stiff core of non-polar tail and an outer surface of polar head
groups spontaneously arranged in an aqueous medium. It has a high loading capacity
of hydrophobic drugs, while its susceptibility toward environmental changes like
pH, temperature, ionic strength, etc. questions its stability and drug precipitation
against storage [138–141]. The plane chitosan does not have the capacity to form
micelles of its own, but several forms of modified chitosan are reported elsewhere
nowadays. Chitosan grafted methoxy poly(ethylene glycol)-poly(ε-caprolactone)
blocks polymer formed diclofenac loaded nanomicelles spontaneously, to form a
cationic suspension. The formulation showed an increased bioavailability, corneal
penetration, and pre-corneal retention in vivo with an initial burst followed with
sustained pattern [142].

In another study, chitosan oligosaccharide-valylvaline-stearic acid derivative-
based nanomicelles were synthesized and encapsulated dexamethasone for macular
edema. The nanomicelles formed were cationic with sustained-release patterns in
simulated tear fluid. The topically applied formulation demonstrated an improved
corneal permeability and reached the posterior portion through the conjunctival route
in the in-vivo study on rabbits [143].

4.2.4 Other Combined Delivery Systems

The chitosan nanoparticles have been combined with other drug delivery systems to
tune up the targeting potential of nanoparticles by combining the advantages of dual
delivery vehicles. They were incorporated into various systems such as gels, lenses,
ocuserts, coatings, etc. Fabiano et al. developed a 5-fluorouracil-loaded CS NPs of
quaternary ammonium chitosan, quaternary ammonium protected thiolated chitosan,
and sulfobutyl-chitosan and incorporated them in a hydrogel base of quaternary
ammonium chitosan. The first and third formulation exhibited prolonged retention of
drugs in aqueous humour in in-vivo studies. This may be due to the high
mucoadhesive potential of the cationic hydrogel of the first derivative, while for
the third one the ionic interaction between negatively charged sulfobutyl-chitosan
NPs and cationic hydrogel together delayed drug diffusion [144]. Also chitosan/
alginate (CS/ALG) based core/shell microparticle of bovine serum albumin and
timolol maleate nanoparticle were developed and incorporated in HPMC gel
which showed delayed release of a medicament for 9 days and 24 h, respectively
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[145, 146]. Hyaluronic acid (HA) coated dexamethasone loaded chitosan
nanoparticles were developed for improved cellular targeting and compared with
simple dexamethasone solutions. The surface charge of CS NPs reduced and size is
increased due to coating with HA. The formulation showed better corneal retention
and sustained release when compared to the solution [147, 148].

4.3 Ocular Lenses and Ocuserts

Ocular lenses and ocuserts are novel non-implantable ophthalmic devices that create
their places in topical ocular delivery of medicaments nowadays. They are advanta-
geous over conventional delivery systems by surpassing fast lacrimal clearance of
the drug, improved localized delivery to the lens, and patient compliance. Chitosan
is a suitable polymer for the development of such devices due to their inherent
mucoadhesiveness, biocompatibility, non-toxicity, and flexible physico-chemical
properties.

The flexible films and membranes have been developed mainly as ocuserts by
solvent casting method. Chitosan based ocular inserts of bimatoprost and
diminazene aceturate were developed where a homogenized dispersion of medica-
ment is obtained by solvent casting method [149, 150]. Similarly, dorzolamide
loaded chitosan-hydroxyethyl cellulose films were also developed for long-term
delivery of drugs [151]. The dual delivery of timolol and latanoprost was achieved
for 9 days when incorporated into flexible nanosheets of chitosan and alginate [152].

A coated lens of chitosan and alginate was developed by Silva et al. for the
delivery of diclofenac sodium. The multiple coating of (Alginate-CaCl2)/(Chitosan
+Glyoxal) was ultimately coated with Alginate-CaCl2 in a sandwich model to
prevent the lacrimal fluid degradation of chitosan. The multiple coated lenses
demonstrated a sustained release of an anti-inflammatory drug for 7 days [153]. A
biocompatible antibacterial coating of chitosan/gallic acid/zinc oxide NPs developed
by Hoyo et al. demonstrated an improved antioxidant activity of 95%. The hybrid
lens developed showed better biocompatibility and comfort in application [154].

5 Chitosan Based Ocular Films

In prolonging the ocular delivery of drugs chitosan plays a vital role. In a recent
study the efficacy and safety of chitosan-coated timolol maleate (TM) mucoadhesive
film were studied. Based on casting and solvent evaporation technique the chitosan-
coated timolol maleate (TM) mucoadhesive film was developed and characterized
for its in-vitro release and swelling characteristics. They found an enhanced lowering
of IOP compared to timolol maleate commercial formulation with 85% of the TM
gets released over the first 2 weeks [155]. Brimonidine tartrate (BT) loaded chitosan
film prepared by solution casting and air-drying has been reported to possess high
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corneal permeability with fast drug release kinetics for potential ocular drug deliv-
ery. They reported that the developed film is transparent, structurally stable, and
mucoadhesive [156].

Ciprofloxacin loaded ocular films using xyloglucan (2%) were developed using
polysaccharide by the solvent casting method by Mahajan et al. They observed a
cumulative % drug release from the developed film of 98.85% at the end of 24 h.
They found a higher amount of ciprofloxacin in cornea and conjunctiva with higher
penetration through cornea. Herein xyloglucan can act as a potential film forming
polymer for ocular delivery applications [157].

6 Chitosan Based Ocular Inserts

The film-like solid or semi-solid devices of medicated polymers intended for inser-
tion into the conjunctival sac to liberate the medicament to the ocular surface are the
ocular inserts. Ocular inserts provide a reservoir for controlled drug delivery of drugs
and chitosan ocular inserts were developed by researchers for various therapeutic
applications. The advantages of ocular inserts over conventional dosage forms are
increased ocular residence, possibility of releasing drugs at a slow and constant rate,
increased shelf life, accurate dosing, and avoidance of toxicity. For the treatment of
glaucoma Julio Fernandes et al. developed brimonidine tartrate loaded chitosan
based ocular inserts by improving the drug bioavailability and found that the inserts
are biocompatible and non-toxic in nature with the potential to reduce the intraocular
pressure in glaucomatous patients [157, 158].

Chitosan based inserts for sustained release of angiotensin-converting enzyme
2 (ACE2) activator diminazene aceturate (DIZE) were developed and characterized
by Foureaux et al. [150]. They observed that the developed DIZE is chemically
stable and has the capacity to decrease the IOP for up to 1 month (last week:
11.0 � 0.7 mmHg) without producing any toxic effects to the eye.

Franca et al. developed and characterized Bimatoprost (BIM) loaded novel
sustained-release drug inserts using chitosan by adopting the solvent casting method.
The BIM release was observed for 8 h with a biodistribution of 99mTc-BIM with IOP
reduction for 4 weeks, upon single application in glaucoma management [159].

Chitosan grafted titanium alloy was developed by covalent link via a two-step
process using TriEthoxySilylPropyl Succinic Anhydride (TESPSA) as the coupling
agent which affords effective antibacterial activity. Herein better antibacterial activ-
ity was observed against Escherichia coli and Staphylococcus aureus strains. These
developments may be also utilized for ocular drug delivery focusing toward
antibacterial approaches [160].

Latanoprost loaded thermosensitive chitosan based hydrogel was developed by
Yung et al. for the treatment of glaucoma in order to overcome the frequent and long-
term applications. In order to offer a sustained release effect, they developed this
topical eye drop formulation to control ocular hypertension. Upon topical adminis-
tration latanoprost-loaded hydrogel, triamcinolone acetonide-induced elevated IOP
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gets significantly decreased within 7 days. They concluded that the newly developed
chitosan based hydrogel may offer a non-invasive alternative to traditional anti-
glaucoma eye drops for glaucoma treatment [88].

7 Chitosan Based Ocular Gels

Chitosan based ocular gels are widely utilized in ocular drug delivery especially the
in situ gels are liquid upon instillation and converted into viscoelastic gels in
response to environmental changes such as pH, temperature, and specific ions. The
acceptance criteria for in situ gels indicates that they are instilled into the eye as a
solution and immediately converted into a gel when it contacts with the eye with
pre-corneal residence of several hours.

Chen et al. [161] developed and characterized in situ thermosensitive hydrogel
based on chitosan by loading levocetirizine dihydrochloride (LD) in combination
with disodium α-d-glucose 1-phosphate (DGP) for ocular drug delivery system
using sol gel transition. They observed a rapid release at the initial period followed
by a sustained release with sol-to-gel phase transition based on chitosan concentra-
tion. Their ocular irritation results demonstrated excellent ocular tolerance of the
hydrogel with significant prolonged residence time compared to eye drops. The
effective anti-allergic conjunctivitis effects compared to LD aqueous solution were
observed via sol–gel transition mechanism [161].

Divyesh H. Shastri et al. [162] developed thiolated chitosan based nanoparticulate
mucoadhesive ophthalmic in situ gelling system of prulifloxacin for the treatment of
bacterial keratoconjunctivitis which is non-irritant to eye. They observed that gela-
tion pH was found to be 7.2� 0.2 with entrapment efficiency of more than 80% with
sustained release behavior for a period of 12 h. Aikaterini Karava et al. developed
chitosan derivatives in order to deliver dexamethasone sodium phosphate and
chloramphenicol and observed low cytotoxicity, enhanced mucoadhesive properties,
and better antimicrobial activity [163].

8 Conclusion

A considerable amount of research is going on for the chitosan based delivery
systems to eye. In particular, the chitosan based ocular films, ocular inserts, ocular
gels are gaining recently with more interest especially for challenging water insol-
uble/poorly permeable drugs. Chitosan based self-assembled systems and chitosan
derivatives based ocular delivery systems may have great potential, as well as
multiple applications for the future in the design of novel topical systems for eye.
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Abstract Chitosan is a natural polymer having much use in drug delivery applica-
tions. The polymer is characterized by its biocompatibility, biodegradability, muco-
adhesiveness, antimicrobial activity, non-toxicity and positive charge. Insolubility of
chitosan in water and other common organic solvents limits its utility. This problem
can be solved by chemical modification of its reactive functional groups; NH2 and –
OH to form derivatives with improved solubility. The transdermal drug delivery
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systems which can control the drug release process have got substantial importance
in drug delivery research areas. Chitosan and its derivatives are reported to enhance
the skin permeability via a variety of molecular mechanisms. Low molecular weight
chitosan is often employed as permeability enhancer in transdermal drug delivery
system (TDDS). Various chitosan based transdermal drug delivery systems like
composite films, vesicular systems, dendrimers, microspheres, microneedles and
other nanocarriers like nanoparticles, nanogel, nanoemulsion, nanolipid carriers
with benefits achieved are detailed in this review.

Keywords Chitosan · Microneedles · Microsphere · Nanocarriers · Transdermal
drug delivery

1 Introduction

The development of newer drugs is more challenging, time consuming and highly
expensive compared to reinventing existing drugs through novel drug delivery
systems with an objective to correct the biopharmaceutical issues associated with
them. Novel drug delivery approaches are aimed to reduce dose, improve drug
bioavailability, reduce toxicity, improve the stability and safety profile of existing
drugs along with improved patient compliance. Designing of drug delivery devices
is based on various factors like disease condition, nature of drug and its existing
issue, route of administration and target site. These drug delivery systems play a
critical role in providing a desired therapeutic effect by delivering maximum con-
centration of drug to the required bio-zone. Researches in the past few decades are
focused on the development of delivery systems using polymers, which decides the
rate of drug delivery to a particular site of action thereby reducing the side effects.
Even though various synthetic polymers with well-established uses in the biomed-
ical field have been reported recently, most of the researchers prefer natural polymers
due to their high level safety and biocompatibility. Sodium alginate, chitin, chitosan,
starch and pectin are few examples for polymers of natural origin. Among these
natural polymers, cellulose derivatives are the most widely accepted for use in drug
delivery systems [1–4]. Chitosan is the second most natural polysaccharide, obtained
by deacetylation of chitin, which is derived from exoskeleton of crabs, shrimp and
cell walls of fungi [5–7]. Over the past few decades, novel nano-devices developed
successfully using chitosan have been increasingly reported [8–11].

Chitosan is a polymer much preferred for drug delivery applications due to its
features like biocompatibility, biodegradability, muco-adhesiveness, antimicrobial
activity, non-toxicity, tenability and positive charge [12, 13]. Due to these advan-
tages chitosan has widely been used in various biomedical and pharmaceutical
streams, such as drug/gene/vaccine delivery, tissue engineering, wound healing
and for manufacturing cosmetic products. The molecular weight of chitosan varies
according to the source. The positive charge of chitosan enhances the permeability
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by electrostatic interaction with anionic bio-macromolecules such as cells, DNA,
etc., which favours the use of chitosan as a permeation enhancer. Also, chitosan has
low pH and thus it behaves as a cationic polyelectrolyte which can easily link with
negatively charged cross linking agents such as sodium tri-polyphosphate (TPP).
Chitosan possesses antibacterial property by altering the bacterial cell wall perme-
ability, resulting in structural leakage and lack of nutrient absorption. Another reason
for antibacterial activity of chitosan is the inhibition of transcription due to its
binding with DNA [14–19]. Various biological and physico-chemical properties of
chitosan are listed in Fig. 1.

1.1 Chitosan Derivatives

Insolubility of chitosan in water and common organic solvents limits its utility. So
attempts have been made to overcome the limited aqueous solubility of chitosan by
chemical modification of its reactive functional groups; –NH2 and –OH
[20, 21]. Modified chitosan derivatives are reported to improve the physico-chemical
properties of chitosan by retaining its antimicrobial, antibacterial, anticancer and

Fig. 1 Various biological and physico-chemical properties of chitosan
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antiviral properties. Derivatives are often reported to have improved bioactivity with
biocompatibility and biodegradability [21].

Acylation is the most common derivatization reported and N-acyl derivatives of
chitosan are reported to enhance the solubility of chitosan with retained bioactivity
and degradability. Actual solubility of N-acyl derivatives depends on the degree of
acylation and is increased on increasing the number of acyl substitution. Whereas
O-acylation of chitosan improves the hydrophobic property of the polymer and
hence these derivatives are reported to be soluble in lipids and other nonpolar
solvents [21]. Alkylation is another chemical modification of chitosan, reported to
improve the solubility. However, alkyl group is hydrophobic in nature and hence
insertion of too long alkyl groups is reported to improve the hydrophobic property of
the polymer [21]. Carboxylated chitosan is reported to have improved water solu-
bility with vast variety of applications in medical, agricultural and bio-chemical field
[21]. Quaternization of chitosan is reported to improve its water solubility and
antimicrobial activity. The major quaternized derivatives include N,N,N-Trimethyl
ethyl ammonium chitosan, N-4, N,N-Dimethyl amino benzyl chloride, N-4-Pyridyl
Methyl chitosan, etc. Several N-Aryl derivatives of chitosan are reported to have
improved aqueous solubility with enhanced antimicrobial and anti-fungal activity
[20]. Graft co-polymerization with hydrophilic polymers such as polyethylene
glycol (PEG) is reported to improve the solubility of chitosan without affecting its
biocompatibility. In this case the degree of increase in solubility achieved will
depend upon the molecular weight of PEG used for grafting. The solubility can be
further improved by N-Acetylation of chitosan residues in copolymerized product
using acetic un-hydride [22]. Another method to improve the solubility of chitosan is
to convert it into carboxymethyl derivative. The resulted carboxymethyl chitosan is
reported to have unique physico-chemical properties and biocompatibility; ideal for
use in food and cosmetic industry. Grafting of carboxymethyl chitosan with suitable
groups like vinyl imidazole or acetyl or benzoyl or chloroacetyl group is reported to
enhance the antimicrobial property of chitosan [20]. Thiourea and
thiosemicarbazone derivatives of chitosan with improved anti-fungal activity against
S. solani and R. solani are reported [23].

Derivatization of chitosan is also reported to improve its muco-adhesiveness, pH
sensitivity and tissue specific targetability [21]. Thiolated chitosan derivatives are
reported to have 1.7 times more muco-adhesiveness when compared with pure
chitosan. Similarly, quaternary ammonium derivatives are reported to improve the
intra-nasal delivery of loaded drugs useful for the treatment of respiratory tract
infections [22–27]. pH sensitivity of chitosan can be achieved by grafting chitosan
with pH sensitive polymers. The methyl chitosan derivatives are reported to swell at
pH 5, whereas carboxymethyl chitosan derivatives exhibit swelling and drug release
at intestinal pH and hence suitable to treat conditions like Crohn’s disease.

Fatty acid modified quaternary ammonium chitosan is reported to target to liver
and is useful to treat various clinical conditions, where a targeted drug delivery to
liver is desired [24]. Similarly, glycyrrhizinic acid conjugated chitosan is reported to
exhibit liver targeting efficacy, which is proved through the targeted delivery of
doxorubicin in a mice model of hepato-cellular carcinoma [25]. Folic acid grafted
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PEG chitosan copolymer is reported to exhibit lung targeting behaviour and is
reported to enhance the pulmonary delivery of anticancer drug, taxol in a murine
model of lung cancer [27–29]. Various derivatives of chitosan with achieved benefits
are shown in Table 1.

2 Chitosan Based Drug Delivery Approaches

Chitosan has wide range of applications in drug delivery area. The development of
drug delivery systems like nanoparticles, nanogel, nanolipid carriers and
nanoemulsion using this natural polymer has been extensively studied and reported.
Also, the use of chitosan for various pharmaceutical applications like nasal, ocular,
intravenous, oral as well as transdermal drug delivery has been well documented.
The safety, cost effectiveness, biocompatibility, biodegradability and non-allergic
nature enhance the application of chitosan in research as well as in biomedical field.
Despite its unique physico-chemical and biological properties, lower mechanical
strength and poor solubility of chitosan have limited its application [31–38]. But
these limitations can be overcome by derivatization or by combination with other
polymers. The active hydroxyl and amino groups present in chitosan undergo
various chemical reactions (hydroxylation, carboxylation, alkylation, acylation and

Table 1 Derivatives of chitosan with benefits achieved

Sl.
No. Derivatization Reagents used for derivatization Benefits achieved Ref

1 Acylation Acetic acid and hydrochloric acid
Two coupling systems – i.e., 1-ethyl-
3-(3-dimethyl-aminopropyl)-1-
carbodiimide hydrochloride (EDC)
and N-hydroxysulfosuccinimide
(NHS)

N-acylation
improved water sol-
ubility
O-acylation
improved hydro-
phobic property

[21, 30]

2 Quaternization N-(3-chloro-2-hydroxypropyl)
Trimethyl ammonium chloride

Improved water sol-
ubility and antimi-
crobial activity

[20]

3 Thiolation Thioglycolic acid
Cysteine CS-4-thio-butyl-amdine

Improved muco-
adhesiveness

[24]

4 Glycyrrhetinic
acid PEG

Glycyrrhetinic acid poly(ethylene
glycol)

Liver targeting [25]

5 Folic acid and
PLGA

Poly [D, L-lactide-co-glycolide]
(PLGA), folic acid, methanol,
dichloromethane, acetonitrile,
dimethyl sulfoxide

Lung targeting [26]

6 Fatty acid and
quaternary
ammonium

Glycidyltrimethylammonium chlo-
ride, N-(3-(di-methyl amino) propyl)-
N0-ethyl carbodiimide hydrochloride
N-hydroxysuccinimide (NHS), lauric
acid, oleic acid

Liver targeting [22]
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esterification) and thereby introduce pendant groups to chitosan. This structural
modification leads to improved solubility by destroying the crystal structure of
chitosan. These chitosan derivatives with improved physico-chemical and biological
properties are more suitable as carriers for biomedical and pharmaceutical processes,
such as drug/vaccine/gene delivery, tissue engineering, wound healing and manu-
facture of cosmetic products. In the recent years, pharmaceutical researchers have
focused on the development of nanotechnology based systems for effective drug
delivery. The use of biopolymers as nanoparticles (NPs) made a tremendous change
in the field of medicine with an improved pharmacokinetics and efficacy of existing
pharmaceutical compounds. Various studies of polymeric nanocarriers like nanogel,
nanoparticles, nanolipid carrier, etc. are reported with an aim to reduce drug dose,
enhance drug bioavailability and reduce drug toxicity. There are many studies
related to chitosan based nanocarriers developed for different fields of application.
The schematic representation of structure of different chitosan based nanocarriers
with advantages is depicted in Fig. 2.

Fig. 2 Advantages of different chitosan based nanocarriers
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3 Chitosan and Chitosan Derivatives in Transdermal Drug
Delivery

Transdermal drug delivery systems (TDDS) are one among the most effective drug
delivery systems, having tremendous advantages over conventional oral and paren-
teral routes of drug delivery. The most important advantage is the ability to achieve
systemic drug delivery through the application of the formulation into the skin
(Fig. 3). It is considered as one of the most effective drug delivery approaches as
the systemic delivery of the drugs can be achieved with minimum invasiveness and
discomfort. It can avoid the problems of GI degradation, irritability, food and pH
interferences associated with the oral drug delivery systems. In addition, adequate
bioavailability with minimum fluctuations in plasma drug level and low systemic
toxicity can be achieved through the use of TDDS. There is no risk of pain, which is
a major problem associated with parenteral dosage forms. If desired rapid termina-
tion of action on removal of the system can be achieved while using TDDS. The
normal site of application of transdermal patch includes outer arm and buttock and
the actual rate of drug permeation depends on the site of application, skin integrity,
hydration state, pH, etc. Other drug dependent factors which affect the permeability
of TDDS include pKa, log P, solubility and molecular weight of drug [39–41].

Fig. 3 Schematic representation of the structure of skin with pathways involved in transdermal
drug penetration
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The biggest challenge in transdermal drug delivery is the development of an
effective TDDS with adequate permeability through the stratum corneum layer of
skin. The effective permeability can be achieved by the use of suitable polymers
having proper hydrophilic-lipophilic balance. Researches in the field of TDDS are
mainly focused on the use of natural polysaccharides to achieve the effective stratum
corneum permeability. Natural polymers offer lot of advantages including
non-toxicity, non-irritability, biocompatibility, biodegradability and are available
at low cost. Most of these agents are having a renewable nature and offer the
advantage of sustained release property. Among various natural polymers chitosan
remains in the foremost position. Chitosan exhibits intrinsic skin adhesiveness and is
reported to improve transdermal drug delivery. Its solubility can be modified by
derivatization methods and its versatility is useful to conjugate it with moieties that
can offer considerable degree of targeting ability to the desired anatomical sites.

Chitosan and its derivatives are reported to enhance the skin permeability via a
variety of molecular mechanisms. Low molecular weight chitosan is often employed
as permeability enhancer in TDDS. The enhancement in permeability achieved by
chitosan significantly depends on pH at the site of application and is reported to be
maximum at pH 7.4. It is reported that at this pH its amino group remains as in an
optimal level of protonated and unionized form, which allows its interaction with
carboxyl group of glycoprotein and keratin of cell membranes. At lower pH (<6)
most of the amino group get protonated and a proper interaction with –COOH group
is not achieved. But at higher pH (>8) the achieved interaction is too weak to
contribute to enhancement in permeation [38]. The carboxymethyl chitosan is
reported to enhance the stratum corneum (SC) hydration by allowing the water
molecules to enter into cell layers because of its characteristic 3D structure. The
hydrated state of SC is retained for long period, causes enhancement in cell mem-
brane fluidity and trans-membrane permeability. In addition, chitosan and its deriv-
atives are reported to alter the secondary structure of keratin protein and cause the
loosening of well-organized cell layers and improve the permeability. The gel
prepared by using chitosan is reported to increase the skin contact time, which
may also contribute to the enhanced permeability achieved by the chitosan [40].

3.1 Chitosan Based Transdermal Patches

Transdermal patches are defined as medicated patches capable to deliver specific
dose of drug into the systemic circulation on application into the skin. There are
different types of transdermal patches; as those having a single layer of drug or
multiple layers of drug or drug within a reservoir compartment or drug within a
polymeric matrix. The simplest one is single-layered patch, in which the medicine is
incorporated directly into the adhesive layer, which itself controls the drug release
process. In a multi-layered patch there are multiple polymeric layers loaded with
drug molecules, incorporated within the adhesive layer, one of the layers may be for
immediate release of drug and the other layers can act as drug reservoir
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compartment, through which controlled drug release occurs. In reservoir type
transdermal patch system, there is a drug reservoir compartment covered with a
porous membrane structure, through which drug can be released in a controlled
manner. The system has a liner to protect the product during storage and has to be
removed before use. Second is the drug reservoir compartment which contains the
drug often with excipients like permeability enhancers. Then there may be a mem-
branous structure to control the drug release from the reservoir compartment and a
backing film to provide environment protection. Adhesives are used to ensure proper
skin adhesiveness of the system. Chitosan based transdermal patches are reported for
systemic delivery of variety of drugs and are discussed in the following sections [39–
42].

In a study anti-diabetic drug metformin loaded matrix type transdermal patch of
chitosan is prepared by solvent evaporation technique. The prepared patch is
observed to be having good compatibility, optimum flatness, tensile strength, thick-
ness and significant folding endurance. The patch exhibited sustained release prop-
erty for 20 h. The prepared patch is expected to be a good option for the transdermal
delivery of the selected drug, as it can deliver the drug in a sustained manner and is
expected to avoid the rapid first pass effect and GI toxic effects associated with the
oral use of the drug. However, the study is limited by in vitro data only and further
studies are essential to get more conclusive remarks in this aspect [42]. In another
study transdermal patch of chitosan loaded with insulin is developed for use in
DM. In the study initially insulin loaded chitosan nanoparticles are prepared by
ionotropic gelation technique, which is then loaded into monolithic matrix type
transdermal patch composed of HPMC and PVP K300 using solvent casting method.
The patch exhibited smooth appearance, with good swelling index (45–50), thick-
ness and higher folding endurance. The system also exhibited good in vitro perme-
ability with 80% of loaded insulin being permeated within 10 h, when tested using
goat skin. The patch is seemed to be useful to overcome the discomfort associated
with the conventional S.C. use of insulin and is expected to control blood sugar level
in a more defined way [43]. The advantage of limited inter-individual variation
offered by TDDS is utilized for the transdermal delivery of gliclazide, a second
generation sulfonylurea for the treatment of DM. The drug is reported to have poor
solubility, bioavailability and exhibited marked inter-individual variability in
response. In a study, a transdermal patch of the drug is formulated using sulfoxy
amino chitosan, so as to attain a sustained release pattern. The formulation exhibited
higher folding endurance (351–359) value, sustained drug release property and
adequate skin permeability. The use of sulfoxy amino chitosan controls the drug
release and is expected to reduce the inter-individual variability in drug response; as
it is reported that if the rate of drug release is lower than the rate of drug diffusion
across stratum corneum layer; the chances of inter individual variability is less [44].
However, further studies are essential to confirm it.

In a study lornoxicam loaded chitosan transdermal patch is prepared with an aim
to improve the patient compliance of the selected drug. Lornoxicam is a potent
NSAID, which is in use for rheumatoid arthritis (RA) treatment, but it needs frequent
dosing, due to its short half-life and causes severe gastric irritations and ulceration as

Application of Chitosan and Its Derivatives in Transdermal Drug Delivery 419



ADRs. A matrix type of transdermal patch loaded with lornoxicam is prepared by
solvent casting method using chitosan. Ideal property of chitosan resulted in a patch
with higher folding endurance, weight uniformity, optimum thickness, moisture
content, etc. The use of tween 20 as permeability enhancer ensures adequate
permeability and patch exhibited controlled release pattern with 70% of drug getting
released at 12 h time. Unfortunately, the studies are limited by in vitro data and need
further studies to prove its proposed hypotheses [45]. Chitosan transdermal patches
developed for various drugs with benefits achieved are listed in Table 2.

3.2 Chitosan Based Composite Films

The development of transdermal drug delivery systems which can control the drug
release process has got substantial importance in drug delivery research areas.
Composite films are one among such systems, can act as a reservoir for loaded
drug molecules, control its release and thereby improve its therapeutic performance.
Ideally composite films are biodegradable polymeric films incorporated with drug
molecules. The basic composition of composite films includes the drug molecules,
the polymer which forms the film and the solvent. Ideally the drug and the polymer
are dissolved or dispersed in a volatile solvent. Upon application into the skin
solvent evaporates, leaving a polymeric film with loaded drug molecules over the
skin surface [46]. Usually the polymers used for the fabrication of composite films
are biodegradable in nature and include gelatine, lignin, cellulose, starch, chitosan,
etc. [47].

Among various polymeric materials, chitosan is considered as excellent film
forming material. Since chitosan is derived from chitin by deacetylation, its amide
groups are deacetylated to ammonium ions, which provide good film forming
property to chitosan and improve its water solubility. However, its solubility further

Table 2 List of various drugs formulated as chitosan transdermal patches with benefits achieved

Sl.
No.

Loaded drugs
and intended
diseases Polymers used

Method of
preparation Achieved benefits Ref

1 Metformin –

diabetes
Chitosan, PVA,
HPMC, D-butyl
phthalate

Solvent
evaporation

Sustained drug release [42]

2 Insulin –

diabetes
Chitosan,
HPMC, PEG,
PVP

Ionotropic gelation
followed by solvent
casting

Improved skin perme-
ability and transdermal
drug delivery

[43]

3 Gliclazide –
diabetes

Sulfoxy amino
chitosan, HPMC

Solvent casting Sustained release and
optimum skin
permeability

[44]

4 Lornoxicam Chitosan, pro-
pylene glycol,
tween 20

Solvent casting Controlled release and
permeability
enhancement

[45]
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depends on the molecular weight used, pH, the acid used for solubilization, etc.
[48]. Chitosan films are characterized by flexibility, durability, biodegradability,
biocompatibility, optimum strength and toughness, which closely matches with
other commercially available films. In addition, chitosan films are reported to have
anti-fungal and antimicrobial property [49–53]. Moreover, the desired level of water
and oxygen permeability of chitosan films can be achieved by selecting chitosan
having suitable molecular weight, solvent system, etc. [54, 55]. In addition, chitosan
can be combined with other polymeric materials such as gelatine, lignin, keratin,
starch and cellulose, so as to obtain composite films with desired physico-chemical
properties. The most common method used for the fabrication of chitosan composite
film is solvent casting/evaporation technique (Fig. 4) [54–59]. Chitosan films are
also found application in food industry such as to form a composite film and thereby
act as a natural biodegradable packing material for preserving the food stuffs from
physical, chemical and biological agents. Here the use of synthetic polymeric
materials is reported to often release toxic gases and moreover these are
non-biodegradable and are associated with high cost [47, 60, 61]. Films made up
of chitosan are also found use in purification of water from heavy metals. In a study
activated carbon obtained from palm oil is used to increase the mechanical property
of chitosan. The films constructed by the modified chitosan exhibit greater cadmium
absorption power from drinking water [62].

Chitosan based composite films have been tried for transdermal delivery of a
variety of drug molecules (Table 3) and few are discussed in the following section of
the article. Chitosan composite film loaded antiemetic drug ondansetron is devel-
oped for its transdermal delivery. Ondansetron is an agent used for the treatment of
vomiting associated with cancer chemotherapy. The drug is reported to have poor
oral bioavailability and i.v./i.m. injection is reported to cause pain, redness and

Fig. 4 Preparation of chitosan composite film by solvent casting method
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Table 3 List of chitosan based composite films for transdermal drug delivery with benefits
achieved

Sl.
No. Film composition

Loaded
moieties

Therapeutic
activity Benefits achieved Ref

1 Chitosan
polyvinylpyrrolidone,
montmorillonite

Curcumin Antioxidant,
anti-
inflammatory,
anticancer

Optimum mechanical
strength and other
physico-chemical
properties of film,
controlled release
property and enhanced
transdermal
penetration

[63]

2 Chitosan, gelatine,
glycerol,
glutaraldehyde

Silver
nanoparticles

Antimicrobial Optimum mechanical
strength and other
physico-chemical
properties of film,
enhanced antimicro-
bial activity, con-
trolled release,
enhanced skin pene-
tration, better cellular
uptake

[64]

3 Chitosan, lactic acid,
oleic acid, propylene
glycol

Ketoprofen Analgesic,
anti-
inflammatory

Significant enhance-
ment in skin penetra-
tion with in vivo
analgesic and anti-
inflammatory property

[65]

4 Chitosan, polypyrrole,
montmorillonite

Doxorubicin Anticancer Optimum mechanical
strength and other
physico-chemical
properties, controlled
drug release

[66]

5 Chitosan, HPMC,
propionaldehyde

Etoricoxib Analgesic,
anti-
inflammatory

Optimum physico-
chemical properties,
controlled release,
enhanced skin
penetration

[67]

6 Chitosan, gelatine,
ethylene glycol

Ciprofloxacin Wound
healing

Optimum physico-
chemical properties,
enhanced antimicro-
bial activity, signifi-
cant wound healing
activity when tested
in vivo

[68]

7 Chitosan, poly vinyl
alcohol, isopropyl
alcohol

Ampicillin Antimicrobial Optimum mechanical,
physico-chemical
properties, controlled
drug release

[69]

8 Chitosan, cholesterol,
phosphatidylcholine

Griseofulvin
loaded
liposomes

Anti-fungal Optimum physico-
chemical properties,
controlled drug

[70]

(continued)
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burning sensation at the injection site. So in order to make it more effective and
patient compatible, a composite film of the drug is constructed using chitosan as
polymer. The film exhibited optimum thickness, uniformity in weight, drug content
and is bio-adhesive in nature. Excellent skin penetrability, contributed by the use of
eucalyptol as a permeability enhancer, suggested the possibility for use of the system
for effective transdermal delivery of the selected drug [75].

Propranolol hydrochloride is a beta adrenergic receptor blocker drug, which is in
clinical use for various conditions such as hypertension, migraine, anxiety, etc. The
drug has got extensive and highly variable first pass effect with systemic availability
of only 15–23%. In addition, the reported half-life of drug is about 4 h and it requires
multiple dosing. So attempts are made to make the drug therapy more effective and
to improve the patient compliance through transdermal route. In a study propranolol
loaded chitosan acetate composite film is developed by solvent casting method.
Chitosan forms Schiff’s base with acetaldehyde resulting in increase in space within
the polymeric network, which helps to trap the loaded drug molecules in these spaces

Table 3 (continued)

Sl.
No. Film composition

Loaded
moieties

Therapeutic
activity Benefits achieved Ref

release, enhanced skin
penetration and
improved anti-fungal
activity

9 Chitosan, acetic acid Aloe vera and
Calendula
officinalis

Wound
healing

Ideal swelling and
optimum physico-
chemical properties,
enhanced antimicro-
bial activity

[71]

10 Chitosan, propylene
glycol, glutaralde-
hyde, citric acid

Metronidazole
and
levofloxacin

Antimicrobial Optimum physico-
chemical properties,
sustained drug release,
enhanced antibacterial
efficacy (in vitro) and
significant improve-
ment in periodontitis
when tested clinically

[72]

11 Chitosan, polyvinyl
alcohol

Nitrofurazone Antimicrobial Optimum film proper-
ties, controlled drug
release with enhanced
in vitro antibacterial
efficacy

[73]

12 Chitosan, lactic acid,
glutaraldehyde, pro-
pylene glycol

Mupirocin Antimicrobial
wound healing

Optimum film and
ideal swelling prop-
erty, improved in vitro
bio-adhesiveness and
enhanced in vivo
wound healing
property

[74]
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and hence contribute to superior drug loading efficacy. Further the film exhibited
sustained drug release property with a maximum release of 80% of drug over 24 h,
suggesting the possibility for effective transdermal drug delivery [76].

3.3 Chitosan Based Vesicular Drug Delivery Systems

Emergence of vesicular drug delivery system has created revolution in the field of
transdermal drug delivery. Vesicular delivery system contains vesicles made up of
amphiphilic molecules, usually surrounded by an aqueous layer. These systems are
capable of delivering both hydrophilic and lipophilic drug molecules. Hydrophobic
drugs can be incorporated into lipid bilayer, whereas hydrophilic drugs can be
inserted into central aqueous core. Vesicular drug delivery systems comprise vast
variety of delivery carriers including liposomes, niosomes, ethosomes,
transferosomes, pharmacosomes, enzymosomes, virosomes, aquasomes,
sphingosomes, etc. [77–79]. Out of these a few having importance in transdermal
drug delivery have been discussed in the following section of the article.

Liposomes are considered as the most prominent drug delivery carrier among
vesicular delivery approaches. As the name indicates liposomes are having vesicular
body made up of lipids. It may be composed of either a single lipid or may include a
combination of many lipids. Since the major composition of liposomes is lipids, it
can interact well with lipid bilayer of skin cells and hence exhibit greater transdermal
permeability. In addition, as these are spherical particles having size in the range of
20 nm to 10 μm, the particles can squeeze in between the cell layers, contributing to
paracellular transport. In order to improve the transdermal delivery through lipo-
somes, its surface may often be coated with polymeric materials, so as to favour the
interaction with skin cells. Among these polymeric materials chitosan has important
role, as it is having a positive charge, it can interact well with negatively charged skin
cells and thereby improve the skin penetrability. This type of interaction is utilized
for delivery of drugs like quercetin, resveratrol, etc. [77–79]. Niosomes come under
the class of vesicular delivery approach, which resembles closely with liposomes,
but the difference here is that the lipid bilayer is composed of mainly cholesterol and
non-ionic surfactants. The non-ionic surfactants mainly include diacyl poly glycol,
span 20, etc., which is stabilized by steroids usually cholesterol. Niosomes are
capable of enhancing the transdermal delivery of loaded drugs by interacting with
lipid bilayer of keratinocytes [80–86]. Another vesicular system with enhanced
transdermal permeability is ethosomes which contain ethanol as one of the major
ingredients. The other components include phospholipid, steroids like cholesterol
and sometimes a permeability enhancer like polygalol. High concentration of etha-
nol makes the system unique with enhanced transdermal penetrability [87–
90]. Transferosomes are newer lipid based vesicular system that can cross the intact
skin layers instinctively because of its extremely flexible and ultra-deformable
nature. The system has got unique ability to transfer even high molecular weight
drug molecules through the inter-cellular transport process across the skin. The
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system is composed of phospholipids like phosphatidylcholine, capable to assemble
as lipid bilayer in an aqueous environment. In order to enhance its flexibility and to
improve the permeability through lipid bilayer, edge activators are often incorpo-
rated in its composition. Edge activators are non-ionic surfactants capable to cause
destabilization of lipid bilayer, enhance the fluidity and elasticity and hence contrib-
ute to increased transdermal penetrability [91–94]. Most of these vesicular systems
like niosomes, ethosomes, transferosomes, etc. are often needed to be incorporated
into a proper gel matrix so as to develop a final formulation suitable for application
into skin for effective transdermal delivery. A number of polymers like carbopol,
chitosan, gelatin, HPMC, etc. are in use for this purpose. Among these chitosan has
got significant importance as it can provide long residence time, bio-adhesiveness
and optimum rheological properties, control the drug release process and improve
the transdermal penetrability. Chitosan gel based vesicular systems developed for
transdermal drug delivery are listed in Table 4.

3.4 Chitosan Based Microspheres

Microspheres are micro-particles having spherical shape, capable to act as carriers
for drug molecules. Usually it is composed of biodegradable polymers. Micro-
spheres can be defined as small spherical particles having size in between 1 and
100 μm. Due to greater surface area achieved with smaller particle size, better rate of
drug diffusion can be achieved with this system. It is possible to divide the

Table 4 Chitosan gel based vesicular systems developed for transdermal drug delivery

Sl.
No. Composition Drugs loaded

Vesicular
system Ref

1 Phosphatidylcholine, cholesterol, dihexadecyl
phosphate (DHP), triton X, chitosan

Quercetin Liposome [77]

2 Chitosan, soybean phospholipids, tween-80
ethanol

Baicalein Liposome [78]

3 l-a-phosphatidylcholine, chitosan Resveratrol Liposome [79]

4 Lecithin, cholesterol, chitosan Substance P Liposome [95]

5 Span 40, Span 60, cholesterol, chitosan Urea Niosome [81]

6 Span 40, Span 60, cholesterol, chitosan Celecoxib Niosome [82]

7 Span 60, cholesterol, chitosan Methotrexate Niosome [83, 84]

8 Span 20, span 60, tween 20, tween 40, tween
60, tween 80, cholesterol, chitosan

Moxifloxacin Niosome [86]

9 Soya lecithin, chitosan
Chremophor-A25, sodium tri-polyphosphate
Carbopol-934

Ferrous
chlorophyllin

Ethosome [89]

10 Phospholipon G, span 60, span 80
Chitosan, tween 20, tween 80, sodium lauryl
sulphate

Rifampicin Transferosome [91]
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microspheres into two: as microcapsules if the entrapped material is surrounded by a
distinct capsule wall and as micromatrix if the entrapped material is dispersed in a
matrix system (Fig. 5b). Usually the shell of microspheres is made up of polymers
and is filled with drug materials. The release of loaded drug particles occurs when the
shell is degraded. Bio-adhesive microspheres are characterized by the prolonged
mucosal residence time and are suitable for intra-nasal drug delivery applications.
Floating microspheres are those having bulk density lower than that of the gastro-
intestinal fluids so as to float in the GI tract. It has been used for NSAIDs. Polymeric
microspheres are composed of biocompatible polymers and have been tried for
vaccine and other macromolecule delivery. Radioactive microspheres contain radio-
active isotopes and are suitable for diagnostic applications. Magnetic microspheres
are those which contain supramolecular particles composed of material like magne-
tite with a desired magnetic moment, which can circulate through capillaries and can
deliver the drug molecules to the specific site in a magnetically controlled way. That
is, placement of a magnet with sufficient field strength externally at the target site
helps to concentrate the magnetic microspheres internally to this site and offers a
targeted drug delivery with a reduction in dose [96–98].

Among polymeric microspheres, chitosan microspheres have got considerable
attention because of its ability to improve the systemic availability of the loaded
drugs, to provide optimum drug release at the site of action, suitability for oral and

Fig. 5 Schematic representation of chitosan cross linking achieved using cross linkers for micro-
sphere preparation (a) and types of chitosan microspheres (b)
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parenteral administration, ability to achieve controlled and sustained drug delivery
and thereby minimizing the frequency of dosing. The physical and chemical prop-
erties of chitosan enable the formation of microspheres having unique properties.
Chitosan microspheres can be prepared by covalent bonding of its side chain with
functional groups of cross linking agents such as glutaraldehyde, poly ethylene
glycol, etc. (Fig. 5a). By adjusting the concentration of the polymer and the cross
linking agents it is possible to achieve microspheres of desired properties [96–
100]. Various methods of preparation of chitosan microspheres include emulsion
cross linking, thermal cross linking, ionotropic gelation, co-acervation precipitation,
emulsion-droplet coalescence, spray drying, reverse micellar and sieving methods
[101, 102].

Cefixime is an antibiotic belonging to the class of third generation cephalosporins
having poor oral bioavailability. In order to improve the therapeutic effectiveness of
the drug chitosan microspheres composed of inter-penetrating network (IPN) of
acrylamide grafted PEG polymer loaded with cefixime is developed. Hydrophilic
nature of the grafted PEG helps to form chitosan microspheres through cross linking
and IPN provides sustained release property to the system. However further studies
are essential to reveal the suitability of the system for its therapeutic effectiveness on
topical application [97]. An anti-fungal drug itraconazole loaded chitosan micro-
spheres is prepared by solvent evaporation technique. The cross linking provided by
chitosan controls the drug release in a sustained manner, suggested the possibility to
use through transdermal route in comparison with the oral, which is limited due to
side effects. However further studies are needed to evaluate and confirm the actual
anti-fungal potential of the system [98–100].

3.5 Chitosan Based Microneedles

Among various transdermal methods of drug delivery, microneedles based drug
delivery systems have made revolutionary progress because of the high drug deliv-
ery efficacy with safety and painless nature of the system. Microneedles are needles
having approximately 1,000 μm length and can assemble at one side of the
supporting patch. When it pierces through the stratum corneum in a non-invasive
way, it creates micro-channels through which drugs and other fluids can pass to
reach into systemic circulation. Due to its micron length the maximum distance that
it can pass is up to epidermal layers, which lack nociceptive nerves, making it a
painless drug delivery approach. By adjusting the composition of microneedles it is
possible to adjust the release profile of loaded drugs. It is possible to classify
microneedles as inorganic (silica or any other inorganic materials), metallic (stain-
less steel or titanium) or polymeric (any polymers like chitosan) based on the
materials of construction. Brittleness and tendency to fracture on application to
skin limited the use of inorganic microneedles, whereas the uses of metallic
microneedles are limited by its low drug loading capacity. Polymeric microneedles
are of interest as they have lot of advantages like ease to fabricate, high drug loading
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capacity, stimuli responsive nature and availability of vast variety of polymeric
materials. Among these, chitosan has important role as a polymeric material to
fabricate the microneedles of desired properties [101–105]. Biocompatibility, bio-
degradability, versatility, easy availability and inexpensive nature make chitosan
along with its derivatives as excellent polymeric material of choice for the construc-
tion of microneedles based delivery system for various drugs for transdermal
application [106]. Moulding method is the most common method used for the
fabrication of chitosan microneedles (Fig. 6). The method includes the initial
engraving of microneedles pattern on acrylic sheets by using CO2 laser cutter, so
that now the acrylic sheet can be called as acrylic mould. Then the surface of the
acrylic mould need to be activated by treating with polydimethylsiloxane (PDMS) to
form a mould coated with PDMS (PDMS mould). Chitosan solution is then coated
over the PDMS mould, dried the system at 40�C so as to facilitate the deposition of
chitosan as a shell over the PDMS. Cool down the system at �4�C for 30 min to
shrink PDMS, which further hardens the chitosan, so that it is easily detachable from
PDMS, resulted in chitosan microneedles formation [107].

Limited SC permeability, often limited the use of conventional TDDS patches,
can be easily solved by the use of microneedles, which is reported to improve the
transdermal permeation in non-invasive way as shown in Fig. 7.

Fig. 6 Preparation of chitosan microneedles by moulding process
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In a study microneedle based transdermal patch of thiolated chitosan, loaded with
immunosuppressant drug tacrolimus is formulated and evaluated. Tacrolimus is a
potent immunosuppressant drug which is in use for the treatment of rejection
reactions associated with organ transplantations. The drug exhibits poor aqueous
solubility and less (30%) oral bioavailability. It needs three to four times dosing and
the drug is also a candidate for P-glycoprotein(P-gp) efflux pumps. A microneedle
based system is developed with an aim to improve its systemic availability on
transdermal application using thiolated chitosan as polymeric material. In thiolated
chitosan, thiol group is attached to the primary amino group of chitosan using an
amide linkage and exhibits better muco-adhesiveness, paracellular transport and
gelling property when compared to chitosan. The fabrication of the system is done
by moulding method and the use of thiolated chitosan provides adequate mechanical
strength and flexibility to the microneedles. Ex vivo permeation studies revealed that
81% of the drug is transported across full thickness rat skin when compared with
40% achieved with the use of commercially available ointment formulation of the
drug. The system could deliver the drug in a controlled manner for 48 h and is
expected to improve the patient compliance and adherence when compared with
conventional ointment formulation of the drug. In vivo biocompatibility studies
done on rats indicate some degree of erythema within 1 h of application of the
formulation but get normalized within 6 h, which indicates the safety and nontoxic

Fig. 7 Schematic representation of the application of chitosan microneedles into the skin and
subsequent skin penetration
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nature of the system. Here the thiolated chitosan provides effective skin adhesive-
ness and improves paracellular transport by opening the tight junctions in between
the cells. Microneedle can penetrate the SC without any pain and deliver the drug
systemically. Thiolated chitosan provides adequate mechanical and tensile strength
and percentage flexibility to the microneedle suitable for its intended applications
[41]. Chitosan based microneedles loaded with goserelin were developed with an
aim to achieve sustained drug delivery through transdermal route for the treatment of
prostate cancer. Chitosan microneedles are produced by moulding method. Initially
goserelin loaded chitosan hydrogel was prepared and it was then casted over PDMS
mould. In vitro skin permeation studies using pig skin revealed the capability of the
system to penetrate through epidermal and dermal layers. The holes created by
microneedles during piecing are visualized in vivo in mice and that get healed within
7 days. The effectiveness of the system is further demonstrated by the changes in
luteinizing hormone and testosterone levels in a manner suitable for use in the
treatment of prostate cancer [108]. In another study chitosan based microneedle
system is developed for the transdermal delivery of macromolecules by micro-
moulding process. Bovine serum albumin (BSA) is selected as a model drug.
Initially drug loaded chitosan hydrogel is prepared and it is then casted into
polydimethylsiloxane (PDMS) mould. The mechanical strength offered by chitosan
provides considerable degree of insertion capability to the system. In vitro release
studies revealed a sustained drug release for 8 days with 95% of drug getting
released within this time period. Good transdermal penetration is exhibited when
the system is subjected to skin penetration study using pork skin. Through in vivo
studies conducted in rats, it was possible to visualize the puncture marks of around
200 μ size due to microneedle application and the depth of penetration was observed
to be up to the superficial layer of dermis. It is also demonstrated that the partial
insertion of the system is useful to deliver the drug into specific skin targets like
Langerhans cells on epidermis or dendritic cells in dermis, suggesting the possibility
for vaccine delivery. It is further demonstrated that the loaded drug remains stable in
microneedles, which is very important, as sometimes the drug delivery system may
cause conformational changes in macromolecules like proteins resulted in loss of
biological activity [109]. In another study chitosan microneedle by mould technique
is developed for BSA delivery. The formulation exhibited good mechanical and
tensile strength aided by the use of chitosan at appropriate concentration. In vitro
release studies revealed that 95% of BSA is released within 2 days when tested using
rat skin. The formulation is found to be biocompatible when tested in vivo as
revealed by acute dermal toxicity studies conducted on rats [110].

3.6 Chitosan Based Dendrimers

Dendrimers are polymeric drug delivery systems composed of highly branched,
mono-dispersed macromolecules. These are denoted as smart novel drug carriers
because of the properties unique to them. Dendrimers have well-defined stable
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molecular structure with sufficient internal cavities inside it. This provides high drug
loading efficacy and it is possible to load both hydrophilic and lipophilic drugs into
dendrimeric carriers. The common materials used for the construction of
dendrimeric drug carriers include poly(amidoamine) (PAMAM), polyesters, poly
propylene and poly (L-Lysine). Among these the most attractive material is
PAMAM, because of the high drug loading efficacy achieved with it due to the
presence of abundance of amino and carboxylic functional groups exposed exter-
nally to its dendrimeric structure. These groups can act as the sites for further
functionalizations so as to achieve specific objectives like targetability,
specificity, etc.

Even though the system is blessed with unique advantages, the nonspecific nature
and strong interactions of its positively charged amine group with negatively
charged cells causes cell lyses and accompanying toxic reactions. Through interac-
tion with lipid by layer of cells, dendrimers can increase the cell membrane perme-
ability with loss of integrity of cells, leakage of cellular components, cell lysis and
haemolysis. The number of functionalization and modifications such as alkylation,
pegylation, glycosylation has been tried with an aim to improve its biocompatibility
and reduce toxicities. Some attempts have been made by using chitosan with
PAMAM dendrimer to reduce its toxicity, improve its efficacy and targetability
[111–115].

A novel technology to reduce the toxicity of PMAM dendrimer is demonstrated
using zwitterionic chitosan (ZIC) developed by Karen C Liu et al. [116]. In the study
they conjugated succinic anhydride with primary amine group of chitosan, resulting
in ZIC, which exhibits negative charge at high pH and positive charge at low pH. At
pH 7.4 ZIC is negatively charged and is conjugated with PAMAM dendrimer, which
helps to mask the cationic charge of PAMAM and thus will not interact with normal
cells. But when the system is exposed to acidic tumour environment, its charge
reverses, losses the protection offered by ZIC and thus PAMAM can interact with
tumour cells, causing toxicity. So the system offers a way of passive targeting to
tumour cells, as at the acidic pH at tumour site, it becomes cationic in charge and
interacts with tumour cells causing cell lysis [116]. In another study methotrexate
loaded chitosan nanoparticles, conjugated with PAMAM dendrimer is prepared and
tested for its in vitro tumour lytic property using tumour cell lines. The system
exhibited improved anti-tumour efficacy when compared with free drug solution
[117]. However, both of these systems have not been tried for transdermal
applications.

A PAMAM dendrimer based transdermal patch of NSAID meloxicam is prepared
by solvent casting method using chitosan, HPMC and PVA as polymers with an aim
to overcome the GI toxicity associated with the oral use of the drug (Fig. 8).

The backing membrane is prepared using 2% polyvinyl alcohol (PVA). Drug
reservoir compartment is composed of the drug meloxicam dissolved in methanol,
HPMC dibutyl phthalate dispersion and PAMAM dendrimer. PMAM dendrimer is
added with an aim to achieve the desired level of drug release and penetration. The
rate controlling membrane is composed of chitosan. The use of chitosan in combi-
nation with HPMC and PVA resulted in a patch with smooth appearance, good
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content uniformity and minimum weight variation. High folding endurance confirms
that the patch will retain its integrity on application into the skin. The purpose of use
of PAMAM is to provide adequate permeability and prompt release of the dug
meloxicam, which is loaded at the drug reservoir compartment, i.e., the gelling
property and viscosity contributed by chitosan control the release of loaded drug
meloxicam, whereas PAMAM ensures that adequate amount is released due to its
solubilizing effect on meloxicam to be useful for the treatment of rheumatoid
arthritis and other inflammatory diseases [112].

3.7 Chitosan Based Nanocarriers

3.7.1 Chitosan Based Nanogel

Nanogel is a three-dimensional polymeric system consisting of ionic or non-ionic
chains which are usually dispersed in a medium. It can retain large quantities of
water and swell/shrink to a certain dimension. Due to the good stability, large surface
area and high drug loading capacity, nanogels are increasingly applied in drug
delivery research fields [102]. Extensive researches have been carried out to inves-
tigate the potential of nanogel prepared with chitosan for wound healing activity. In
another study, silver sulphadiazine (SSD) was loaded in chitosan based nanogel for
wound healing application (Fig. 9) [118]. The in vivo evaluation of the SSD loaded
chitosan nanogel as well as 1% marketed SSD cream was carried out and compared.
It is observed that the control animal group and the marketed cream treated animals
showed significantly lower wound healing property when compared with SSD
nanogel treated group on 5th & 10th days, respectively.

Fig. 8 The transdermal patch of meloxicam with PAMAM dendrimer in drug reservoir compart-
ment and chitosan as rate controlling membrane
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Ketoprofen loaded chitosan nanogel by transdermal route has been reported for
pain management [119]. The in vivo studies showed that the percentage inhibition of
oedema by ketoprofen loaded chitosan nanogel (74.0% after 8 h) was found to be
greater when compared with the control drug suspension and ketoprofen loaded
nanoemulsion. Amos et al. [120] used chitosan-ibuprofen-gellan ternary nanogel for
demonstrating the strong interaction of protonated amino group of chitosan with
carboxylate ion of ibuprofen to form a product having a particle size nearly 15 nm,
which is 324 times less compared to the pure ibuprofen (4,580 nm). Ex vivo
permeation studies using pig skin revealed that the chitosan-ibuprofen-gellan
nanogel is more permeable than the control ibuprofen-gellan hydrogel and can be
considered as an ideal candidate for transdermal delivery of ibuprofen [120]. In a
study, chitosan (CS) nanogel loaded with rifaximin was prepared and exhibited
pH-responsive swelling (at acidic pH) with enhanced bio-adhesion and good anti-
oxidant activity [121]. The details of various chitosan based nanogel systems with
benefits achieved in transdermal drug delivery are shown in Table 5.

Fig. 9 Silver sulphadiazine (SSD) loaded chitosan based nanogel for wound healing

Table 5 Chitosan based nanogel systems for transdermal drug delivery

Sl.
No. Active moiety

Therapeutic
activity Benefits achieved

1 Silver
sulphadiazine

Wound
healing

Higher therapeutic efficacy in vivo, in comparison with
marketed formulation

2 Ketoprofen Anti-
inflammatory

Maximum anti-inflammatory action compared with the
conventional gel

3 Ibuprofen Anti-
inflammatory

High permeation rate

4 Rifaximin Antibacterial pH mediated swelling with good bio-adhesion
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3.7.2 Chitosan Based Nanoemulsion

An emulsion is a biphasic system in which one phase is dispersed (dispersed phase)
in other phase (dispersion medium). The main difference between emulsion and
nanoemulsion lies in the size and shape of particles dispersed in the continuous
phase. Nanoemulsions contain nanosized globules of particle size ranging from 10 to
1,000 nm. They are either water in oil or oil in water dispersions in a transparent
form which are stabilized by a surfactant. Recently they are used as effective
nanocarriers for delivering lipophilic moieties to various sites. For attaining a long
circulation time and to attain a better site specific effect, the globular surface can be
modified using hydrophilic polymer such as modified chitosan. Various researchers
have reported chitosan as an excellent emulsifying agent to prepare stable w/o/
w multiple emulsions. Due to the structural speciality, chitosan is inactive at
air/solution interface, but adsorbs at oil/water interface exhibiting high level
mechanical and electrostatic stability to the droplets. The droplet size can be
controlled by adjusting the chitosan/oil ratio. One of the most reported properties
of chitosan is its antibacterial effect which was first proposed by Allan and Hadwiger
in 1979 [122]. It is reported that chitosan based nanoemulsions of Citrus sinensis
essential oil (cn-CSEO) having antimicrobial activity is a better alternative compared
to the use of CSEO in suspension to achieve antimicrobial effect [123]. Chitosan
oleate (CS-OA) is suitable to stabilize nanoemulsion loaded with α-tocopherol,
which is easily dispersible in aqueous media and therefore in wound fluids
[124]. Another study reported is chitosan-modified nanoemulsion containing
piplartine as a new strategy for the treatment of skin cancer [125]. Sabah et.al
developed chitosan-coated naringenin nanoemulsion for topical application in
wound healing application [126]. In another study, o/w nanoemulsion of Mint
essential oil and aqueous Parsley extract using chitosan as a natural polymer was
found to be a promising candidate with good antibacterial activity against
Escherichia coli. The cytocompatibility of the system was determined by using
HEK239 human cell lines and observed that the preparation exhibited minimum
toxicity in the selected cell lines. The in vitro results showed that the chitosan in the
nanoemulsion controlled the size of the particles, improved the stability of the
product and provided good antibacterial activity to the nanoemulsion [127]. Ae-Jin
et.al developed capsaicin-loaded nanoemulsions stabilized with alginate and
chitosan as a bioactive ingredient delivery system with good physical stability
[128]. The benefits achieved by various chitosan based nanoemulsions for transder-
mal drug delivery are listed in Table 6.

3.7.3 Chitosan Based Nanolipid Carrier (NLC)

NLCs are colloidal systems consisting of solid lipids and liquid lipids. These are
promising nanocarriers used to deliver hydrophilic and lipophilic moieties to the
various sites of the body. Since it is a lipid carrier, it possesses good degree of
penetration through biological barriers. Physical instability is the main drawback of
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this lipid system which is reported [129]. Several researchers have investigated to
correct this issue by coating the lipid surface with natural or synthetic polymers
through electrostatic deposition [130, 131]. Norhayati et.al successfully synthesized
stearic acid-chitosan conjugate (CSO-SA) solution and used to coat the dutasteride-
loaded nanostructured lipid carriers (DST-NLCs) for topical application. Upon
adding CSO-SA (5%) to DST-NLCs, the particle size and PDI are increased, and
the NLC attained a positive charge. These CSO-SA coated dutasteride NLC is
superior in terms of stability, safety and charge mediated drug delivery compared
to the uncoated NLC and is recommendable for topical delivery to promote hair
growth [132]. Rania et.al developed albendazole encapsulated chitosan coated
nanostructured lipid carriers for the treatment of Trichinella spiralis [133]. In another
study, vitamin D loaded chitosan coated NLC was prepared by melt-emulsification
followed by chitosan coating through electrostatic deposition. The physical stability
of the chitosan coated particles was evaluated by light backscattering for a period of
60 days (at 25�C). It is proved that the coating with chitosan contributes steric
stabilization and resistance to deformation upon change in temperature (20–50�C)
compared with the uncoated particles [134]. Various chitosan based nanolipid
carriers for transdermal drug delivery are listed in Table 7.

Table 6 List of various chitosan based nanoemulsions for transdermal drug delivery

Sl.
No. Active moiety

Method of
preparation Benefits achieved

1 Citrus
sinensis

Catastrophic phase
inversion method

Greater antimicrobial activity

2 α-Tocopherol Low-energy emul-
sification technique

Highly stable product with better wound healing
effect

3 Piplartine Sonication High degree of cytotoxicity (~2.8-fold higher) of
piplartine, when loaded in the chitosan
nanoemulsion compared to piplartine solution
against melanoma cells

4 Naringenin Low-energy emul-
sification method

Stimulated the skin regeneration and accelerated
the wound healing

5 Mint oil and
parsley extract

Homogenization Significant antibacterial effect against E. coli with
minimum cytotoxicity in HEK239 human cell lines

6 Capsaicin Self-assembly
method

Attained highly stabilized formulation

Table 7 Reported benefits of various chitosan based nanolipid carriers for transdermal route

Sl.
No.

Active
moiety

Method of
preparation Benefits achieved

1 Dutasteride Hair growth A 20-fold increase in drug concentration was attained and
effective for hair growth in vitro

2 Albendazole Anthelmintic Improved adhesion with complete eradication of infection
compared to the uncoated ones

3 Vitamin D Supplement Attained highly stabilized formulation
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3.7.4 Chitosan Based Nanoparticles

Chitosan nanoparticles were first synthesized by Ohya and coworkers in 1994
[135]. They developed chitosan nanoparticles by emulsification and cross linking
method for the intravenous delivery of 5-fluorouracil. Many techniques like
emulsion-droplet coalescence, emulsion solvent diffusion, reverse micellar, ionic
gelation, polyelectrolyte complexation, spray drying and de solvation methods are
reported for entrapping the pharmaceutically active molecules in chitosan
nanoparticles for effective drug delivery applications. Chitosan nanoparticles offer
sustained/controlled drug release and better permeation which results in enhanced
drug absorption.

TPP chitosan (TCs) nanoparticles loaded with quercetin were prepared for topical
use against photo-toxicity caused by UV-B radiation [136]. These nanoparticles are
prepared by ionic gelation method and have a particle size of 183.63 � 1.52 nm and
can easily permeate through the epidermal layers with efficient uptake by HaCaT
cells (Fig. 10). The protective effect of quercetin loaded TCs after UVB radiation is
demonstrated in vivo and the immunoblotting studies revealed better inhibitory
effects of NF-κB/COX-2 signalling pathways by downregulating the phosphoryla-
tion of IkB-α and the expression of COX-2 when compared with control drug
Quercetin. Thus, Quercetin loaded TCs nanoparticles have a promising therapeutic
potential topically to prevent UVB radiation-induced skin damage. The schematic
representation of permeation of Quercetin loaded chitosan nanoparticles through the
epidermal layers of skin is shown in Fig. 10.

Chitosan-curcumin nanoparticles were prepared by microwave technology and
were found to be effective for the treatment of skin burn wounds [137]. In another
study curcumin loaded chitosan nanoparticle was developed for the treatment of
diabetic wound [138]. The prepared chitosan nanoparticles were loaded with

Fig. 10 Permeation of quercetin loaded chitosan nanoparticles for the treatment of UVB radiation-
induced skin damage
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curcumin to improve stability and solubility followed by impregnation of prepared
nanoparticles into collagen scaffold (nanohybrid scaffold) for better tissue regener-
ation. In vivo studies proved the faster wound healing effect of the formulation
compared with the control and placebo scaffold group. This study confirmed syner-
gistic effect of curcumin (anti-oxidant, anti-inflammatory), chitosan (sustained drug
release and wound healing) and collagen (scaffold with a wound healing effect) as a
better treatment option for diabetic wounds. Salma et al. [139] also worked with
curcumin chitosan nanoparticles with an aim to improve the transdermal penetration
of curcumin. Using confocal laser scanning microscopy it was proved that these
nanoparticles penetrate through appendageal route and demonstrated the diffusion of
curcumin to the deeper skin layers after localization of the nanoparticles within the
hair follicles [139]. Yerikala et al. designed Ramipril loaded chitosan nanoparticles
dispersed in carbopol gel for transdermal application in order to improve the
bioavailability of Ramipril [140]. Tao Wang et al. worked with a chitosan nanopar-
ticle loaded calcium alginate hydrogel to regulate inflammation and
neovascularization for accelerated wound healing [141]. In vitro studies proved
that the formulation exhibited good antibacterial activity even at very low concen-
tration. The in vivo studies in mice showed that the formulation accelerates the
generation of ROS production thereby stimulating the production and secretion of
IL-6 in vascular endothelial cells (VEC), indicating the pro-inflammatory activity of
the formulation. Moreover, the formulation exhibited VEC invasion, metastasis and
neovascularization in order to accelerate wound healing. Their results suggested that
chitosan nanoparticle loaded calcium alginate hydrogel is a promising system for
wound healing. In another work, rosmarinic acid loaded chitosan nanoparticles were
incorporated into carbopol gel for wound healing application [142]. He evaluated the
drug release properties and wound healing activity of rosmarinic acid loaded
chitosan nanoparticles in rats. The formulation showed a sustained release profile
without any signs of erythema or oedema on rat skin in vivo and the developed
nanoparticle loaded gel showed an ability for fast wound healing effect when
compared with the ordinary rosmarinic acid gel. In a study, propranolol-HCl loaded
with chitosan nanoparticles, which is then incorporated into muco-adhesive gel was
formulated and evaluated for transdermal application [143]. The potential of lecithin/
chitosan nanoparticles (NPs) as colloidal nanosystem for the delivery of melatonin
by transdermal route is investigated [144]. Transdermal patches of insulin loaded
chitosan nanoparticles were developed for the effective delivery of insulin across the
epithelial surfaces [145]. The list of various chitosan based nanoparticles developed
for transdermal drug delivery is given in Table 8.

4 Summary

A review on transdermal delivery approaches based on chitosan is presented in this
chapter. Chitosan, a natural polymer which is derived from chitin, has wide range of
applications in pharmaceutical and biomedical fields. At present most of the

Application of Chitosan and Its Derivatives in Transdermal Drug Delivery 437



pharmaceutical researches are investigated on the benefit of chitosan based drug
delivery systems for the treatment of various diseases. The ease of chemical mod-
ification, muco-adhesiveness, non-antigenic property, pH dependent swelling, bio-
degradability and drug release characteristics of chitosan make it a promising
candidate for effective drug delivery. The positively charged chitosan can interact
with negatively charged biological macromolecules on the skin which results in
greater skin permeation. The cationic charge of chitosan is also useful for providing
antimicrobial activity by interacting with microbial cells having anionic charge.
Chitosan is reported to possess antioxidant property as well as wound healing
activity. The anti-inflammatory and pro-inflammatory activity of chitosan depends
upon the properties like size, purity, degree of acetylation and molecular weight.
These natural and biological properties together with high level of safety make
chitosan a promising polymer for the pharmaceutical industry for present and future
applications. It is clearly demonstrated that the effective systemic delivery of
pharmaceutical moieties can be achieved through the use of chitosan based trans-
dermal devices. However further studies are needed to improve the physical and
chemical properties of chitosan derivatives by adopting newer chemical modifica-
tion methods thereby enhancing the potential of chitosan based drug delivery
devices.
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Abstract The role of wound dressings has significantly transformed from by
providing a simple protective function to dressings that actively participate in
every stage of the wound healing process. Chitosan is one of the most widely
exploited materials for the synthesis of many functional wound dressings that
actively participate at every wound healing stage from facilitating blood clotting to
remodelling. In addition to its natural wound healing properties, chitosan is also a
versatile polymer that is compatible with many drugs. This has witnessed the
increase in the application of chitosan wound dressings for the delivery of a wide
variety of structurally different biomolecules that promote wound healing. This
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chapter reviews the different biomolecules that have been incorporated into different
forms of designed chitosan wound dressing materials.

Keywords Antimicrobial · Hemostatic · Inflammation · Wound dressings

1 Bioactive Wound Dressings

The skin is the largest body organ covering the whole organism and acting as a
protective barrier against harmful chemicals, materials, pathogens and providing
homeostasis, immune surveillance, and sensory surveillance [1]. Damage to the skin
results in a wound. In order to restore the skin, a series of processes divided into four
time-dependent phases, namely: coagulation and hemostasis, inflammation, prolif-
eration, and remodelling occur. However, the smooth progression of these series of
events and successful wound repair depend on the size and depth of the wound,
successful protection of the wound from microbial infection, sufficient supply of
oxygenation, venous development, local tension and pressure, and many other
systemic factors such as age, nutrition, gender, stress, underlying disease conditions,
ischemia, and immune conditions of the patient [2]. To manage and speed up
the smooth progression of the wound healing process, medication accompanied by
the use of wound dressing materials has traditionally been used primarily to protect
the wound from further damage or from microbial infection using dry cellulose
fibers/cotton materials. However, the pioneering work of Winter in 1962 [3] dem-
onstrated that a moist wound environment accelerates the wound healing process
when compared to dry gauze wound dressings (e.g., cotton dressing) [4]. Winter’s
discovery has transformed the role of wound dressing materials in less than 40 years
compared to the developments achieved in the previous 2000 years [5, 6], from
simple passive protective materials to bioactive/interactive materials that actively
participate in the wound healing process [7]. Advances in moist wound dressings
have witnessed their active participation in all the four time-dependent wound
healing phases (coagulation and hemostasis, inflammation, proliferation, and
remodelling), even in problematic chronic wounds (diabetic, pressure ulcers, skin
tears and surgical wounds, eruption wounds, e.g. chicken pox and shingles, etc.), as
well as helping in reducing pain and discomfort [8].

Advances in moist wound dressing materials have also witnessed the evolution
from synthetic based materials to biobased materials derived from naturally occur-
ring biopolymers such as chitosan, collagen, gelatin, cellulose, alginate, hyaluronic
acid, elastin, etc. [4]. Of all these biobased derived wound dressing materials,
chitosan is emerging as one of the most versatile wound dressing polysaccharides
due its unique –NH2 groups which gives it a positively charged amino groups that
electrostatically interact with the anions on the surface of red blood cells, leading to
their intensive aggregation, thereby actively participating in the blood clotting
process and quickly stopping bleeding. Furthermore, the backbone of chitosan
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consisting of β-(1–4) linked N-acetyl-β-D-glucosamine units naturally enables it to
actively participate in cell to cell and cell to matrix interactions, promote cell
proliferation and migration, and mediate the release of cytokines and growth factor
signaling molecules, thereby modulating many biological activities [9]. In addition,
the antimicrobial properties, hemostatic effects, and most important its ability to be
molded into a versatile drug delivery system have made chitosan unique among
other naturally occurring polysaccharide based wound dressings. Chitosan-based
wound dressings have witnessed designs ranging from nanoparticle, filaments,
powders, granules, hydrogels, bandages, patches, membranes, sponges, and differ-
ent chitosan-based composite wound dressings with other polymers, e.g. cotton,
gelatin, or synthetic polymers [10], that actively deliver wound healing promoting

Fig. 1 Shows the remarkable role of chitosan wound dressing in delivering different classes of
biomolecules that help protect the wound and help every step of the wound healing repair process
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biomolecules as summarized in Fig. 1. Due to their structural similarity with the skin,
chitosan-based wound dressings are also increasingly being incorporated into asym-
metric wound dressings [10]. Asymmetric wound dressings are designed in such a
way that they resemble the skin where the outer layer protects the body from external
attack and the inner part biochemical and physiological processes that actively
promote the wound healing process [10]. Other chapters of this book discuss the
roles played by chitosan in the biomedical field while this chapter specifically
provides an overview of biomolecules incorporated into chitosan wound dressings
in order to enhance its natural wound healing properties.

2 Chitosan Wound Dressings (CWD) as Hemostatic
Delivery Platforms

Successful wound healing starts with stopping bleeding. Hemorrhage remains a
leading cause of early death after trauma, accounting for over 30% deaths in civilian
clinics and 50% battlefield casualties [11–13]. This is because the body’s natural
clotting capacity is not able to cope with the excessive hemorrhage in time for
providing an effective hemostasis. As already extensively described in previous
chapters, various hemostatic materials exploiting chitosan’s natural properties have
been developed [14] and their remarkable performance has seen them replace the
traditionally used Combat Gauze [13]. In fact, chitosan’s remarkable performances
have since been recognized as the most versatile suitable hemostat for both civilian
and military trauma patients [15]. For example, electrospun poly(caprolactone)
membranes coated with various densities of chitosan oligomers induced faster
hemostasis and affected the re-epithelialization and wound healing in mice
[16]. However, despite chitosan’s remarkable natural hemostatic attributes, when
used alone as hemostatic agent it might get overwhelmed in cases of massive
hemorrhage. In order to enhance the hemostatic capabilities of CWD, hemostatic
enhancing molecules have been incorporated into chitosan-based wound dressings.
For example, products enhancing blood clotting such as fibrin, a protein produced
from fibrinogen and an important component in the coagulation process has been
used to enhance blood clotting when incorporated in chitosan composite bandages or
gels [17, 18]. Chan et al. produced an engineered hemostatic polymer (PolySTAT)
that circulates innocuously in the blood, identifies sites of vascular injury, and
promotes clot formation to stop bleeding by cross-linking the fibrin matrix within
clots, mimicking the function of the transglutaminase factor XIII [19]. Nonwoven
chitosan gauze impregnated with PolySTAT enhanced blood coagulation than
commercially available Celox® Rapid [17]. Batroxobin, a thrombin-like enzyme
produced by Bothrops atrox and Bothrops moojeniwith proven activity participating
in blood coagulation was incorporated into non-woven chitosan dressings where it
facilitates erythrocyte aggregation, fibrin clot formation, and blood coagulation
[18, 20]. In another study, a venom component from the snake Bothrops atrox
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moojeni was discovered to act as a thrombin-like enzyme in the coagulation cascade
and was effective in enhancing the blood clotting process [18]. Similarly, squid ink
polysaccharide which has been used for centuries in Chinese traditional medicine
due to its including antitumor, antiradiation, ability to promote blood clotting, and
immunomodulatory properties was shown to activate the blood coagulation factor
FXII leading to the shortening of the blood coagulation time both in vitro and in vivo
[21, 22]. Chitosan/sodium alginate impregnated with yunnan Baiyao plant extract
had better hemostatic effects than chitosan/sodium alginate wound dressings alone
[23]. Yunnan Baiyao is an herb used in oriental countries as surgical sealant and
hemostat [23]. These studies show that incorporating biomolecules into CWD
greatly enhances its hemostatic capabilities.

3 CWD as Antimicrobial Activity Delivery Systems

Although Chitosan wound dressings provide an ideal moist environment for the
wound healing process and to some extent have antimicrobial properties, the moist
environment makes it attractive for continuous attack and ultimately infection of the
wound by several microorganisms. To overcome these challenges, extensive studies
have developed different strategies to prevent microbial colonization of the CWD,
such as: (1) taking advantage of the inherent antimicrobial properties of chitosan,
(2) reactivity of chitosan -NH2 groups to graft versatile antimicrobial molecules onto
chitosan backbone, and (3) loading the chitosan wound dressings with inorganic and
organic antimicrobial agents. The natural antimicrobial properties of chitosan are
caused by its positive charge that enables CWD to interact with the negatively
charged bacteria membrane and/or chelate trace metals [24] and oligo-elements
that are essential for bacterial growth. Several bioactive CWD are now commercially
available including Axiostat®, HidroKi®, Tegasorb®, Chitopack®, and KytoCel®

[10]. The amino acid, arginine has been incorporated into CWD to boost its
antimicrobial activity through increasing the positive charge groups that enhance
interaction with the bacterial cell wall [25]. This is because the guanidinium group of
arginine is known to form intense hydrogen-bond and ionic interactions with the
negatively charged cell of bacteria which enhances permeability [26]. Similarly, the
reactive -NH2 groups of chitosan have been exploited for grafting antimicrobial
molecules onto chitosan backbone, e.g. many sulfonamide derivatives
(sulfametoxydiazine, sulfadiazine, sulfadimethoxine, sulfamethoxazole,
sulfamerazine, sulfisoxazole) with chloroacetyl chloride to boost its antimicrobial
properties [10] (Fig. 2).

Another commonly adopted strategy to increase the antimicrobial activities of
CWD involves incorporation of antimicrobial biomolecules especially antibiotics,
enzymes, phenolics, essential oils, and antimicrobial peptides. Various antibiotics
like tetracycline, penicillins, cephalosporins, aminoglycosides [27–29] have been
incorporated into CWD to boost its inherent antimicrobial properties. The synthesis
of complex chitosan-streptomycin gold nanoparticles and chitosan-vancomycin
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enhanced their anti-biofilm [30] by facilitating the penetration of biomolecules into
the biofilm matrix which increased their bactericidal properties even against
multidrug-resistant Staphylococcus aureus. Hydrogels based on gellan gum and
chitosan sustained release of cargoes (antibacterial drugs, tetracycline hydrochloride,
and silver sulfadiazine) [31]. As summarized in Liu et al. 2018 [1], several
researchers have shown that CWD and their composites are able to effectively
deliver minocycline, gentamycin sulfate, chitosan–piperacillin–tazobactam,
amikacin, gentamicin/ciprofloxacin, ciprofloxacin, norfloxacin, sulfadiazine, etc.
that prevent infection and stimulate faster wound healing. Liu et al. 2018 [1] also
reported that several researchers have shown that CWD and their composites are able
to effectively deliver incorporated tetracycline hydrochloride [32], gentamycin sul-
fate [33], piperacillin–tazobactam [34], amikacin [35], gentamicin/ciprofloxacin
[36], ciprofloxacin [37], norfloxacin [38] and provide protection from microbial
invasion of the wound. Similarly, incorporation of minocycline, a broad-spectrum
antibiotic effective on gram-positive and gram-negative bacteria belonging to the
tetracycline family that has a broader range than other antibiotics in this family was
able to control infection of burn wounds [39, 40].

Fig. 2 Some of the sulfonamide derivatives that were grafted onto chitosan to enhance antimicro-
bial activity
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Recently, enzymes and peptides with antimicrobial activity were incorporated
into CWD. Antimicrobial peptides, for example, are new promising agents gaining
scientific interests as possible solution to replace traditional antibiotics in fighting
multi-drug-resistant microorganisms. The incorporation of amphiphilic peptide
temporin B showed a strong and fast killing ability against Gram-positive and
multidrug-resistant nosocomial bacterial species [41]. Similarly, incorporation of
daptomycin into chitosan was effective as topical ocular administration in the
treatment of bacterial endophthalmitis [42]. Daptomycin is a natural lipoprotein
active against gram-positive bacteria. Antimicrobial enzymes have been successfully
incorporated and used as antimicrobial agents in chitosan gels. Among these
enzymes incorporated into CWD materials are oxidative enzymes whose ability of
generating hydrogen peroxide (H2O2), a natural antimicrobial agent also produced
by the human body has made it easy to produce in situ antimicrobial systems for
application in wound dressing (Fig. 3). Glucose oxidase is the most widely used
representative of oxidative enzymes producing H2O2 that was successfully used as
an antiseptic during wound treatment [43]. Bösiger et al. produced electrospun
chitosan mats impregnated with glucose oxidase for in-situ production of H2O2

against E. coli and of S. aureus [44]. The same colleagues successfully developed
an in-situ antimicrobial generating system using a combination of cellobiose dehy-
drogenase and lysozyme enzymes [45, 46]. Cellobiose dehydrogenase uses cellobi-
ose and cello-oligosaccharides including N-acetylglucosamine or chitooligomers as
electron donors to reduce molecular oxygen to H2O2 Fig. 3 (a well-known antimi-
crobial agent) [47]. The wound dressings were designed in such a way that when
applied on the wound and activated by the exudates, the N-acetylated chito-oligo-
saccharides were hydrolyzed by lysozyme and the resulting oligomers were
converted into H2O2 by cellobiose dehydrogenase [46–51].

O2

WOUNDS  EXUDATES

Oligomers O2

Chitosan

Cellobiose
dehydrogenas

H2O2

Lysozyme

Oligomers ox.

Cellobiose
dehydrogenase

Cellobiose or other oligosaccharides

Fig. 3 CWD containing (a) glucose oxidase as an antimicrobial system that uses glucose to
produce hydrogen peroxide while (b) lysozyme hydrolyzes chitosan into oligomers used by
cellobiose dehydrogenase to produce hydrogen peroxide
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The cellobiose dehydrogenase loaded into the hydrogels reduced molecular
oxygen to H2O2. The in situ produced H2O2 completely inhibited the growth of
Staphylococcus aureus, Bacillus subtilis, Pseudomonas putida, Escherichia coli,
and biofilm producing Cellulosimicrobium cellulans [52]. Nanoparticles synthesized
by immobilizing lysozyme in chitosan nanoparticles were demonstrated to effec-
tively inhibit Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli,
and S. aureus [53, 54]. Further, lysozyme incorporated into chitosan nanoparticles
preserved the antibacterial activity of the enzyme over 3 weeks in vitro while active
against Staphylococcus epidermidis up to 5 days of incubation [41].

Nitric oxide (NO) is a key molecule that plays important roles in human skin such
as the control of homeostasis, defense, control of dermal blood flow and participates
in the wound healing process. Although NO is a promising therapeutic agent, its
short half-life has been challenging for its exploitation. To address this challenge, a
NO- in situ producing and releasing chitosan film containing the NO precursor, S-
nitrosoglutathione as a donor was developed as antibacterial and wound-healing
promoting material in chitosan [55]. For example, Kim et al. in 2015 [55] reported a
chitosan film containing S-nitrosoglutathione that displayed strong antibacterial
activity against Pseudomonas aeruginosa and Staphylococcus aureus and also
accelerated wound healing and the epithelialization process compared to the chitosan
film only [55]. Similarly, incorporation of the NO donor precursor glutathione
encapsulated into ultra-small chitosan nanoparticles produced NO that could be
delivered transdermally [56]. In situ NO generating CWD were tenfold more
effective against Pseudomonas aeruginosa in biofilms under both aerobic and
anaerobic conditions [57]. Controlling biofilms is one of the most challenging
activities in the management of wounds. The study by Choi et al. [58] demonstrated
great potential application of NO generating systems in CWD for controlling
biofilms. NO-releasing chitosan films were effective against methicillin-resistant
Staphylococcus aureus biofilm-infected wounds in diabetic mice enhancing its
antibacterial activity by >3 logs reduction in bacterial viability and also exhibited
a three-fold higher anti-biofilm activity than the control and CS film [58]. The
in vitro release study showed sustained release of NO over 3 days in simulated
wound fluid [58]. CWD-NO releasing films were able to disperse biofilms and
promote wound healing as evidenced by wound size reduction, re-epithelialization,
and collagen deposition than in untreated CS films [58]. Recent studies are even
designing more complex chitosan-nitric oxide generating systems such as copper–
chitosan particles [59] and alginate/chitosan that enhance the delivery of NO [60] for
wound healing applications.

Honey has been used as a remedy to cure wounds and infections for over
2000 years [61] and it is increasingly being incorporated in wound dressings.
Honey mainly contains about 40% fructose, 10% maltose, and 30% glucose,
enzymes, minerals, oligosaccharides, carbohydrates, and many phytochemicals
[62]. Honey provides a moist wound environment, modulates inflammation, pre-
vents swelling and reduces pain, controls odor, provokes sloughing of necrotic
tissue, enhances granulation and epithelialization, and promotes wound healing
with minimal scarring and also possesses antimicrobial activities attributed to its
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high osmolarity, pH, H2O2 production, and presence of other phytochemical com-
ponents [62] that enhance the wound healing process. Shamloo et al. [62] produced
chitosan/gelatin/PVA hydrogels integrating honey into the hydrogel matrix that
helped maintain a well-structured layer of epidermis containing mature collagen
and accelerated the rate of wound healing [62]. Manuka honey is highly recognized
as an antimicrobial agent due to the presence of methylglyoxal that can accumulate
to 1.541mg/g [63]. CWD impregnated with manuka honey were effective against
Staphylococcus aureus and Escherichia coli [63].

Plant-derived phytochemicals have traditionally been applied for treating wounds
throughout humankind. Curcumin (diferuloylmethane), a yellow crystalline com-
pound, a traditional Asian spice, possesses antineoplastic, antimicrobial, anti-
inflammatory, antioxidant, and wound healing properties that are increasingly
being exploited in biomedicine. Curcumin incorporated in chitosan-PVA exhibited
polymers inhibited bacterial pathogens Pasteurella multocida, Staphylococcus
aureus, Escherichia coli, and Bacillus subtilis ideal for application in burn wounds
[64], while chitosan-curcumin dressings were effective in inhibiting drug resistant
methicillin-resistant Staphylococcus aureus and Pseudomonas aeruginosa and an
improved wound repair in a murine model [65]. Ferulic acid encapsulated chitosan
nanoparticles were effective against Candida albicans biofilm formation [61].
Wound dressings composed of chitosan and polycaprolactone loaded with ferulic
acid and resveratrol accelerated wound healing in vivo [66].

Another increasingly explored class of antimicrobial agents are plant essential
oils summarized in Fig. 4. Plant-derived essential oils have been shown to be an
alternative class of antimicrobial compounds that can help fight increasing microbial
resistance [67]. For example, CWD loaded with quercetin and thymol improved anti-
inflammatory and anesthetic properties of the films [68]. Incorporation of
cinnamaldehyde in chitosan composites was effective eradicating E. coli and various
Pseudomonas [69–71].

Similarly, the importance of thymol and its isomer carvacrol essential oils
produced by Thymus vulgaris has been extensively reported [72] Their importance
in aiding wound healing has been extensively studied and reviewed by Costa et al.
[73]. Studies have demonstrated the antibacterial and antifungal, anti-inflammatory,
antioxidant, skin fibroblasts stimulator, and analgesic activities [72]. Sepideh
Koosehgol et al. used thymol as an antimicrobial agent in chitosan/polyethylene
glycol film with excellent antimicrobial properties against both gram-positive and
gram-negative bacteria [74]. Pires et al. applied thymol and β-cartone as anesthetic,
anti-inflammatory, and antioxidant compounds in chitosan-alginate polyelectrolyte
complexes capable to reduce bleeding by thrombus formation and had high stability
against physiological fluids and/or bathing. The authors suggested that these films
could potentially be used as wound dressing in low exuding wounds [75]. Carvacrol
in chitosan films reduced wound areas and tissue edema, induced earlier granulation
tissue formation, increased cell proliferation, increased epithelialization rates, and
improved collagenization [76]. Thymol loaded chitosan nanoparticles demonstrated
superior antimicrobial activity [77]. Chitosan-alginate films loaded with thymol and
beta-carotene to confer anesthetic, anti-inflammatory, and antioxidant properties
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[75]. Another medically interesting antimicrobial agent is asiaticoside extracted from
Centella asiatica. Asiaticoside is a triterpene glycoside with antioxidant and anti-
inflammatory properties. Its incorporation in chitosan composite nanofibers
enhanced wound healing in vivo. It was shown to upregulate growth factors and
promote cell differentiation, among many other positive wound healing effects
[78]. Chitosan impregnated with salicylic acid was effective in inhibiting Staphylo-
coccus aureus bacteria as well as avoiding the formation of biofilm at the surface of
the wound dressing [79]. Essential oils extracted from the leaves of Melaleuca
alternifolia that contain a mixture of terpene hydrocarbons and tertiary alcohols
incorporated into liposomes and chitosan-based electrospun nanofiber mats were
effective in destroying Staphylococcus aureus, Escherichia coli, and Candida
albicans cells [80].

Fig. 4 Plant-derived phytochemicals and essential oil components traditionally used by mankind
for wounds treatment
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4 CWD Delivery of Inflammation Modulating Agents

The inflammatory phase is characterized by activation of cytokines, chemokines,
growth factors that activate the immune system on the wound site and also activate
the cell repair and proliferation, migration pathways. N-acetylglucosamine, the basic
unit of chitosan is a well-recognized inflammatory regulatory biomolecule synthe-
sized in the human body from glucose [1]. Based on this knowledge, chito-
oligosaccharides with molecular weight of 5 kDa have been tested and shown to
have the ability to regulate inflammation [81]. CWDs impregnated with N-
acetylglucosamine or exposed to in vivo and/or lysozyme that hydrolyzed CWD
and produced N-acetylglucosamine were shown to modulate various inflammation
mediators such as interleukins and prostaglandins [82], activities of macrophages
and neutrophils while promoting tissue granulation [83] and inflammatory functions
of polymorphonuclear leukocytes [84]. The CWD regulatory effects help create an
appropriate inflammatory microenvironment conducive for wound healing.
Chitosan–PVA hydrogel containing bee honey or its venom was more effective
than the standard diclofenac drug in modulating inflammation and promoting wound
healing process [85]. Incorporation of ibuprofen, betamethasone sodium phosphate,
streptomycin, and diclofenac in chitosan-based hydrogels had anti-inflammatory
effects [1]. In addition to the above biomolecules added to CWDs, chitosan-based
hydrogels impregnated with antioxidants, amino acids, vitamins, and nutrients
reduced inflammation and promote wound healing [86]. Morgado and collaborators
synthesized a poly(vinyl alcohol)-chitosan asymmetrical membranes with highly
controlled morphology and incorporated (S)-ibuprofen (IBP, a non-steroidal anti-
inflammatory agent) into β-cyclodextrin (β-CD) carriers. The produced membranes
containing IBP-β-CD prevented scar formation, prevented excessive inflammatory
response (lower number of mast cells on the tissue), and stimulated the wound

Fig. 5 CWD impregnated with cellobiose dehydrogenase (CDH) uses cellobiose to continuously
reduce oxidized phenolic antioxidants to their parent compound after quenching reactive oxygen
species and nitrogen centered reactive species
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regeneration increasing deposition of collagen type III facilitating full epithelializa-
tion and increasing thickness of the epithelial layer [87, 88].

Another novel multifunctional system to control inflammation was developed
exploiting the versatile reactions catalyzed by cellobiose dehydrogenase. This
enzyme reduces oxidized simple phenolic compounds to their original compounds
by donating hydrogen atoms (Fig. 5). However, in the absence of these oxidized
simple phenolics, the enzyme reduces molecular oxygen to hydrogen peroxide
(Fig. 5). Its ability to reduce oxidized simple phenolics was exploited for the
construction of a novel antioxidant regenerating system and its ability [47] to reduce
molecular oxygen to hydrogen peroxide was exploited for developing an antimicro-
bial systems [47]. The antioxidant regenerating system quenched and prevented the
accumulation of the most important oxygen centered reactive species produced
during inflammation (NO, and super oxide and hydroxyl radicals) [47]. The antiox-
idant regenerating system consisting of cellobiose dehydrogenase and cellobiose
regenerated catechol which then continuously quenched nitric oxide (NO), super-
oxide (O2

�), and hydroxyl radicals (OH•) when incorporated into hydrogels
[52]. The studies demonstrated the possibility of developing an in-built continuous
antioxidant regenerating system and antimicrobial system that can be incorporated in
wound dressing. An antioxidant and antibacterial polyelectrolyte wound dressing
based on chitosan/hyaluronan/phosphatidylcholine dihydroquercetin showed strong
free radical scavenging potency and anti-inflammatory activities of the produced
films [89].

5 CWD Mediating the Wound Healing and Wound Repair
Process

The wound healing phase is characterized by cell proliferation, neoangiogenesis,
formation of granulation tissue, formation of extracellular matrix, and
re-epithelialization. The natural presence of N-acetyl glucosamine in human dermal
tissue has made it easy to develop wound dressings as there are no expected negative
reactions [90]. In fact, lyzozyme mediated gradual hydrolysis of chitosan into
N-acetyl-β-D-glucosamine has been shown to stimulate growth factors and the
general wound healing process including increasing hyaluronic acid synthesis and
preventing scar formation [82, 91].

Apart from the natural attributes of chitosan, its application in wound dressings
has also proved to be efficient in delivering drugs, growth factors, stem cells,
peptides, etc. that promote the wound healing process [91]. For example, sponge-
like chitosan glutamate and sericin wound dressing developed to protect human
fibroblasts against oxidative damage during the treatment of chronic skin ulcers
improved fibroblast proliferation [81]. Loading curcumin, a well-known anti-inflam-
matory and antioxidant molecule in chitosan nanoparticles that were further incor-
porated into collagen-alginate scaffolds was an effective strategy in enhancing
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wound healing of diabetic wounds in adult male Wistar rats [92]. Apigenin impreg-
nated chitosan composite hydrogel improved the wound healing in diabetic and
normal wound tissues [93]. Incorporation of nerolidol, an alicyclic sesquiterpene,
found in essential oils from several plants, which possesses pharmacological prop-
erties such as anti-neoplastic, antioxidant, and antimicrobial, accelerated
re-epithelialization and reorganization of collagen within seventh day of treatment
[94]. The authors also recommended nerolidol as an effective antimicrobial agent.

Many studies have also shown the importance of chitosan-based wound dressing
in delivering growth factors. Growth factors relevant to wound healing process such
as epidermal growth factor (EGF), fibroblast growth factor (FGF), transforming
growth factor beta (TGF-β), platelet-derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF) are synthesized and secreted by fibroblasts,
inflammatory cells, endothelial cells, epithelial cells, and platelets. Growth factors
play an important regulatory role that includes inducing cell migration, proliferation,
differentiation and promoting the synthesis of extracellular matrix (ECM)
[95]. Chitosan hydrogels were effective in delivering basic fibroblast growth factor
(bFGF) leading to accelerated wound healing and closure [96]. Chitosan composite
hydrogels loaded with rhEGF promoted the healing of diabetic wound in rats [97]
while continuous release of rhEGF for more than 3 weeks after subcutaneous
implantation in rats [98]. Similarly, chitosan–polyacrylamide hydrogel loaded with
EGF supported the proliferation of fibroblast cells for a longer period than that of
free EGF [34]. Furthermore, sodium carboxymethyl chitosan grafted with recombi-
nant human epidermal growth factor conjugate protects it from proteases
[99]. Wound-adhesive and thermo-responsive pluronic-chitosan hydrogels
containing EGF enhanced epidermal differentiation during the wound healing pro-
cess through increasing local concentration of rhEGF at wound sites with
maintaining keratinocytic differentiation [100]. Many studies have also explored
the use of chitosan wound dressings for the delivery of FGF, a growth factor
stimulating angiogenesis and demonstrated their effectiveness accelerating chronic
wound healing process [101]. Adipose-derived stem cells (ADSCs) secrete several
angiogenic growth factors. The incorporation of ADSCs or synovial mesenchymal
stem cells into chitosan-based composite hydrogels promoted wound angiogenesis
in vivo [102, 103] and was critical in promoting many wound healing phases such as
cell proliferation, angiogenesis, re-epithelialization, and collagen deposition even in
chronic wounds [104]. Incorporation of bFGF into chitosan membranes accelerated
wound healing in genetically modified diabetic mice by enhancing proliferation of
fibroblasts and increased number of capillaries were observed in both groups
although development of granulation tissue was more copious [105]. Several studies
have also demonstrated the ability of chitosan wound dressing to induce and
accelerate tissue granulation and re-epithelialization. Chitosan–collagen hydrogel
was also effective in delivering various amino acids that enhanced
re-epithelialization and granulation thereby significantly accelerating the healing of
diabetic wounds [106]. The incorporation of honey and curcumin in chitosan
composite hydrogels increased fluid absorption capacity of the hydrogels that
created a dry wound bed [107]. Lin et al. in 2015 successfully prepared a gelatin/
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chitosan/epigallocatechin gallate nanoparticle incorporated in a poly(γ-glutamic
acid)/gelatin hydrogel that enhanced wound regeneration and facilitated
re-epithelialization [108]. Curcumin nanoformulation loaded methoxy PEG-graft-
CS film increased rate of wound reduction and accelerated re-epithelialization
[109]. By incorporating papain (protease enzyme obtained from Carica papaya)
into chitin dressings prevented the formation of necrotic tissue and also [110]. Thy-
roxine impregnated chitosan-based dressings stimulated angiogenesis and supported
fast wound healing in rats [111] by supporting epithelialization along with robust
wound closure, high level of angiogenesis and fast wound healing than chitosan
films alone [111]. Indeed, CWD are versatile and efficient delivery systems of many
structurally and functional different biomolecules that participate in the wound
healing process. Their exploitation is witnessing an exponential increase in novel
CWD that are revolutionizing the wound dressing and management.

6 Conclusion

Chitin and chitosan possess inherent biological characteristics that have made them
exceptionally important in the management of wounds both as active interactive
molecules and as a versatile pro-wound healing delivery systems. CWD loaded with
various biomolecules that participate in at every step of the wound healing process
have been successfully incorporated and shown to increase the efficiency of the
wound healing process. This has witnessed the number of CWD products increasing
dramatically over the past decades with many already commercially available for
different specialized. The massive ongoing current studies point to the possibility of
more new products potent CWD delivering more effective biomolecules in the need
future.
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