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Abstract: Chitosan on its own is a well-established natural polymer and is widely regarded as a biodegradable, biocompatible and non-
toxic material for drug delivery applications. Although unmodified chitosan has some mucoadhesive properties on its own, its bioavail-
ability is limited due to its short retention time in the body. Moreover, the high solubility of chitosan at acidic pH levels limits its use for 
mucosal drug delivery (especially through the oral route). Chemically-modified mucoadhesive chitosan, especially thiolated chitosan, has 
arisen as an alternative to create novel mucosal drug delivery systems. The mucoadhesive properties that are conferred to the thiolated 
chitosan certainly set this novel class of second or third-generation thiomers apart. To understand the significance of mucoadhesive chito-
san, we first present the mechanism of mucoadhesion and provide comprehensive coverage of description of a variety of chemical modi-
fications to prepare mucoadhesive thiolated chitosan derivatives. We then present the plethora of applications of these modified chitosan 
variants in a wide range of drug delivery fields, including the delivery of antigens, proteins and genes through a variety of routes, includ-
ing oral, nasal, pulmonary, vaginal and others. By presenting the range of applications for mucoadhesive chitosan drug carriers we herein 
demonstrate that chemically-modified thiolated chitosan is a versatile and effective material for a new class of drug delivery vehicles. 

Keywords: Chemically-modified chitosan, mucoadhesive drug carrier, chitosan nanoparticle, chitosan nanogel, drug delivery. 

INTRODUCTION 
 Chitosan is a widely used polymer that can be synthesized from 
the naturally occurring material chitin, the most plentiful natural 
amino polysaccharide. It is similar in structure to cellulose; made 
from linear -(1 4)-linked monosaccharides [1]. Chitin is most 
commonly sourced from crab and shrimp shells (from food indus-
trial processes) and is isolated by dissolving the calcium carbonate 
in the shells and then treating with sodium hydroxide to create chi-
tosan as the N-deacetylated derivative [2]. It can be used for a vari-
ety of applications, including contact lenses [3], photography [4] 
and solid state batteries [5] and most importantly for diverse medi-
cal applications. In the biomedical field there is a range of applica-
tions of chitosan including artificial skin [6, 7], wound dressings [8-
10] and drug delivery [11-14]. Its widespread biomedical use is due 
to its excellent bioavailability, biocompatibility, low toxicity and 
adhesive capabilities. Of all these applications, drug delivery is a 
very appealing field because of this versatile material’s mucoadhe-
sive abilities and favourable release profile. Chitosan has been used 
widely in its unmodified form for this purpose to encapsulate a 
variety of drugs and many reports have described the design and 
application of (unmodified) chitosan formulation for drug delivery 
[1, 15-20]. However, chitosan in its unmodified form also has 
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serious drawbacks, most importantly its high solubility at acidic pH 
levels [21] and rapid clearance from the body [22].  

 The use of chitosan in its unmodified form can be thought of a 
first-generational use in the drug delivery field. Chitosan by itself 
has mucoadhesive properties that can be invaluable for drug deliv-
ery. In brief, vehicles made of a mucoadhesive substance-loaded 
with an active agent can remain at the target site for an extended 
period of time and help to ensure that the drug can confer its in-
tended effect. This is particularly important for mucosal (especially, 
oral and nasal) drug delivery since any administered substances 
must successfully interact with mucosal membranes to remain at the 
site for a longer period to provide maximum drug effect.  

 Many researchers have pushed this further and have developed 
useful chemical modifications of chitosan, which can be referred to 
as second-generation chitosan derivatives. Specifically, thiolated 
chitosan has been developed by a number of groups using different 
strategies and chemical agents to immobilize the thiol groups. The 
most commonly used chemical modifications, chitosan-TGA and 
chitosan-TBA (thioglycolic acid and 4-thiobutylamidine respec-
tively), entail the use of 2-iminotiolane HCl with a variety of rea-
gents to create mucoadhesive chitosan with optimized thiol content 
[23, 24]. As will be described later in detail, these modified chito-
san derivatives can also be used as hybrid formulations with other 
materials such as polymeric cores [25, 26], alginate [27, 28] and 
clay composites, to specifically increase the mucoadhesive abilities 
of these substrates. Using the different variants researchers have 
been able to synthesize particles which favourably adhere to very 
specific sites or environments, which is quite a useful development 
for targeted therapy. 
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 Mucoadhesive chitosan can ultimately be used to encapsulate 
quite a variety of different payloads, depending on the need. Thus 
far there has been success in delivering many therapeutics including 
live probiotic bacteria [27, 29], chemotherapeutic agents [13, 30] 
and DNA or siRNA for gene therapy [31, 32]. The success using a 
wide range of bioactive agents implies that modified mucoadhesive 
chitosan really can help provide a versatile and reliable system for 
the delivery of a practically limitless number of active drugs. 

 In this review we will provide a detailed overview of the impor-
tance of and mechanism of mucoadhesion, in particular for chito-
san, and then describe a plethora of chemical modifications that 
have been used to enhance mucoadhesion. We will then present 
descriptions of the different applications of these novel polymers, 
including the different delivery routes and types of drugs that can 
be encapsulated. After presenting this thorough overview of the 
topic, we will finally offer our own perspectives on the current 
status of this field and its prospects in the future. 

IMPORTANCE OF MUCOADHESIVE DRUG CARRIERS 
 Mucous membranes, that line the walls of body cavities such as 
gastrointestinal, respiratory and vaginal tracts, consist of an epithe-
lial cell layer supported by a thin layer of connective tissue with a 
mucus layer on the top of the epithelial cells [33]. Mucus is a vis-
coelastic gel layer with broad range of thickness varying from 1 μm 
in oral cavity to 800 μm in colon [34].  

 A major problem of mucosal drug delivery is the rapid clear-
ance of administered drugs due to brief contact with mucus layer. 
To reach the site of action, drugs have to pass from an external site 
(mucosal barrier) to internal sites (e.g. blood vessels for drugs and 
mucosal lymphoid tissues for antigens). Unfortunately, drugs are 
eliminated from mucus layer before they even cross over the exter-
nal sites. In oral administration, the majority of drugs are associated 
with chyme and then transit directly through entire gastrointestinal 
tract in 3-4 h and eliminated in the feces [35]. For nasal and pulmo-
nary administration, the trapped substances in mucus are swept 
away by cilia (“mucociliary clearance”) and the luminal gel layer of 
mucus is replaced every 10 to 20 min, both of which result in effi-
cient clearance of particles [36]. Because of the well accepted no-
tion that the longer residence time of drugs in the mucosal tract 
exhibits the greater potential for efficient drug absorption, mucoad-
hesive polymeric carriers have gained much attention in drug deliv-
ery over the past 40 years.  

 Generally, polymeric mucoadhesion is regarded as attachment 
to mucus by interaction between a mucin surface and a synthetic or 
natural polymer [37]. Synthetic mucoadhesive polymers include 
cellulose derivatives, poly(acrylic acid), poly(vinyl pyrrolidone), 
carbopol, and poly(vinyl alcohol), and natural mucoadhesive poly-
mers include tragacanth, sodium alginate, xanthan gum, lectin, 
gelatin and chitosan. As means of localizing drugs to surface mu-
cosal tract, mucoadhesive drug carriers provide several advantages: 
(i) improved bioavailability of drugs by increased residence time in 
mucosa, (ii) lower required frequency of administration by con-
trolled release in mucosal tract, (iii) protection from enzymatic 
degradation and the acidic environment in the gut, (iv) reduction of 
cost and dose-related adverse effects by improved therapeutic per-
formance of drugs, (v) target specificity to particular tissue sites by 
localization of drugs to mucosal tract, and (vi) high patient compli-
ance compared to parental injections. For the clinical use of muco-
adhesive drug carriers, the mucoadhesive nature must be consid-
ered, along with other desired characteristics such as nontoxicity, 
degradability, quick adhesion to most tissue, low irritation, easy 
incorporation of drugs, low cost and high stability of the delivery 
system [38]. In that regard, although unmodified chitosan shows 
relatively weak and short-lasting mucoadhesion, its excellent prop-
erties as a drug carrier have led to its use in a wide range of applica-
tions [39]. For maximizing the utilization of advantages of muco-
adhesion, a number of module-based modifications of chitosan have 

been developed to provide enhanced mucoadhesive properties, 
based on knowledge of mucoadhesion mechanisms [33]. 

MECHANISM OF MUCOADHESIVE PROPERTY  

Properties of the Mucus Barrier 

 Mucus is a multifunctional gel layer which serves to protect 
from external threats, lubricate during passage of substances, main-
tain the hydration of the epithelium and allow the exchange of gases 
and nutrients with the underlying epithelium as a permeable layer 
[40]. Mucus is synthesized in specialized cells in the surface epithe-
lium (goblet cells) and is composed of 90-95% water, 5-10% 
mucin, 1% electrolyte and others trace substances including en-
zymes, immunoglobulin, nucleic acids, lipids and plasma proteins. 
The main component responsible for its viscous and elastic gel-like 
properties is glycoprotein mucin which forms a highly entangled 
network by association with one another through non-covalent 
bonds [34] as shown in Fig. (1).  

 A central protein core of mucin is composed of many tandem 
repeats which are rich in serine, threonine and proline (STP re-
peats). This area is heavily glycosylated with oligosaccharide 
chains consisting of N-acetylgalactosamine, N-acetylglucosamine, 
fucose, galactose, sialic acid and traces of mannose and sulfate via 
O-glycosidic linkages. In general, the oligosaccharide chains are 
terminated with fucose or sialic acid with a pKa value of 2.6 creat-
ing a negative charge on the mucin at physiological pH values [41]. 
The amino and carboxyl terminals of mucin are referred to as the 
‘naked protein region’ where there is little O-glycosylation and a 
few N-glycosylation [40]. The cysteine rich domains and cysteine 
knot domains are conserved at carboxyl terminal region of mucins 
which are involved in establishing disulfide bonds within and 
among mucin monomers. The amino terminal region contains von 
Willebrand factor (vWF, is a blood glycoprotein involved in 
hemostasis) C and D domains which are very similar to vWF in-
volved in blood clotting process [42].  

 Human mucins can be divided into secreted gel-forming 
mucins, cell-surface mucins and secreted non-gel-forming mucins 
[43]. Gel-forming mucins are the major constituent of mucus which 
contains naked protein regions involved in homo-oligomerization in 
endoplasmic reticulum by disulfide bonds. Mucins are stored in 
goblet cells and so the negative charges are shielded by calcium 
ions which allows for the compact packing of mucins. However, 
when secreted to luminal parts of mucus layer with outflux of cal-
cium the negative charges of mucins are exposed resulting in elec-
trostatic repulsion and large volume occupancy in solution. The 
expanded filamentous mucin chains entangle and form a web-like 
mucin gel network via non-covalent interaction within mucus, pro-
viding rheological properties of the mucus gel [44]. Cell surface 
mucins contain large glycosylated extracellular STP repeating do-
mains which are predicted to form rigid elongated structures and 
intracellular short tails anchored in the depth of the membrane do-
main [41]. On the other hand, secreted non-gel-forming mucins do 
not contribute to mucus properties although they can self-aggregate 
[43].  

Mucoadhesion Theories: Mechanism of Mucoadhesion 

 Although mechanism by which mucoadhesion occurs between 
mucoadhesive polymers and mucus layer remain largely a mystery 
due to its relative complexity, numerous theories of adhesion have 
been presented to partially explain the processes. The theories in-
clude wetting, diffusion, adsorption, electrostatic, fracture, and 
mechanical-interlocking. 

 As the oldest established theory of adhesion, the wetting theory 
is mainly applicable to liquid or low-viscosity bioadhesives which 
represent the spreadability of the mucoadhesive polymers across 
biological substrates. This theory postulates that adhesive agents 
penetrate into surface irregularities of the substrate and then harden 
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as well as produce adhesive anchors to attach themselves to the 
surface. For successful mucoadhesion, these adhesive agents should 
overcome interfacial tensions and spontaneously spread across the 
mucus. The spreading coefficient (S) can be calculated from surface 
energies of solid and liquids using the equations:  

SG = SL + LG cos                                                                        (1) 

S = SG - SL - LG                                                                            (2) 

where  is the contact angle, SG is the surface tension between 
solid and air, SL is the surface tension between solid and liquid, and 

LG is the surface tension between liquid and air. S should be posi-
tive for polymers to spontaneously spread over mucus. In general, a 
similarity in structure and functional groups between the mucoad-
hesive polymer and mucus leads to an increase in miscibility, re-
sulting in high spreadability across the mucosal layer. In such sys-
tem a low contact angle between the water and polymer enhances 
the hydration of the polymeric chain and promotes the contact be-
tween the polymer and mucus layer [44]. 

 The diffusion-interlocking theory describes interpenetration of 
polymer chain across the mucin chain which creates a semi-
permanent adhesive bond. This process is affected by molecular 
weight of the chains, cross-linking and its mobility and flexibility. 
The longer polymer chains can diffuse and interpenetrate the mucus 
to a greater extent. The minimum chain length required to produce 
efficient interpenetration and molecular entanglement is 100 kDa. 
Excessive cross-linking between mucus and mucoadhesive agents 

decrease the polymeric mobility and so for better diffusion and 
mucoadhesion, mucoadhesive polymers and mucus should have 
good mutual solubility and structural similarity [33, 45].  

 The adsorption theory describes the mucoadhesion by means of 
primary and secondary chemical interactions. Primary interactions 
including ionic, covalent and metallic bonding results in mucoadhe-
sion and secondary interactions arising from hydrogen bonds, van 
der Waals force, electrostatic attraction or hydrophobic interactions 
result in semi-permanent interaction between mucus and mucoad-
hesive interface [44, 46].  

 The electronic theory postulates that adhesion occurs by means 
of electron transfer owing to difference in the electronic structures 
between mucus and mucoadhesive polymers. The electron transfer 
results in the creation of a double layer of electrical charges at the 
mucus and mucoadhesive interface which finally forms a series of 
attractive forces within this double layer [47].  

 The fracture theory describes the force required to separate two 
surfaces after adhesion. It is the most used theory for mechanical 
measurement of mucoadhesion by tensile apparatus. The fracture 
strength is equivalent adhesive strength through the following the 
equation: 

  
where  is the fracture strength, E is Young’s modulus of elasticity, 
 is the fracture energy, and L is the critical crack length [41]. This 

theory takes into account only force required to separate two parts, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Illustration of the domain structure, polymerization, and gelation of mucin. In bottom panel, black line with red brush and blue circle represent glyco-
sylated region and non-glycosylated domains, respectively. In right handed panel, the crosslinking is represented by changing the color of non-glycosylated 
domains from blue to green [42]. Copyright permission not required per Frontiers Media S.A. policy. 
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but does not concern the interpenetration or diffusion of polymer 
chain, hence it is applicable to measure mucoadhesion of rigid or 
semi-rigid mucoadhesive materials which do not penetrate the mu-
cus layer [33].  

 The mechanical inter-locking theory considers adhesion be-
tween liquid and rough surface. It describes that adhesion between 
two substrates is due to mechanical interlocking of the adhesive 
into the irregularities on a rough surface. In most of the research 
investigating this theory, the source of enhanced adhesive interac-
tion is the surface roughness which increases the interfacial area 
improving wetting characteristics [48]. 

 The mechanism of mucoadhesion can be described in two steps: 
(i) contact stage - wetting occurs between mucoadhesive polymer 
and mucus layer and (ii) consolidation stage - establishment of the 
physiochemical interactions which lead to prolonged adhesion. 
Based on aforementioned theories the process of mucoadhesion can 
be addressed as follows: the formation of close contact between 
mucus and mucoadhesive polymer occurs with a suitable moist 
surface of mucosa and swelling of mucoadhesive polymer. The 
ability to absorb water from mucus layer enhances the initial inter-
action and increase the duration of adhesion to the mucous surfaces 
(wetting theory). The diffusion of the polymeric chain into loops 
and pores in the mucus network forms semi-permanent bonding via 
mechanical tangling (diffusion theory). And primary and secondary 
chemical interactions are formed between polymer and mucus, 
mostly covalent (adsorption theory). The electronic transfer be-
tween polymer and mucin layer mediated by opposite charges de-
velops their attractive force (electronic theory) [41]. The mucoad-
hesive properties of chitosan are mainly explained by the electro-
static interaction of the cationic amino groups and anionic groups of 
mucin and partially attributable to role of hydrogen bonding and 
hydrophobic interaction between mucin and chitosan [49]. 

CHEMICALLY-MODIFIED MUCOADHESIVE CHITOSAN 
 Chitosan is a natural occurring material derived from chitin. By 
itself it has been used for a variety of different purposes, including 
drug delivery. Chitosan has mucoadhesive properties on its own 
and is considered to be biocompatible and nontoxic [50, 51]. It is 
soluble at a physiological pH [52] and cans caused presystemic 
metabolism of drugs when faced with proteolytic enzymes [53], 
making it a poor material for particles designed to circulate in the 
body. To further improve and refine this substance, second genera-
tion thiolated polymers, or thiomers, have been developed. Thio-
lated chitosan is made by immobilizing thiol groups on the primary 
amino groups of chitosan [23]. These thiomers cause thiol/disulfide 
exchange reactions with mucus, leading to disulfide bonds forming 
between the polymer and mucus, resulting in excellent mucoadhe-
sion [54]. There are a number of different possible chemical modi-
fications to create thiolated chitosan; the eight major thiolated chi-
tosan derivatives are presented here and also summarized in  
Table 1. 

Chitosan-Cysteine 

 Zhang et al. tested the use of galactosylated trimethyl chitosan-
cysteine (GTC) nanoparticles (NPs), which they created sequen-
tially, performing trimethylation, galactosylation and thiolation 
(performed by reacting the galactosylated trimethyl chitosan with 
cysteine, mediated by EDC/NHS) [31]. The NPs were formed using 
anionic cross-linkers, for example TPP (tripolyphosphate), the most 
successful of the tested materials [31]. These particles were then 
loaded with mitogen-activated protein kinase kinase kinase kinase 4 
(Map4k4) siRNA (siMap4k4) to treat dextran sulfate sodium 
(DSS)-induced ulcerative colitis [31]. The thiolated chitosan NPs 
maintained integrity in serum and intestinal fluids and successfully 
bound to be taken by cells [31]. These NPs were demonstrated to be 
non-toxic and successfully induce TNF-  knockdown in LPS-
stimulated RAW 264.7 cells [31]. In vivo the orally delivered for-

mulation selectively accumulated in the colon and ultimately the 
siRNA- loaded GTC were able to bring about significant histologi-
cal improvements in the colons of the affected mice, which presents 
the NPs as successful delivery vehicle for the treatment of colonic 
disease [31]. He et al. also tested the use of siRNA therapy to target 
TNF-  level [32]. They also used trimethyl chitosan-cysteine NPs 
by testing them orally and intraperitoneally in vivo. From these tests 
they found that chitosan with a MW of 200 kDa is preferable to 
either 100 or 500 kDa and that this optimized formulation they were 
able to achieve TNF-  knockdown in peritoneal exudates macro-
phage cells (PECs) and TNF-  silencing in vivo in acute hepatic 
injury mice [32]. An interesting note they found is that oral admini-
stration was much more effective than intraperitoneal [32], an im-
portant consideration in developing oral drug delivery systems. 

 Zhao et al. took a different route and tested plasmid encoding 
enhanced green fluorescent protein (pEGFP) for in vitro and in vivo 
transfection efficiencies [55]. They created their chitosan formula-
tion in the same manner as Zhang et al. [31]: mixing their trimethy-
lated chitosan (in this case not galactosylated) with cysteine in the 
presence of EDAC/NHS [55]. These particles provided protection 
against degradation, bound the desired cells with a high affinity and 
were able to infiltrate cells better than either unthiolated chitosan 
NPs or Lipofectamine 2000, a commercial transfection agent [55]. 
Ultimately these particles had significantly improved transfection 
efficiencies in vitro and in vivo [55], which present them as vehicles 
with great potential for gene delivery. In recent, Yin et al. tested the 
use of trimethyl chitosan-cysteine for the delivery of insulin [56]. 
They formulated their chitosan and NPs in a similar manner to the 
previous groups, with the interesting note that they complexed their 
chitosan with a peptide in this case, as opposed to a nucleic acid. 
The group found that, similar to Zhang et al. [31], starting with 
chitosan with a MW of 200 kDa is most effective (as compared to 
that of 30, 200 and 500 kDa) [56]. With these thiolated chitosan 
NPs they demonstrated improved in vitro internalization and ex vivo 
uptake and, with oral and ileal administration, significantly im-
proved in vivo rat hypoglycemic effect [56]. 

 Overall, these studies demonstrate that the chitosan-cysteine, 
specifically trimethyl chitosan-cysteine has potential application as 
an oral drug delivery system, notably with nucleic acids for gene 
therapy. Polymeric gene therapy by itself is a rapidly growing field, 
and as such chitosan-cysteine may be further called upon to help 
develop reliable system. 

Chitosan-TBA 

 Chitosan-4-thiobutylamidine (chitosan-TBA) represents one of 
the most studied modified chitosan. It can be synthesized by adding 
varying amounts of 2-iminothiolane HCl to chitosan dissolved in 
acetic acid and adding 2-mercaptoethanol to avoid oxidation during 
the reaction. The polymer can then be carefully purified and lyophi-
lized for further use [23]. This material has been used with a range 
of payloads in a variety of formulations, including tablets [57], NPs 
[58, 59], microparticles [29, 60] and gel form [61]. All of these 
studies reinforce the suitability of chitosan-TBA as a capable mate-
rial for drug delivery. Palmberger et al. extensively tested the safety 
of chitosan-TBA in a gel format. Specifically, they investigated the 
effect of the polymer on the ciliary beat frequency (CBF) of human 
epithelial cells [61]. The CBF is closely related to the mucociliary 
clearance ability of the cells, which is critical to maintain protection 
against respiratory tract infections [61]. They found the cilio-
inhibitory effects of chitosan-TBA to be correlated to its concentra-
tion [61], which demonstrates yet another variable that must be 
taken into account to design an effective and safe delivery system. 
An important final note about their results is that they suggest that 
in vivo results are less dramatic than in vitro results because of 
natural clearance and protection mechanisms [61]. While the ulti-
mate goal still remains to create an entirely safe system, this is a 
very relevant mitigating factor. 
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 Chen et al. investigated microparticles made from chitosan-
TBA. They specifically used chitosan coatings for their Ca2+ algi-
nate microcapsules for the purpose of enhancing their mucoadhe-
sion and retention [29]. With that, they did find that the adhesive 
properties of the microparticles was directly related to the amount 
of chitosan absorbed onto the surface [29]. These coatings were 
also able to confer a site (pH)-specific response and therefore over-
all they found that thiolated chitosan is indeed more mucoadhesive 
than its unthiolated counterpart for this application [29]. These 
results reinforce the useful application of chitosan-TBA as a coating 
material to improve stability of the alginate microcapsules for drug 
delivery. Krauland et al. considered microparticles made of chito-
san-TBA conjugate with reduced glutathione (a permeation media-
tor) and loaded with insulin. They found that the thiolated chitosan-
based microparticles swelled significantly more than the unthiolated 
ones and showed a controlled release pattern when administered in 
rats [60]. This study simply represented a proof-of-concept demon-
strating that thiolated chitosan microparticles do indeed have im-
proved mucoadhesion and permeation properties [60]. TBA-based 
thiolation also makes a significant difference in the physical charac-
teristics of chitosan in tablet formulation. Senyigit et al. tested chi-
tosan-TBA with 5 mm diameter tablets and found that the tablets 
composed of the thiolated chitosan had improved mucoadhesion, 
retention and drug release [57], suggesting that chitosan-TBA is a 
suitable system for drug delivery because of its controlled release, 
good cohesion and stability.  

 Chitosan-TBA NPs also represent a potent and minimally cyto-
toxic mucoadhesive aid [58]. Dunnhaupt et al. tested the distribu-
tion of these ionic gelation-prepared particles on porcine mucosa 
and, using fluorescent dyes, found that the chitosan-TBA particles 
had significantly better mucoadhesive properties than the unthio-
lated particles [59]. Conversely though, they discovered that the 
mucus penetrating ability of the particles was conversely related to 
the mucoadhesion properties [59]. This is an important note for the 
future optimization of chitosan NPs as it implies the exact desired 
effect must be carefully designed. Sakloetsakum et al. took this one 
step further and tested NPs made of chitosan-TBA by in situ gela-
tion for their mucoadhesive properties in the presence of different 
vehicles, including polyethylene glycol (PEG) 300, Miglyol 840, 
PEG 6000, Cremophor EL and Caprylic triglyceride [58]. They 
measured the adhesion activity using fluorescein diacetate and 
found that the lyophilized particles (without an additional vehicle) 
in fact had the highest mucoadhesion to porcine intestinal mucosa, 
followed by the particles with miglyol 840 and then polyethylene 
glycol (PEG) 300 [58]. Overall, they demonstrated that the thio-
lated chitosan NPs had a profound effect on the mucoadhesive 
properties which was essential to induce in vitro or in vivo efficacy. 

Chitosan-TGA 

 Chitosan-thioglycolic acid (TGA) is another extensively studied 
thiolated chitosan variants which is synthesized by reaction be-
tween 2-iminothiolane and chitosan, followed by purification and 
lyophilisation [24]. Like chitosan-TBA, chitosan-TGA has been 
studied in many different forms as microspheres [21, 62], NPs [63-
67] and liposomes [68]. Hintzen et al. also tested chitosan-TBA as a 
bulk solution [69] where they investigated the gelling properties of 
chitosan-TBA as a function of its molar mass. They tested various 
molecular weight (MW) of chitosan-TBA (2.1, 150 and 230 kDa) 
and found that low MW led to a higher final viscosity within 60 and 
180 min (390,000-fold higher than unthiolated chitosan within 180 
min) [69]. They also found that the factors which increased the 
viscosity depend on the degree of modification, reaction conditions 
(use of oxidizing agents) and molar mass [69], suggesting the use of 
low MW as they form more and faster disulfide bonds and have a 
lower initial viscosity, which is better for drug delivery [69]. 

 Two different groups have tested chitosan-TGA microspheres 
for duodenum specific delivery of drugs. Zhu et al. investigated a 

novel three-layer structure made of drug-loaded Eudragit cores into 
a mucoadhesive thiolated chitosan which was then coated with 
hydroxypropyl methylcellulose acetate maleate (duodenum spe-
cific, pH-sensitive material) [21]. They tested a variety of different 
factors affecting mucoadhesion, including ionic strength, hydrogen 
bonding, hydrophobic effects and disulfide bonds [21]. It was found 
that all the effects and forces are heavily dependent on the pH and 
the thiolated chitosan outperformed the unthiolated particles [21, 
62]. Liu et al. tested the same microsphere formulation with the 
addition of cross-linked formaldehyde and glutaraldehyde in differ-
ent ratios [62]. These additives served to control the drug release 
profiles of the microspheres [62]. Both of these studies demon-
strated chitosan-TGA as a suitable substance to protect payloads 
from gastric acid and ensure sustained drug delivery. 

 Gradauer et al. tested a novel formulation with chitosan-TGA 
which uses the thiolated chitosan (low MW) coupled to phosphati-
dylcholine (POPC) liposomes and a maleimide-functionalized lipid 
(DOPE-MCC) [68]. The resulting-coated particles showed higher 
mucoadhesion, as expected, but also a tendency to have a more 
‘leaky’, but not unstable, release behavior [68]. This careful profil-
ing does recommend the system for oral drug delivery, but further 
testing is required before more future applications.  

 Finally, a number of different groups have also explored the use 
of chitosan-TGA to prepare NPs for drug delivery. However, there 
are such variations in the composition, load and delivery route that 
it is difficult to make any sort of sweeping generalizations. That 
being said, each study does add to the evidence that chitosan-TGA 
is a broadly applicable substance for drug delivery. It was demon-
strated that the chitosan-TGA-poly(methacrylic acid) (PMAA) NPs 
swelled slowly and resulted higher mucoadhesive strength with 
intestinal mucosa penetration ability than their unthiolated counter-
parts [63]. They exhibited slow and controlled release which dem-
onstrates the promise of the material [63]. In another report, the 
chitosan-TGA-coated poly(anhydride) NPs were actually tested 
with two different MWs of chitosan (20 and 50 kDa) and thiogly-
colic acid derivatives (TGA and TGB, differing in the concentration 
of EDAC added during the reaction) [64]. They tested the bioadhe-
sion of all the formulations using oral administration in male Wistar 
rats and found that the lower MW chitosan (20 kDa) exhibited 
higher adhesion independent to the degree of thiolation [64]. The 
particles with the higher degree of thiolation demonstrated further 
increased bioadhesion [64]. This study neatly demonstrates the 
importance of the degree of thiolation and MW of the chitosan as 
two important variables to consider when preparing chitosan-TGA 
NPs. An interesting note, however, is that while studies have dem-
onstrated that lower MW thiolated chitosan has higher adhesion 
capabilities, Patel et al. demonstrated that a moderate MW chitosan 
(450 kDa) had higher entrapment efficiency and mucus penetrating 
capability [65]. Their NPs were able to successfully reach the brain 
by the nasal route and showed negligible cytotoxicity [65]. Patel et 
al. additionally found the cytotoxicity of the thiolated chitosan to be 
lower than that of the unmodified chitosan, demonstrating yet an-
other benefit of the chemical modification [65]. 

 Shahnaz et al. looked specifically at the transport through por-
cine nasal mucosa and found that the thiolated NPs were signifi-
cantly superior to both the free drug solution and the unmodified 
NPs [66]. They further tested the effect of these materials on ciliary 
beat frequency and concluded that all can be considered suitable for 
use, with the toxicity/effect and reversibility of the damage depend-
ent on the dose [66]. Recently, Meng et al. tested yet another for-
mulation of chitosan-TGA NPs as drug carrier for intravaginal ad-
ministration. The result demonstrated that the mucoadhesion of 
chitosan-TGA was 5-fold better than that of unthiolated chitosan 
and both NPs were nontoxic over 48 h in an LDH assay and a study 
of L. crispatus, a type of vaginal flora [11]. They also notably per-
formed a 198 h release study which demonstrated the exceptional 
abilities of chitosan-TGA for sustained release [11]. That, com-
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bined with the >98% cell uptake [11], showed chitosan-TGA to be 
a practical material for this application.  

 Recently, Lee et al. investigated not only the delivery capabili-
ties of the thiolated NPs but also their ability to enhance the effects 
of the drug, theophylline [67]. They found that the effects of the 
drug were significantly enhanced when delivered by the NPs [67]. 
When they tested mucoadhesion however, they found that the un-
thiolated chitosan NPs performed better in the first hour, potentially 
because of their higher zeta potential [67], While the thiolated NPs 
did eventually surpass the capability of the unthiolated NPs, the 
initial disparity questions the practical applicability of this particu-
lar chitosan modification. 

 Based on the extensive studies, this is currently the most ap-
proachable and therefore justified chitosan variant for widespread 
use. The studies have demonstrated several important factors to 
consider in particle design (e.g. molecular weight, degree of thiola-
tion, delivery vehicle) and have repeatedly demonstrated that chito-
san-TGA outperforms unmodified chitosan across the board. Fur-
ther testing and investigation is needed, including more in vivo 
work, but overall this material seems to be suitable for a variety of 
applications. 

Chitosan-GSH 

 Chitosan-glutathione (Chitosan-GSH) is a chemical variant of 
chitosan made from the covalent attachment of glutathione to chito-
san. This attachment is made by forming amide bonds between 
amine groups of chitosan and carboxylic acid moieties of glu-
tathione, which are activated using EDAC and N-hydroxysuccini-
mide (NHS) and with careful adjustment of pH [25]. This novel 
polymer can then be lyophilized and used for further study, as will 
be subsequently described. The sole studies using chitosan-
glutathione did not test it alone, but instead investigated the efficacy 
of NPs made from the copolymerization of poly(methyl methacry-
late) (pMMA) and chitosan-glutathione conjugates [25, 70]. The 
first study, by Akhlaghi et al., discussed the use of these novel NPs 
for the delivery of water-insoluble paclitaxel, a model anticancer 
drug [25]. They synthesized this material using radical polymeriza-
tion and tested the resulting particles for mucoadhesion, cytotoxic-
ity and in vitro release abilities. As predicted, the particles com-
posed of thiolated chitosan had significantly higher mucoadhesion 
than their unmodified counterparts and had a sustained release pro-
file over 10 days [25]. Additionally, the thiolation made no differ-
ence in the cytotoxicity, which was negligible for NPs prepared by 
the thiolated chitosan in four cancer cell lines (NIH 3T3, T47D, 
HT29 and Caco-2) [25]. Thereafter, a second group built upon these 
results and tested the use of the chitosan-GSH/pMMA NPs for oral 
delivery of the hydrophobic chemotherapy drug, docetaxel [70]. 
They showed an entrapment efficiency of 90% and sustained in 
vitro release over 10 days, with about 70% of the drug being re-
leased in the first 72 h [70]. They tested the ex vivo efficacy using 
the everted intestinal sac method and found that there was transport 
across the intestinal barrier and the mucoadhesive NPs can increase 
docetaxel transport by opening tight junctions and bypassing the 
efflux pump of p-glycoproteins (p-gp) [70]. Overall, this particular 
variety of modified chitosan shows promising results that could 
lead to in vivo testing in the near future to give more conclusive 
opinions. 

Chitosan-MNA 

 Chitosan-6-mercaptonicotinic (MNA) is a novel thiolated chito-
san developed by Millotti et al. [71]. To synthesize it, 6-mercapto 
nicotinic acid dissolved in dioxane was added to a chitosan solution 
under stirring [71]. Later EDAC was added in different concentra-
tions to change the final degree of thiolation [71]. Finally, Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) was added to obtain 
the final polymer solution [71]. Like other variants, this polymer 
can be lyophilized for further use. The resulting polymer is an aro-

matic thiolated chitosan and is specifically designed to be able to 
take advantage of the numerous benefits of thiomers over a broad 
spectrum of pH levels [71]. As an example, the group found that 
there was no significant difference in the increase in viscosity 
(compared to unthiolated chitosan) at various pH levels, making it 
suitable for use in a variety of environments [71]. The group also 
tested the toxicity in human endothelial and gastrointestinal epithe-
lia cells (Caco-2 and EAhy926, respectively) using LDH (lactate 
dehydrogenase) and MTT assays and ATP quantification and found 
it to be non-toxic on all counts [71]. This result was confirmed in a 
second study in which the material was found to be non-toxic in 
Caco-2 cells using an LDH assay [72]. The efficacy of chitosan-
MNA was also investigated for the oral delivery of peptides. Parti-
cles made of thiolated chitosan were more stable in acidic environ-
ments as compared to those made of unmodified chitosan and the 
authors noted that this stability is important in order to protect the 
payload from enzyme and pH degradation [72]. 

 Recently, it has also been found that the chitosan-MNA is ap-
proximately 80-fold more mucoadhesive than its unthiolated coun-
terpart and has a superior release profile [12]. In this paper Millotti 
et al. made the critical comparison in the in vivo capabilities of this 
aromatic chitosan as opposed to standard aliphatic thiolated chito-
san. In fact, they demonstrated that their novel material had a 6.8-
fold better AUC in vivo than chitosan-TBA, a leading alternative 
[12]. This trio of studies from Millotti et al. has presented chitosan-
MNA as a useful thiolated chitosan derivative for widespread use. 
The next step will be to design the particles for more specific appli-
cations. 

Chitosan-MBA 

 In 2010, Millotti et al. developed chitosan-4-mercaptobenzoic 
acid (MBA) by reacting chitosan with an aromatic thiol group as 
opposed to the aliphatic structure of many other chemical modifica-
tions. The preparation of this novel polymer could be performed by 
adding 4-mercaptobenzoic acid dissolved in dioxane to a chitosan 
solution [73]. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) 
was then added to obtain the final polymer [73]. After purification 
this novel chitosan could be lyophilized and then used for study. 
Compared to unmodified chitosan, Millotti et al., the creators, 
found this novel material to be 60-fold more mucoadhesive and 
over 4000-fold more viscous over 48 h than unthiolated chitosan 
[73]. While this does demonstrate a marked improvement over 
standard chitosan, the magnitude of the improvement does not nec-
essarily set the material apart. However, an unusual feature of this 
chitosan variant is that its swelling behavior is actually 1.5-fold 
lower than that of unmodified chitosan [73]. The authors note that 
this may in fact be beneficial because this new material can avoid 
over hydration and subsequent loss of adhesive properties [73]. 
Finally, they also tested the toxicity of the material and found it to 
be non-toxic in Caco-2 cells [73]. Overall, this material presents 
some interesting and potentially promising properties, but requires 
more thorough testing and comparison before it can be recom-
mended above other chitosan variants for widespread application. 

Chitosan-NAC 

 Chitosan-NAC (N-acetyl cysteine) is yet another thiolated chi-
tosan derivative investigated for its mucoadhesive properties. Chi-
tosan-NAC was prepared using low-molecular-weight chitosan. 
First EDAC and NAC were added to the chitosan solution and the 
pH was carefully adjusted, being sure to protect the solution from 
oxidation during synthesis [30]. The final polymer then can be puri-
fied and lyophilized for further use. Wang et al. tested the efficacy 
of this material for the nasal delivery of proteins, namely, insulin 
[74]. They were able to show a 1.7-fold decrease in plasma blood 
glucose levels using the insulin-loaded chitosan-NAC NPs com-
pared to insulin control solution and improved mucoadhesion as 
compared to unthiolated NPs [74]. However, the in vivo results only 
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provided a pharmacological efficacy of 12.3% which is promising 
but implies that further optimization of the in vivo delivery of these 
particles is required before further progression of the material (i.e. 
clinical trials) [74]. Instead this material should be further explored 
to optimize it for this nasal delivery route. 

 A second group who explored this material investigated it for 
its transfection and gene therapy abilities, as well as drug delivery. 
Talaei et al. tested chitosan-NAC with doxorubicin (DOX) and 
antisense oligonucleotide (ASOND) therapy against epidermal 
growth factor receptor (EGFR) in T47D breast cancer cells [30]. 
They found the cytotoxicity of both polymers to be low, suggesting 
that the thiolation did not increase the cytotoxicity [30]. They found 
that the thiolated NPs had a slower release profile than that of un-
thiolated particles and only released the majority of their payload 
under the influence of a reducing agent (e.g. DTT), which enhanced 
intracellular delivery of the gene [30]. Overall, the thiolated parti-
cles loaded with ASOND were able to significantly decrease EGFR 
expression compared to all other treatment groups [30]. 

 Finally, recently Trapani et al. demonstrated that chitosan-NAC 
had superior mucoadhesive capabilities compared to chitosan-GSH 
as well as their novel glycolated chitosan derivatives [75]. There-
fore, while the studies so far have investigated very different uses 
of this material, gene therapy to nasal peptide delivery, there is 
indeed a wide range of potential applications for this variation of 
chitosan, which still requires more thorough investigation. 

Chitosan-NAP 

 There is also only a sole report thus far about chitosan-NAP (N-
acetylpenicillamine). This material is closely related to chitosan-

NAC and is prepared in the same method; EDAC and NAC are 
added to a dilute solution of low-molecular-weight chitosan and 
mixed under specific conditions to obtain a final product which is 
subsequently purified, lyophilized and used for study [30]. Talaei et 
al. explored the use of chitosan-NAP in 2011. In the findings, their 
results for chitosan-NAP and chitosan-NAC had very little differen-
tiation [30]. Therefore, the tentatively positive results previously 
described for chitosan-NAC also apply to this substance. To recap, 
they found successful transfection activity using the thiolated NPs 
and gene blocking using ASOND against EGFR in T47D breast 
cancer cells [30], suggesting that chitosan-NAP is also a potential 
candidate similar to chitosan-NAC to be used as gene carriers. For 
now, this is simply another chitosan variation that requires more 
investigation and thorough characterization to fully elucidate its 
potential. 

 As has been discussed, there is evidently a plethora of possible 
chemical modifications to synthesize mucoadhesive thiolated chito-
san (as shown in Fig. 2) that can be used for a variety of drug deliv-
ery applications. Each of these modified materials has shown supe-
rior qualities (e.g. mucoadhesion, drug release profile) to unmodi-
fied chitosan. Therefore, it is obvious that, moving forward, one of 
these novel materials should be considered for use in drug delivery 
applications where unmodified chitosan is currently being used or 
considered. However, the problem at the moment is which variant 
to choose. Each of the potential candidates discussed here showed 
promising abilities; however there is not currently any investiga-
tions which thoroughly test and compare the abilities of many of 
these thiolated chitosan derivatives. The sole comparative study, by 
Sakloetsakum et al., tested permeation enhancement and P-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Chemical structures of the presented chemical-modified chitosan variants.  
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glycoprotein (P-gp) inhibitory abilities. They found the following 
rank order for permeation enhancement: chitosan-MNA > chitosan-
CYS > chitosan-GSH > chitosan-TBA > chitosan-TGA > chitosan-
NAC and that chitosan-NAC showed the highest P-gp inhibition 
[76]. However, while this is useful to consider, it is important to 
realize that there are still many more factors to be considered. Pa-
rameters that should be compared include mucoadhesion, drug re-
lease, cytotoxicity and swelling behavior, but currently there are too 
many confounding variables such as the type of tests, the use of a 
variety of cell lines, the various MW, degree of thiolation and 
physical characteristics of the chitosan. On that last note, there have 
been a few studies that have shown that the MW of chitosan does 
have an effect on the mucoadhesion [25] and other physical charac-
teristics, suggesting that MW is an essential parameter to be opti-
mized in order to realize the full potential of chemically-modified 
chitosan in drug delivery applications. Additionally, not all the 
aforementioned studies exclusively used NP formulations. There-
fore, an important step will be to also standardize the formulation 
type and preparation method to optimize the pharmacokinetic pa-
rameters and physicochemical characteristics. Some of the materi-
als mentioned above were primarily explored as a free compound, 
not in micro/nanoparticle form, and hence methods of fabrication 
are another area that should be more thoroughly investigated in 
future. 

HYBRID SYSTEMS OF MUCOADHESIVE CHITOSAN 
NANOPARTICLES 
 Hybrid systems are the intentional combination of materials in 
order to provide superior functionality which individual compo-
nents do not possess [77]. Chitosan, an abundantly available posi-
tively charged polysaccharide, has been extensively used for bio-
medical applications because of its mucoadhesive properties, low 
toxicity, biocompatibility and antimicrobial properties. Many re-
searchers have investigated the potential applications of chitosan 
combined with various drugs and therapeutic agents, and used as a 
coating agent to prepare hybrid materials. For example, chitosan–
clay nanocomposites improves the thermal stability and mechanical 
properties of chitosan and have been widely used as biosensors, 
buccal mucoadhesive tablets, buccal mucoadhesive films [77], oral 
peptide delivery [78], packaging materials and superabsorbent ma-
terials [80, 81]. 

 A chitosan nanocomposite material was developed by In-
macualada et al. [82] using a dispersion of montmorillonite (Mt) 
particles in chitosan solution. As expected, the chitosan had the 
greatest mucoadhesive properties because of its excessive amine 
groups and the mucoadhesion abilities were as follows: chito-
san > nanocomposite> clay mineral. The nanocomposite showed an 
intermediate mucoadhesive behavior, possibly because the interac-
tion with the clay mineral reduced the polymer chains of the chito-
san which lead to reduction in contact with the substrate. Similarly, 
chitosan nanocomposites were reported by Thaned et al. [83]. 
These nanocomposite films composed of chitosan–magnesium 
aluminum silicate (CS–MAS) were prepared using the cast-
ing/solvent evaporation method for nicotine (NCT) delivery via the 
buccal system. They found that the mucoadhesive properties de-
creased when MAS was incorporated in NCT-loaded films, perhaps 
because of a reduction in the hydrogen bond-forming groups avail-
able on the chitosan chains due to the interaction between chitosan 
and MAS [84]. Also, as the MAS ratio of the films increased NCT 
release and permeation rates decreased. However, they did find that 
MAS can still adhere to the mucosal membrane because of its nu-
merous hydroxyl groups interacting with mucus via hydrogen bond-
ing. 

 Polyelectrolyte complexes were developed for therapeutic pur-
poses combined with the mucoadhesive property of chitosan. A 

layer-by-layer self-assembly of polyelectrolyte complexes consist-
ing of chitosan and hyaluronic acid was developed [85] for artery 
healing process. Mucoadhesion properties of chitosan aided in 
strong adhesion to negatively charged surfaces of damaged arteries. 
Saahil et al. [86] developed chitosan-alginate polyelectrolyte com-
plexes (CS-ALG-PEC) to deliver amoxicillin for treatment of the 
H. pylori. CS–ALG PEC NPs were synthesized using ionotropic 
gelation by mixing polycationic chitosan and polyanionic ALG. 
These chitosan complexes showed a decrease in mucoadhesion 
because their surface amino groups were reduced by carboxylic 
groups of sodium alginate. However, this decrease can in fact con-
tribute to faster NP accumulation in mucosa and better penetration. 
Thus this complex system demonstrates that by decreasing the chi-
tosan positive charge an increased motility rate in mucosa can be 
achieved and therefore improved efficacy of CS-ALG PEC for 
treatment of H. pylori is possible. 

 Core/shell particles are hybrid systems available for diverse 
features and multifunctional purposes. Sakchai et al. prepared mu-
coadhesive alginate/chitosan core/shell microparticles with predni-
solone for colon delivery [87]. Alginate/chitosan microspheres were 
prepared using the complex coacervation method. Two methods 
were employed for the synthesis of the particles: (i) a one-step 
method in which prednisolone was dispersed within a sodium algi-
nate solution which was then dropped in a calcium chloride and 
chitosan solution, and (ii) a two-step method in which a dispersion 
of prednisolone in alginate solution was dropped into a solution 
containing calcium chloride and from which the particles were sub-
sequently transferred to a chitosan solution. Results of the in vitro 
mucoadhesive tests showed that particles synthesized by the one-
step method had excellent mucoadhesive properties after 1 h. Cal-
cium alginate microparticles without a chitosan coating also had 
some mucoadhesive properties as 43% of the particles remained 
attached to the mucosal surface after 1h. For the one-step particles 
the mucoadhesive properties of the particles increased after 1h with 
increasing concentrations of chitosan, whereas the two-step parti-
cles containing prednisolone had poor mucoadhesive properties. 
These results demonstrate that chitosan-coated alginate particles 
show different mucoadhesive behaviors depending on their synthe-
sis method. Similarly, core-shell NPs prepared by Moghaddam et 
al. [88] comprising of thiolated chitosan (chitosan-glutathione) 
coated with poly (hydroxyl ethyl methacrylate). The highest muco-
adhesion properties and penetration properties were achieved by 
medium molecular weight thiolated chitosan particles. Thus core 
shell NPs comprising of chitosan can enhance mucoadhesive prop-
erties by tuning factors such as synthesis method, molecular weight 
etc. 

 Liposomes have the unique advantage of possessing biologi-
cally available phospholipids and can be used as drug delivery sys-
tems for drugs, proteins, peptides etc. Polymer-coated liposomes 
using chitosan have been found to be useful drug carriers because 
of their prolonged retention and penetration into the mucus layer 
[89]. Because of these advantageous properties many researchers 
have conducted studies on liposomal-based hybrid systems with 
mucoadhesive particles such as chitosan to design an efficient and 
potent drug delivery system. Table 2 summarizes a range of chito-
san-based liposomal drug delivery systems. 

 Hybrid lipopolymeric system was developed by Nitin et al. [90] 
for oral delivery of paclitaxel (PTX) consisting of carboxymethyl 
chitosan (CMC) linked to phosphatidylethanolamine on nanovesi-
cles. Paclitaxel loaded CMC-tethered lipid nanovesicles (LN-C-
PTX) were in the size range of 200 300 nm. Conjugation of CMC 
significantly improved the mucoadhesion properties compared to 
unmodified lipid nanovesicles (LN-PTX). In addition to mucoadhe-
sion properties, CMC also provided stealth characteristics as it
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Table 1. Various thiolated chitosan derivatives and their delivery formulations with pharmaceutical applications. 

Application Thiolated 

chitosan 

derivatives 

Thiolating 

agent 

Delivery formulation Possible De-

livery route 
Delivery agent Pharmaceutical effects 

Refer-

ences 

Chitosan-cysteine Oral FD4 and Rho-123 -Permeation enhancement  

-p-glycoprotein inhibitory effect 

[76] 

Trimethyl chitosan-
cysteine 

Oral, intraperi-
toneal 

TNF-  siRNA -High in vitro/in vivo cellular uptake 

-Efficient gene silencing after oral 

delivery 

[32] 

Galactosylated trimethyl 
chitosan-cysteine 

Oral Map4k4 siRNA -Successful in vitro/in vivo gene 
knockdown and activity against DSS-

induced ulcerative colitis 

[31] 

Trimethyl chitosan-
cysteine 

Intramuscular pEGFP -Significant improvement in transfec-
tion efficiency compared to Lipofec-

tamine 2000 

[55] 

Chitosan-
cysteine 

EDAC and 
NHS 

Trimethyl chitosan-
cysteine 

Oral Insulin -Increased transport through rat intes-
tine and promotion of cellular uptake  

[56] 

Chitosan-TBA  

NPs 

Oral FDA -Dry form of chitosan-TBA NPs 

showed prolonged residence in the GI 

tract 

[58] 

Chitosan-TBA conju-
gates 

Oral FD4 and Rho-123 -Permeation enhancement  

-p-glycoprotein inhibitory effect 

[76] 

Chitosan-TBA tablets Oral Riboflavin -Improved mucoadhesion and gastro-
retention time 

-Controlled release of drug 

[57] 

Chitosan-TBA  

NPs 

Mucosal de-

livery route 

AF-488  

& FDA 

-Higher mucoadhesion than unmodi-

fied chitosan 

-High diffusion through intestinal 

mucosa 

[59] 

Chitosan-TBA  

NPs 

Oral (colonic 
delivery route) 

Lactobacillus 
reuteri DPC16  

-Strong mucoadhesive performance 
and higher amount of probiotics de-

livered to the colonic mucosa  

[29] 

Chitosan-TBA conju-
gates 

Nasal  - -No changes in CBF when used at 
0.5% gel in human nasal epithelial 

cells 

[61] 

Chitosan-

TBA 

2-

iminothiolane 

HCl 

Chitosan-TBA 

/glutathione microparti-

cles 

Nasal Insulin -High swelling property 

-Controlled drug release, improved 

mucoadhesion and bioavailability 

[60] 

HPMCAM-coated chito-
san-TGA microspheres 

Oral (duode-
num-specific 

drug delivery 

route) 

Berberine HCl -Improved mucoadhesive properties 

-Stable in gastric fluid (pH 1.2), but 
dissolves in duodenal fluid (pH 3.3) 

-More than 90% release of drug in 

duodenal condition, whereas only 
about 5% in gastric environment 

[62] Chitosan-
TGA 

  

  

  

  

  

  

Thioglycolic 
acid (TGA)  

(e.g. 

sodium thio-

glycolate) 

 

  

  

  

Poly (methacrylic acid)-
conjugated chitosan TGA 

NPs 

Oral Metronidazole 
benzoate (MET) 

-Higher mucoadhesion 

-Sustained release of MET 

-Improved oral availability 

[63] 
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(Table 1) Contd…. 

 

Thiolated 

chitosan 

derivatives 

Thiolating 

agent 

Delivery formulation Possible De-

livery route 

Application Refer-

ences 

HPMCAM/chitosan-
TGA-coated Eudragit 

microsphere 

Oral (duode-
num-specific 

drug delivery 

route) 

Berberine HCl -Duodenum-specific trigger perform-
ance in vitro and in vivo 

-Good mucoadhesive properties 

-pH-dependent drug release 

[21] 

Chitosan-TGA-coated 
polyanhydride NPs 

Oral  Rhodamine B 
isothiocyanate 

-Improved adhesive abilities [64] 

Chitosan-TGA-coated 
liposome 

Oral Calcitonin -Strong and tight adherence property 
in intestinal mucosa 

[68] 

Chitosan-TGA 

NPs 

Nasal Tizanidine HCl 

(TZ) 

-Increased mucoadhesion, permeabil-

ity and uptake, reduced toxicity 

-Improved antinociceptive activity of 

TZ 

[65] 

Chitosan-TGA 

NPs 

Nasal Leuprolide -Resulted in greater mucoadhesion 

and bioavailability 

-Sustained release and permeation 

enhancing effects 

-Reduced toxicity evaluated by CBF 

[66] 

Chitosan-TGA 

NPs 

Oral Theophylline -Increased mucoadhesion of the parti-

cles 

-Significantly enhanced anti-

inflammatory effects 

-Reduced bronchial damage 

-Increased mucus hypersecretion 

[67] 

  

Chitosan-TGA 

gel 

Oral/Nasal - -Increased in dynamic viscosity with 
low molar mass 

[69] 

    Chitosan-TGA conju-

gates 

Oral FD4 and Rho-123 -Permeation enhancement  

-p-glycoprotein inhibitory effect 

[76] 

Chitosan-

GSH 

Reduced 

glutathione 

Chitosan-GSH-coated 

poly methyl methacrylate 

NPs 

Mucosal de-

livery route 

(especially 
oral) 

Docetaxel -Significant increase of docetaxel 

transport to intestinal membrane and 

sustained release in vitro and in vivo 

-Encapsulation efficiency was high as 

90% and efficient cellular uptake of 

NPs 

[70] 

Chitosan  

6-MNA  

gel 

Mucosal de-
livery route 

- -Excellent in situ gelling properties 

-Gelling properties are pH independ-

ent, suggesting advantages in drug 
delivery applications 

-Reduced cytotoxicity of the 

mucoadhesive formulation 

[71] Chitosan  

6-MNA 

  

6-
Mercaptoni-

cotinic acid 

(MNA) 

  

Chitosan  

6-MNA  

NPs 

Oral Human insulin 
(HI) 

-Strong mucoadhesive properties 

-Increased stability of the particles in 

both acidic and intestinal pH 

-Improved oral availability of HI. 

[72] 
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(Table 1) Contd…. 

 
Thiolated 

chitosan 

derivatives 

Thiolating agent Delivery formu-

lation 

Possible De-

livery route 

Application Refer-

ences 

Chitosan  

4-MBA 

4-Mercaptobenzoic 
acid (MBA) 

Chitosan  

4-MBA 

gel 

Mucosal de-
livery route  

  

- -Exhibition of excellent in situ gelling 
properties, increased viscosity 

-Improved mucoadhesion properties. 

-Biodegradable and non-toxic 

-Full reactivity at intestinal pH. 

[73] 

Nasal Insulin -Significantly higher mucoadhesive prop-
erties than unmodified chitosan. 

-Fast swelling behavior 

-Controlled insulin release 

-Enhanced absorption by the mucoadhe-
sive carrier 

[74] Chitosan-
NAC 

  

N-acetyl-L-cysteine 
(NAC) 

  

Chitosan-NAC 

NPs 

  

Chitosan-
NAP 

N-acetyl-
penecillamine (NAP) 

Chitosan-NAP 

NPs 

Mucosal de-
livery route 

Doxorubicin 
(DOX) and 
antisense 

oligonucleo-
tides 

(ASOND) 

-High degree of structural stability and 
mucoadhesion 

-Higher drug loading capacity 

-Increased permeability and opening of 
tight junctions 

-Sustained release of DOX and ASOND 

-Significantly high level of transfection 
and a higher EGFR knock-down through 
ASOND therapy 

[30] 

  

 

Table 2. Mucoadhesive liposomal systems formulated in combination with chitosan. 

Chitosan-liposome hybrid Drug/Drug analogue Essential properties References 

Multilamellar chitosan-coated 
liposome 

Insulin Composition: DPPC, DCP and coated with chitosan, polyvinyl alcohol 
(PVA-R) and poly (acrylic acid). 

Delivery: Oral 

Mucoadhesion: Chitosan-coated liposomes were higher than non-coated 
liposomes. 

[177] 

Chitosan-coated submicron-sized 
liposomes (ssCS Lip) 

Calcitonin Composition: DSPC, DCP and cholesterol. 

Delivery: Oral 

Mucoadhesion: ssCS Lip had an excellent than non-coated liposomes. 

[178] 

Chitosan-aprotinin- coated multi-
lamellarvesicles 

  

Calcitonin Composition : DSPC, DCP and cholesterol. 

Delivery : Oral 

Mucoadhesion: chitosan–aprotinin-coated MLV were not significantly 
different from chitosan-coated MLV 

[179] 

Chitosan-coated liposome Ciproflxacin hydro-
chloride (CPX) 

Composition: L- -phosphatidylcholine (PC), cholesterol (CH), stearylamine 
(SA) and dicetyl phosphate (DP).  

Delivery: ocular 

In vivo studies proved that chitosan coating improved retention time and 
prolonged CPX release. 

[180] 

Chitosan-coated curcumin nano 
liposomes (CS-Cur-NLs) 

Curcumin Composition: EPC and cholesterol 

Mucoadhesion: improved from 33.60 to 56.47% with chitosan coating with 
high retention and encapsulation. 

[181] 

Chitosan-coated liposomes - Composition: lecithin and FITC-dextran 

Mucoadhesion: Liposomes coated with medium molecular weight chitosan 
showed higher mucoadhesive abilities than non-coated liposome. 

[182] 
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reduced RES uptake by liver and spleen. Also, LN-C-PTX showed 
tumor growth inhibition, thereby improving the therapeutic efficacy 
of CMC-tethered nanovesicles. 

 Thus chitosan hybrid systems combining properties like muco-
adhesion, pH stability, drug encapsulation, stealth characteristics, 
biocompatibility etc. gives an ample scope for design of drug carri-
ers by tuning our desired properties. But, studies so far on chitosan 
mucoadhesive systems have not been focused on theranostics, a 
combination of therapy and diagnosis which can open up a new 
area of personalized medicine. 

MUCOADHESIVE CHITOSAN NANOGELS 
 Nanogels are nanosized networks of chemically or physically 
cross-linked polymeric hydrogels that swell in suitable solvents 
[91]. Chitosan nanogels have gained considerable attention in re-
cent years as one of the most promising nanoparticulate drug deliv-
ery systems owing to their unique potentials arising from combined 
characteristics of a hydrogel system with a NP one [91, 92]. One of 
the reasons that chitosan nanogels have emerged as a promising 
carrier for drug delivery is their nanoscale dimension which allows 

them to enter inside cells, thus enabling the drug delivery inside the 
cell. Other reasons include, the tunability of the biodegradability of 
nanogels, which enables a controlled delivery of drugs over a long 
period of time. A third reason is their efficacy in targeted delivery, 
i.e. chitosan nanogels can be engineered to be attracted to specific 
cell receptors or specific antigens/antibodies in the body, thus ena-
bling a drug delivery to specific cell types or specific area of the 
body.  

 Chitosan nanogels represent a novel family of nanogels for the 
delivery of drugs, genes and imaging agents. They are composed of 
cross-linked three-dimensional chain networks of Chitosan polymer 
that are formed via covalent linkages or self-assembly processes 
[93]. The fact that their raw materials are easily available, and that 
they are produced using aqueous solutions, thus avoiding the need 
for harmful organic solvents, make them even more attractive for 
biological applications, Fig. 3 (A) [94]. 

Chitosan Nanogel Properties 

 Chitosan polymers are inert. In addition to its mucoadhesive 
properties [95-97], chitosan nanogels offer increased residence time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Synthesis of chitosan nanogels and some of their applications, (A) Schematic representation of the concept for designing multifunctional chitosan 
PMAA CdSe hybrid nanogel [120], (B) Synthesis of Chitosan nanogel from carboxymethyl chitosan and Poly (vinyl alcohol) [108], (C) the two methods of 
how nanogels target tumor tissues [113], (D) scanning confocal fluorescence (left), transmission (middle), and overlaid (right) images of mouse melanoma 
cells upon staining with hybrid nanogels CPM1 [120]. Reproduced from Farag RK et al. [108] without copyright permission per MDPI policy, and Azadi A et 

al. [113] and Wu W et al. [120] with permission from Elsevier. 
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and optimum bioavailability in the drug delivery systems. It ensures 
an accurate drug dosage with respect to liquid formulations and 
gels, and can be easily washed away by saliva [95]. Although at 
high concentrations some of the chitosan nanogels were found to 
reduce cell viability of human liver cells [98], within appropriate 
limits chitosan nanogels are shown to be biocompatible. Chitosan 
nanogels are flexible and elastic, thus increasing patient compli-
ance, yet they are also adequately strong to withstand breakage 
caused from mouth movements [95]. They display high photother-
mal properties and reversible dramatic size reduction with tempera-
ture increase [99]. Due to chitosan being cationic, it adheres and is 
attracted to anionic mucus in the body. This ensures that drugs/ 
genes carried by the chitosan nanogels are appropriately delivered 
to the body. Chitosan displays immunogenic, anti-bacterial and 
anti-fungal properties. It is also non-carcinogenic. It decreases the 
growth rate of pathogens such as bacteria and fungi, causes mor-
phologic and structural changes in bacteria’s molecules and is ca-
pable of destroying the cell membrane of various fungi. Also, when 
chitosan’s amino acids form groups with other abutting groups, 
such as fatty acids, they form nanomicelles in water and encapsu-
late fats and oils. 

 Chitosan nanogels are pH and temperature sensitive. They can 
change their hydrophilic/hydrophobic properties and size at differ-
ent pH and temperatures. For example, at normal body conditions, 
pH 7.4 and 37 °C, chitosan nanogels are hydrophilic and swollen, 
which could prolong the blood circulation time. In the acidic envi-
ronments of tumor tissues (pH 6.8, 37 °C), they are hydrophobic 
and shrunken [100]. Chitosan nanogels can be used as drug delivery 
carriers against cancer [91, 93, 101]. They have essential features 
which make them ideal for being drug carriers, including, but not 
limited to: a smaller particle size (10–200 nm), biodegradability 
and/or biocompatibility, prolonged blood circulation time, higher 
amount of drug or enzyme loading and/or entrapment and protec-
tion of molecules from the immune system of the body. The multi-
functional properties of nanogels can be achieved by altering the 
cross-linking density, chemical functional groups, surface-active 
and stimuli-responsive constituents [93]. The size of chitosan nano-
gel can be controlled by regulating the degree of swelling. In water, 
the swelling is controlled by controlling the concentration of cross-
linkages, the charge concentration (if the gel is a polyelectrolyte 
gel) and other environmental parameters (pH, temperature and ionic 
strength). When the pH of a solution containing chitosan gel is 
lowered, there is an increase in counter ion concentration in the gel, 
resulting in an increase in electrostatic repulsion between the cati-
onic segments of chitosan, leading to the swelling of the nanogel 
[102].  

Chitosan Nanogel Synthesis 

 Nanogels can be synthesized in 3 different ways, chemical syn-
thesis by polymerization, chemical cross-linking of polymeric 
chains, and the physical self-assembly of polymers.  

Chemical Synthesis by Polymerization 

 Chemical synthesis usually takes place in colloidal dispersions, 
to ensure the formation of nanoscale size species. Cross linking 
agents are usually introduced to form nanogels. Peppas et al. pro-
duced hydrogels composed of PEG grafted on PMAA (poly-
methacrylic acid) using a UV-initiated solution polymerization 
method in water. DeSimone et al. synthesized cationic nanogels by 
the microemulsion polymerization of 2-acryloxy-ethyltrimethyl-
ammonium chloride (AETMAC), 2-hydroxyethyl-acrylate (HEA), 
and poly(ethylene glycol)diacrylate (PEGdiA) in heptane [103]. 
These approaches can also be applied in synthesis of chitosan 
nanogels. 

 

 

Chemical Cross-Linking of Polymeric Chains 

 Chemical crosslinking is used to create polymeric hydrogels 
with large pore sizes [104, 105]. Cross-linking has been used to 
produce PEG-cl-PEI (polyethylenimine) nanogel that is used for 
polynucleotide delivery. Bronich et al., synthesized nanogels which 
contained a hydrophilic PEG shell and a cross-linked hydrophilic 
PMA ionic core, which swelled in water and incorporated hydro-
philic drugs. The degree of crosslinking depends on the amount of 
time the constituents are left mixed together [106]. For example, 
cross-linked nanogels prepared by reacting amine groups on chito-
san and glutaraldehyde and then removing polyacrylic acid by 
rinsing with carbonate buffer had a cross-linking density of 40% 
when left alone for 20 minutes. But when the same mixture was left 
for 24 hours, the cross linking was close to 100% [102]. 

Physical Self-Assembly of Polymers 

 Physical self-assembly involves the controlled aggregation of 
hydrophilic polymers containing side groups capable of hydropho-
bic or electrostatic interactions with each other and/or hydrogen 
bonding sometimes followed by covalent bond formation. A posi-
tive aspect of using this method is that the size of the resulting 
nanogel can be controlled by proper selection of the concentration 
of the polymers and environmental parameters of the system, such 
as pH, ionic strength and temperature. Yu et al. were able to prepare 
nanogels by pH- and temperature induced gelation of chitosan and 
ovalbumin [107]. Daoud-Mahammed et al. observed the self-
assembly of nanogels of various sizes by the association of modi-
fied dextran and -cyclodextrin polymer in aqueous media. 

 Chitosan nanogels have been fabricated using a variety of 
physical self-assembly based methods. In one method, a chitosan 
solution is emulsified in a mixture of triglycerides, a biocompatible 
organic phase, and then gelation is induced using ammonia. Thus 
colloids of pure chitosan are formed [96]. In another method, i.e. a 
reverse emulsion process, an aqueous chitosan phase is emulsified 
in an oil phase of Miglyol 812N containing the surfactant. This 
process is safe and is controlled, in term of size and size distribu-
tion, by both external (synthesis process) and internal (polymer 
characteristics) parameters [96]. A simple schematic is shown in the 
figure below. 

 A third method is via the buildup of polyelectrolyte multilayers 
of chitosan and low molecular weight polyacylic acid. The first 
layer of chitosan is grafted to a silica substrate so as to increase the 
stability of the nanogel and prevent its detachment from the surface. 
Then multilayer films are applied. This layer by layer methodology 
could be repeated several times to achieve the desired thickness of 
the nanogel. The main driving force in the layer by layer method of 
creating chitosan nanogel is the electrostatic forces present between 
the protonated amine groups in chitosan and the deprotonated car-
boxylate groups of PAA [102]. 

 A fourth method for fabricating chitosan nanogel is to mix Car-
boxymethyl chitosan with poly(vinyl alcohol). The carboxymethyl-
chitosan is prepared by stirring chitosan with 20% sodium hydrox-
ide for 15 minutes, and then monochloroacetic acid is added drop 
wise to the mixture and left for 2 hours at approximately 40 degrees 
Celsius. The mixture is neutralized with 10% acetic acid and poured 
into an excess of methanol. The carboxymethyl-chitosan is then 
mixed with the PVA. The resulting solution is then purged with 
Nitrogen, and then with 4 mmol MBA, 0.4 mmol KPS and0.67 
mmol TEMED. The process is shown schematically in Fig. 3 (B) 
[108]. 

Chitosan Nanogels Applications 

 Mucoadhesive chitosan nanogels have been used successfully 
in drug delivery, vaccination, delivery of therapeutics through the 
skin, and imaging of cells. 
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Drug Delivery 
 Nanogels are excellent for drug delivery applications due to 
their high loading capacity, which is unique among pharmaceutical 
nanocarriers. Biological agents can be added via self-assembly 
mechanisms which could involve any of the following: electro-
static, van der Waals, and/or hydrophobic interactions between the 
agent and polymer matrix. Labile bonds are introduced into hydro-
gels to make them biodegradable, thus facilitating drug delivery to 
the cell [91, 109]. Chitosan nanogels improve bioavailability by 
enhancing aqueous solubility, increasing resistance time in the 
body, and helping with targeted delivery of drugs to specific loca-
tions in the body. This results in concomitant reduction in the quan-
tity of the drug required and the dosage toxicity, thus enabling the 
safe delivery of toxic therapeutic drugs and the protection of non-
target tissues and cells from severe side effects [110]. For example, 
chitosan nanogels have been loaded with the drug Doxorubicin to 
target breast cancer cells, without affecting other cells in the body 
[111]. Chitosan nanogels have also been loaded with Oxaliplatin for 
the treatment of colorectal cancer [112]. Azadi et al. showed that 
methotrexate-loaded Chitosan nanogels were more effective than 
free administration of methotrexate in to the blood stream of mice. 
Mice that had the drug administered via chitosan nanogels exhibited 
brain concentrations of methotrexate up to ten times more than the 
mice that had free drug administration, Fig. 3 (C) [113]. 

Vaccination 
 Biodegradable NPs have been employed for vaccine delivery 
[101, 114].Chitosan-based nanogels are mainly used due to its im-
muno-modulatory influence. Certainly, chitosan possesses particu-
lar properties such as facilitating mucoadhesion, not found in com-
ponents of other NPs. The cationic nature of chitosan also sets it 
apart from components of other NPs [114]. Studies have shown that 
chitosan nanogels stimulate human monocytes, and activate IL-1  
production through the NLRP3 inflammasome [114]. Examples of 
such vaccines are hepatitis B vaccine and Neospora caninum 
tachyzoites [101]. H. Poo has also shown that chitosan based nano-
gels are very efficient in the vaccination of mice. Chitosan nanogels 
were loaded with vaccines of H1N1, and were administered to 
mice. Mice vaccinated with chitosan nanogels exhibited higher 
influenza-specific cell-medicated immunity, approximately four 
times as much as regularly vaccinated mice. The mice vaccinated 
using chitosan nanogels were protected against the virus for a pe-
riod of 6 months after vaccination, this was not observed in mice 
vaccinated using the regular method [115]. 

Permeation of Drug Through Skin  
 The potential of chitosan for this specific application, has been 
further enforced by the demonstrated capacity of chitosan to open 
tight junctions between epithelial cells though well-organized epi-
thelia [92, 116]. This enables chitosan nanogels to allow drug per-
meation throw the skin [117, 118]. In this regard, chitosan nanogels 
have many unique capabilities including, reversal of zeta potential, 
promoting skin adhesion [119], enhancing skin delivery [119], abil-
ity to incorporate two drugs in inner and outer layers of the NPs 
[118], increased stability of the macromolecules like SP which can 
be encapsulated in the PLGA inner core, and ability to conjugate 
with other molecules such as penetration enhancer through the free 
amino groups of chitosan [117]. 

Imaging 
 Wu et al. observed that chitosan nanogels labeled with quantum 
dots (which contain Cadmium and Selenium) were effective in 
labeling cells. After staining mouse melanoma cells with chitosan-
PMAA-CdSe hybrid for two hours, cells that had been permeated 
by the chitosan-PMAA-CdSe hybrid were illuminated by the CdSe 
quantum dots, Fig. 3 (D). These quantum dots illuminated the cell’s 
cytoplasm. Cells that were not permeated by the hybrid remained 

dark under the luminescence images. Though quantum dots are 
already used independently for cellular imaging, using chitosan-
Quantum dot hybrids gives the combined effect of drug delivery, 
and enabling and facilitating the monitoring of cell response to drug 
treatments [120]. 

Mode of Action and Challenges of Chitosan Nanogels 

 One mode of action of nanogels is the diffusion of the agent 
through the polymer of the nanogel. The NP coated by polymer, 
mucoadhesive chitosan for example, releases the drug by controlled 
diffusion or erosion from the core across the polymeric mem-
brane/matrix [110]. According to Fick's first law of diffusion, the 
diffusion-controlled behavior is the most dominantly applicable 
mechanism to describe the drug release from hydrogels [92]. The 
membrane coating acts as a barrier to release, therefore, the solubil-
ity and diffusivity of drug in polymer membrane becomes the de-
termining factor in drug release [110]. 

 Although the research of chitosan-based nanogel for biomedical 
applications has grown exponentially in the last few years, its bio-
compatibility was a major concern. Hence many studies were cen-
tered on its biocompatibility [97, 98]. The recent study performed 
by Pereira et al. showed chitosan nanogels to be safe and effective. 
The authors found that glycol chitosan nanogels can be systemati-
cally administered because that they didn’t activate the complement 
system, evaded the MPS, didn’t interact with RBC’s and were non-
thrombogenic [121]. Shen et al. also showed that chitosan based 
nanogels possess a high drug loading efficiency, low cytotoxicity 
and favorable cell compatibility [122, 123]. Recent studies also 
showed that chitosan offer promising results in administering drugs 
for the treatment of cancer. In summary, mucoadhesive chitosan 
nanogels are nontoxic biodegradable vehicle for drug delivery, 
which make it a promising technology for fighting cancer and other 
chronic diseases.  

DELIVERY ROUTES: AS A MEAN OF MUCOSAL DELIV-

ERY 

Oral 

 In recent times, research has been primarily focused on prepara-
tion of oral NPs for improved mucoadhesion, enhanced permeation, 
drug retention capabilities and sustained release of drugs. The pri-
mary amino groups of chitosan are the source of positive charge for 
chitosan and are also responsible for some of its favorable proper-
ties such as mucoadhesion and enhanced residual time. Because of 
these attractive characteristics, extensive studies have been con-
ducted on chitosan NPs as suitable drug carriers for oral absorption 
of drugs [124, 125]. NPs protect drugs from enzymatic degradation 
in the GI tract, which has led to the development of oral delivery 
systems for proteins and polynucleotides. Many different nanofor-
mulations have come to existence such as tablets, liposomes, beads 
and capsules [126-128]. 

 Thiolated polymers tightly adhere to mucus membranes due to 
covalent bonding from thiol-disulfide reactions between the poly-
mer and the cysteine-rich subdomains of glycoproteins in the mucus 
layer [129]. Yin et al. [56] developed a trimethyl chitosan-cysteine 
conjugate (TMC-Cys) system in order to combine mucoadhesion 
and enhanced permeation effects. TMC-Cys NP exhibited superior 
mucoadhesion and permeation enhancing effects than those of 
TMC NP. The mucoadhesion properties of chitosan-TGA conju-
gates showed 5–10-fold increase compared to unmodified chitosan. 
The mucoadhesive properties of chitosan-TBA conjugates were 
higher than chitosan-TGA due to enhanced ionic interactions be-
tween anionic substructures of mucus layer and the cationic 
amidine substructure of the chitosan-TBA [130].  

 Chitosan can be degraded by harsh conditions present in the 
stomach such as pH when it is delivered orally. To address this 
problem, Makhlof et al. [130] formulated a pH-sensitive polymer 
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by ionic cross-linking with hydroxypropyl methylcellulose phtha-
late (HPMCP) and chitosan (CS) NPs for the oral delivery of insu-
lin. In vitro studies showed enhanced acidic stability of CS/HPMCP 
NPs with controlled insulin release and degradation in acidic condi-
tions with or without pepsin. In vivo mucosal adhesion and penetra-
tion studies of the chitosan NPs were studied using FITC fluores-
cent labeled chitosan. The fluorescence intensity was higher in the 
ileal segments than either the stomach or duodenal tissues due to 
variations in mucus layer thickness. Chitosan NPs, when formu-
lated with pH-sensitive cellulose derivative, enhanced the mucosal 
association by 2–4-fold. Fig. 4 (A-C) shows that CS/HPMCP NPs 
have high intensity of fluorescence in the mucosal tissues compared 
to chitosan/tripolyphosphate NPs (CS/TPPNPs), which proves that 
chitosan nanoparticles were protected from dissociation by pH-
sensitive solubility of HPMCP in the stomach. 

 Particle size has an effect on mucoadhesive behavior of orally 
delivered chitosan. Hosseinzadeh et al. [131] evaluated the particle 
size effects by preparing gemcitabine-loaded NPs using chitosan 
and pluronic F-127 (PF) by ionic gelation. Results showed that both 
formulations (chitosan, chitosan-PF) had favorable mucoadhesive 
properties and that the addition of PF didn’t result in any significant 
change in mucoadhesion. Particle size has an effect on mucoadhe-
sion, as they found that particles smaller than 200 nm demonstrated 
high levels of mucoadhesion, potentially because of their high sur-
face areas for mucin adsorption. 

 Mucoadhesive behavior of chitosan depends on molecular 
weight and substrates with which it is interacting. Sandri et al. 
[132] studied the same by developing four different types of chito-
san derivatives, 5-methyl-pyrrolidinone chitosan (MPC), two low 
molecular weight depolymerized chitosan (DC1 and DC2) obtained 
by depolymerization of high molecular grades and a partially reace-
tylated chitosan (RC) through buccal and vaginal mucosae routes. 
DC1 was chosen to study the influence of molecular weight and 
DC2, which has same degree of acetylation and molecular weight 
as MPC, were compared. Chitosan hydrochloride (HCS), a high 
molecular weight chitosan, was used as reference. The results 
showed that MPC and DC2 had the greatest mucoadhesive proper-
ties followed by DC1, whereas HCS and RC did not have mucoad-
hesive interactions with the substrate in presence of mucosa. But, in 
presence of mucin HCS showed the greatest mucoadhesion, fol-
lowed by MPC, and DC1, DC2 and RC displayed very poor muco-
adhesive performance. These differences can be attributed to the 
higher buffering properties of mucosa as compared to mucin. MPC 
showed the best mucoadhesive and mucopenetration enhancement 
in both buccal and vaginal environments and thus can be considered 
as the most promising potential chitosan derivative to improve hy-
drophilic drug absorption. 

 Chitosan modified with both hydrophilic and hydrophobic do-
mains proved to be efficient for oral peptide delivery. Rekha et al. 
developed lauryl succinyl chitosan (LSC) particles for an oral pep-
tide delivery system by using sodium tripolyphosphate (TPP) as 
cross linker [133]. Results showed that LSC particles had enhanced 
the mucoadhesive capacity (94.67%) compared to unmodified chi-
tosan particles (69.9%). LSC mucoadhesive properties may be due 
to their negative surface charge and hydrophobic interactions be-
tween lauryl groups and hydrophobic domains of mucosa.  

Nasal 

 Nasal mucosa is an attractive delivery site for vaccines because 
of its large surface area for absorption and low proteolytic activ-
ity [134]. The pulmonary and nasal routes are the only routes which 
have low intracellular and extracellular enzymatic degradation, 
which means that they don’t need extra protection for enzymatic 
degradation and can be given as powder or solution to reduce mu-
cociliary clearance. Major drawbacks of nasal administration are 
poor mucociliary clearance mechanisms and the inability to effec-
tively cross nasal membranes. Nanoparticulate systems improve the 

residence time of the drug formulations in the nasal cavity and de-
crease the nasal mucociliary clearance rate by strongly attaching to 
the mucosa and increasing the viscosity of mucin [135]. 

 A major disadvantage of chitosan is its insolubility at physio-
logical pH and solubility and activity in acidic environments due to 
protonation. To overcome this, Amidi et al. [136] prepared a par-
tially quaternized chitosan derivative, N-trimethyl chitosan chloride 
(TMC), using an ionic gelation technique and then studied encapsu-
lation of the ovalbumin antigen. TMC NPs had a good loading ca-
pacity and a positive surface charge, making them suitable for nasal 
mucosa attachment. Transport of these TMC NPs through nasal 
mucosa was investigated by preparing fluorescent TMC NPs with 
FITC-albumin and testing their loading in nasal associated lym-
phoid tissue (NALT). Fig. 4 (D and E) represents rat nasal epithelia 
incubated with soluble FITC-albumin. It shows that soluble FITC-
albumin uptake was negligible and hence significant fluorescence 
was not detected. Fig. 4 (F-H) represents CLSM images of nasal 
epithelia and NALT incubated with FITC-albumin loaded TMC 
NPs. Uptake was considerably higher and hence the presence of 
fluorescent NPs was detectable throughout the cytoplasm of these 
cells. 

 Glycol chitosan due to their high mucoadhesion and zeta poten-
tial values can elicit strong immune response when administered 
intranasally. Pawar et al. [137] studied systemic and mucosal im-
mune responses against a hepatitis B surface antigen (HBsAg) us-
ing mucoadhesive glycol chitosan (GC) NPs administered intrana-
sally. In vivo studies showed that the GC NPs had a lower clearance 
rate from the nasal cavity compared to chitosan NPs which is at-
tributed to the surface charge density differences of GC and chito-
san NPs. Also, the higher molecular weight polymers like GC NPs 
can improve the mucoadhesion by efficiently penetrating into the 
mucus glycoproteins [138]. Sumit et al. [139] developed a delivery 
system directly from the nose to the brain to prevent the degrada-
tion of levodopa. Chitosan NPs loaded with levodopa (CNL) were 
incorporated into a thermo-responsive gel using pluronic PF127 
(CNLPgel). In vitro mucoadhesive strength results showed that 
incorporation of chitosan loaded drug particles enhanced the muco-
adhesive force of the gel.  

 Wang et al. [74] demonstrated that the amount of free thiol 
groups plays a pivotal role in the mucoadhesive enhancing proper-
ties. They developed chitosan NAC NPs. Disulfide bonding forms 
more quickly at a pH closer to pKa. Since chitosan-N-acetyl-L-
cysteine has a pKa of 7.4, lower than N-acetyl-L-cysteine (9.5), it 
demonstrated enhanced reactivity. Mucoadhesion in vitro results 
showed that absorbed mass of mucin of chitosan-NAC nanoparti-
cles were >1.8-fold that of unmodified chitosan nanoparticles. 

Pulmonary 

 Recently, there has been an increased interest in using the lungs 
as a means to achieve systemic drug delivery. Pulmonary delivery 
is a non-invasive route for delivery of small drug molecules and is 
attractive because of the lung’s large surface area, rapid distribution 
throughout the body and low metabolic activity. Drug aerosolisa-
tion in drug delivery devices must be designed in such a way to 
ensure optimal dose and deposition in lungs. Pulmonary drug deliv-
ery devices includes nebulizers, metered dose inhalers and dry 
powder inhalers [140]. 

 Chitosan based mucoadhesive dry powder inhaler for carvedilol 
pulmonary delivery was developed by Varshosaz et al. [141] con-
taining poly(ethylene-co-vinyl acetate) (PEVA) NPs coated with 
chitosan. The results showed that high amounts of PEVA NPs were 
associated with mucin which demonstrates that chitosan coating 
enhanced mucoadhesive properties as the uncoated PEVA NPs 
showed poor association with mucin and hence low mucoadhesion. 
Chitosan modified PLGA nanospheres were prepared by Vama-
moto et al. [142] to deliver peptides by pulmonary delivery as effi-
cient as oral delivery. The results showed that chitosan modified 



4300    Current Pharmaceutical Design, 2015, Vol. 21, No. 29 Islam et al. 

PLGA nanospheres were eliminated from the lungs more slowly 
than unmodified PLGA nanospheres due to their mucoadhesive 
properties. Prolonged pharmacological action was observed for as 
long as 24 h after administration which is significantly higher than 
unmodified nanospheres. 

Ocular  

 Ocular drug delivery has been a challenge for drug delivery 
scientists due to its physiological barriers and the eye’s unique 
anatomy. Topical administration of drugs is limited by severe drug 
loss and physiological barriers in the precorneal area and thus re-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). CLSM images of rat intestinal tissues sections of (A) control buffer, (B) FITC-CS/TPP NPs and (C) FITC-CS/HPMCP NPs. Solid line is the separa-
tion between intestinal lumen (upper part) and intestinal tissue (lower part) [130]. CLSM images of rat (D) nasal epithelia and (E) NALT after FITC-albumin 
in PBS administration [136]. CLSM images of rat (F, G) nasal epithelia and (H) NALT after FITC-albumin-loaded TMC nanoparticles administration [136]. 
(I) Estimation of zeta potential of NPs incubated in 0.1 % mucin and (J) estimation of interaction between NPs and mucin by turbidimetric assay [144]. Re-
produced from Makhlof A et al. [130], Amidi M et al. [136] and Bhatta RS et al., [144] with permission from Elsevier.  
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searchers are trying to improve the bioavailability and residence 
time of drugs administered in this manner. Various drug delivery 
systems have been used for ocular delivery such as nano-sized for-
mulations, liposomes, colloidal systems, polymeric implants, hy-
drogels, micro-particles, in situ gelling system etc. for enhancing 
drug bioavailability and prolong drug release [143]. An important 
strategy used by scientists to increase the drug residence time in 
precorneal area is use of mucoadhesive polymers such as chitosan 
because of their attractive properties such as bioadhesiveness and 
biodegradability. 

 Bhatta et al. [144] developed mucoadhesive lecithin/chitosan 
(L/C) NPs as a drug delivery carrier for natamycin (NAT), an anti-
fungal drug, for ocular instillation and sustained release. The matrix 
that was formed had prominent surface charge dependent mucoad-
hesive properties with no abnormalities in cornea or ocular damage. 

Fig. 4 (I) depicts that there was a decrease in zeta potential of NPs 
after incubation with mucin which is attributed to interactions be-
tween positively charged surface layers of NPs and negatively 
charged sialic groups of mucin. The turbidity of the NPs in mucin 
aqueous dispersions was significantly higher than that of native 
mucin; Fig. 4 (J) depicts the mucoadhesive interactions between 
NPs and mucin using this assay. Therefore these mucoadhesive 
nanoparticles can be considered as an important strategy to enhance 
ocular residence time thus decrease dosing frequency. 

 Limited residence time is the main limitation of topical deliv-
ery. To overcome this, Yoncheva et al. [145] prepared poly(lactide-
co-glycolide) NPs (PLGA) coated with various bioadhesive poly-
mers including chitosan, sodium alginate and polaxamers for local 
ocular application. So, compared to other test materials, chitosan 
coated PLGA particles proved to be useful in prolonging residence 
time and enhancing mucoadhesive properties. Chaiyasan et al. 
[146] also developed chitosan–dextran sulfate NPs (CDNs) for 
enhancing residence time. Physicochemical properties such as dis-
solution profile of CDNs and entrapment efficiency were analyzed 
by using rhodamine B (RhB) and nile red (NR) as a drug analogs. 
Results showed the instillation of NR, RhB, and FITC in NSS on 
the cornea, Instillation of NR-and RhB-CDNs produced significant 
fluorescence indicating the mucoadhesion of the CDNs.  
 Chitosan coating enhances aqueous humoral availability and 
ocular retention due to its mucoadhesion properties. Sohail et al. 
[147] developed Ganciclovir (GCV) loaded chitosan-coated nioso-
mal dispersions (GCV-NDs), chitosan-coated PLGA NP (GCV-
CSNPs) were also prepared to compare with the GCV-NDs. Drug 
availability of GCV in aqueous humor increased 6-fold with chito-
san-coated PLGA NP and chitosan-coated niosomal NP compared 
to the GCV solution and nearly 2.5-fold as compared chitosan-
lacking GCV-PLGA NP. Therefore this study effectively demon-
strated that chitosan coatings can improve corneal drug retention on 
the ocular surface. 

 Addition of Hyaluronic acid (HA) enhanced mucoadhesion 
properties and it was demonstrated by Sheetu et al. [148]. Addi-
tional binding of HA enhanced the mucoadhesion as 87.0 ± 1.4% of 
CS-NPs adhered to the mucin surface and 91.3 ± 1.8% adhered with 
the addition of HA. 

 Table 3 describes ocular drug delivery systems made of chito-
san and their mucoadhesion properties measured as means of zeta 
potential. Decrease in zeta potential values after incubating with 
mucin indicates the increased mucoadhesive properties of chitosan 
NPs.  

Vaginal 

 Vaginal delivery efficacy is limited mainly by two factors: the 
cleansing action of the vaginal tract and poor retention at the site of 
application. For vaginal administration, it is important to note that 
both the drug and its carrier(s) must be safe and non-irritating to the 
delicate vaginal mucosa. This is means that the drug vehicle must 

possess properties such as mucoadhesivness, biodegradability and 
biocompatibility. Chitosan, which is known for its repeated muco-
adhesion and possessing all the essential criteria, is a useful carrier 
for vaginal delivery [149]. 

 Matrix loaded drug particles are prepared by Brunella et al. 
[150] for vaginal delivery and evaluated its work of adhesion (Wa). 
Wa can be defined as work necessary to separate two surfaces 
which meet at an interface [147]. A matrix consist of antifungal 
drug econazole based on chitosan lactate and poloxamer 407 was 
developed. The matrix was prepared with a dispersion of drug-
loaded Eudragit RS microparticles. Three matrices were prepared - 
matrix without particles (MECN), 50% w/w microparticles (MP50) 
and 75% w/w particles (MP75). Results showed that Wa is signifi-
cantly lower for MP75 than either of the other two matrices.  

 Perioli et al. [152] investigated the chitosan derivative FG90 for 
the vaginal administration of metronidazole (MET). Different 
bioadhesive polymers such as polyvinylpyrrolidone (PVPK90), 
polycarbophil (PCPAA1) and chitosan FG90 were blended in dif-
ferent ratios and made into tablets and studied. Ex vivo mucoadhe-
sion tests show that PVPK90/FG90C (1:2) had highest adhesion 
force because of low amounts of hydrophilic polymer PVPK90. 
PVPK90/FG90C in a 1:1 ratio showed the lowest adhesion force, 
attributed to the interactions between the amine groups of chitosan 
and carboxylic groups of PVPK90.Also, Luana et al. [153] devel-
oped 5-methyl-pyrrolidinone-chitosan (MPCS) and then loaded 
with MET and evaluated bioadhesion on various percentages of 
chitosan gel. Gels such as hydroxyl ethyl cellulose (HEC) were 
either tested alone or mixed with different concentrations of chito-
san. In 0.5 % chitosan gel, interactions between polymers reduced 
the bioadhesion properties, whereas in 1 and 2 % gels, slight inter-
actions with mucin could be seen. On the other hand, MPCS in-
creased gel mucoadhesion because of its amine groups and both 1% 
and 2% MPCA gels proved to be more mucoadhesive than HEC gel 
alone.  

 To conclude, chitosan offers versatile routes of administration 
and has attracted researchers because of its ease of modification, 
biodegradability, water solubility etc. To date the oral, nasal, pul-
monary, ocular and vaginal routes have been explored for the deliv-
ery of mucoadhesive chitosan NP. Each route has its pros and cons 
and the rationale of administration depends on site of application 
and nature of drugs. Despite its significant barriers, the oral route is 
the most intensively studied for administration of mucoadhesive 
chitosan particles. Nasal and pulmonary routes are also promising 
routes for therapeutic compounds after oral route. Irrespective of 
route of delivery, careful design of carrier for drug delivery can 
lead to development of efficient chitosan-based mucoadhesive drug 
delivery carrier systems.  

TYPES OF DRUGS DELIVERED BY MUCOADHESIVE 
CHITOSAN CARRIERS 

Antigen 

 The delivery of antigens for the purpose of vaccination is a 
technique that is widely used but can still be greatly improved 
upon. Traditional administration via injection (e.g. intravenous, 
intramuscular), while almost universally used and effective, does 
not induce a strong response in both the systemic and mucosal im-
mune systems [154]. Thiolated chitosan along with the appropriate 
antigen has been successfully used for nasal delivery to demonstrate 
the promise for this safe, effective and convenient vaccine delivery 
method [154, 155]. 

 Verheul et al. investigated the use of thiolated chitosan for na-
sal vaccination, but in this case they used NPs prepared with thio-
lated trimethyl chitosan and thiolated hyaluronic acid to encapsulate 
ovalbumin [155]. They determined that the stabilized (thiolated) 
particles demonstrated superior adjuvanticity and particle integrity 
under saline conditions, along with adequate ovalbumin association 
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efficiency [155]. The potential of trimethyl chitosan complexes 
with ovalbumin has been demonstrated transcutaneously, intrader-
mally, intranasally and intramuscularly, all with promising results 
[156-158].  

 Recently, in an informative review of chitosan microspheres for 
oral and nasal vaccine carriers, Islam et al. pointed out thiolated 
chitosan as being a next-generation mucosal vaccine carrier with 
great potential [159]. With their enhanced physical and bioactive 
characteristics, there is little doubt that thiolated chitosan will be 
successfully applied for vaccine delivery. 

Protein 

 While protein delivery can cover a broad spectrum of possible 
materials, insulin is by far the most common model of protein drug 
to test mucoadhesive thiolated chitosan delivery systems. Millotti et 
al. explicitly explored the use of thiolated chitosan NPs for the oral 
delivery of insulin, as a proof of concept for protein delivery. They 
prepared both thiolated (chitosan-MNA) and unthiolated chitosan 
particles via ionic gelation and tested them for mucoadhesion and in 
vivo efficacy [72]. From this they found that not only do the thio-
lated particles display negligible toxicity in Caco-2 cells, their par-
ticles had comparable encapsulation efficiency to unthiolated parti-
cles, a significantly higher Cmax (maximum concentration of insulin 
in the plasma) and a 4-fold improvement in the AUC of insulin 
compared to unthiolated particles [72]. The same group subse-
quently tested the capabilities of this same material in tablet form 
for oral delivery and also found that the thiolated chitosan provides 
a significant improvement in in vivo efficacy [12].  

 Krauland et al. developed thiolated chitosan microparticles for 
a very similar purpose. They used chitosan-TBA along with the 
permeation mediator of reduced glutathione to formulate their mi-
croparticles [60]. These particles demonstrated a controlled release 
of fluorescein isothiocyanate (FITC)-labeled insulin over 6 h and 
when intranasally administered they resulted in an absolute 
bioavailability of 7.24% in rats [60], suggesting a promising deliv-
ery of insulin by this thiolated chitosan systems is possible for the 
future. Another group described a chemically-modified chitosan 
(thiolated dimethyl ethyl chitosan (DMEC-Cys)) for its ability to 
enhance the buccal delivery of insulin [160]. As expected, this chi-
tosan derivative helped to improve the bioadhesion and permeation 
of the NPs, confirming the suitability of modified chitosan for the 
protein delivery [160]. 

 It is clear that a variety of groups have developed effective 
strategies to deliver insulin as a model peptide. These systems 

should undeniably continue to be optimized and tested, but there is 
also a need to test a range of peptides beyond insulin. An alternate 
model drug, salmon calcitonin, was tested by Gradauer et al. using 
liposomes made from DPPC (1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine) and DPPE-MEC (1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidomethyl) cyclohexane-
carboxamide] with a chitosan coating [161]. They tested two differ-
ent thiolated chitosan variants: chitosan-TGA and chitosan-TGA-
MNA (S-protected) (CS-TGA-MNA) and found that both were able 
to penetrate the intestinal mucosa and hence demonstrated superior 
in vivo activity compared to both the uncoated liposomes and free 
drug solution [161]. In particular, the CS-TGA-MNA particles had 
an 8.2-fold increase in the AAC (area above curves) of blood cal-
cium level in vivo compared to the free sCT (salmon calcitonin) 
solution [161]. 

 Bae et al. investigated the delivery of BMP-2 (bone morphoge-
netic protein-2) using thiolated chitosan gel [162]. While this is not 
with a NP formulation, they found that the interactions between the 
chitosan and protein did not affect the swelling behavior of the 
chitosan gel [162], which is a significant result for the future devel-
opment of any type of formulation using these materials. This novel 
application demonstrated the ability of thiolated chitosan to have a 
prolonged non-cytotoxic effect and aid the delivery of BMP-2 for 
the purpose of ectopic bone formation [162]. 

 There are a number of reports which also review the prospects 
of thiolated chitosan, especially for protein delivery. Chaudhury et 
al. recently provided a summary of the current chitosan-based tech-
nologies, including a brief review of thiolated chitosan, for oral 
delivery of insulin and other therapeutic agents. This review dem-
onstrates the potential of the systems but also illuminates the obsta-
cles and limitations with the current results [163]. Hauptstein and 
Bernkop-Schnurch provided their expert opinion on the matter and 
they presented the promise of the field [164], in this case specifi-
cally for protein (and DNA delivery, as will be discussed next), but 
also acknowledge that these systems still need more optimization 
before any formulations are ready for clinical trials [165]. 

Gene 

 Another growing therapeutic avenue, gene therapy, has also 
been touched by thiolated chitosan derivatives in a variety of for-
mulations. Gene therapy essentially depends upon the successful 
transfection of the cells and intracellular delivery (endosomal es-
cape) of payloads for efficient gene expression (using DNA) and/or 
gene silencing (using siRNA).  

Table 3. Various ocular drug delivery systems using mucoadhesive chitosan carriers. 

Zeta potential (mV) 

[Treatment with mucin] Drug carrier Drug/drug analogue 

Before After 

References 

Lecithin/chitosan(L/C) NPs Natamycin + 43 + (0-10) [144] 

Poly(lactide-co-glycolide)(PLGA)coated chitosan Pilocarpine hydrochloride + 61 +(10-15) [145] 

Poly(lactic acid)-grafted-chitosan 

(PLA-g-CS) 

Amphotericin B + 30 +(0-10) [183] 

Thiolated chitosan-Sodium alginate 

(TCS-SA) 

FITC + (40-50) + (0-10) [28] 

Chitosan/sulfobutylether- -cyclodextrin 

(SBE- -CD) 

Econazole nitrate + 33 +(0-5) [184] 
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 While many different variants of thiolated chitosan have been 
tested for this purpose, one material that stands out is chitosan-
TGA. Several groups have presented this as a promising material 
for gene delivery in a variety of cell lines. Martien et al. tested the 
material in a differentiated Caco-2 cell culture, which is said to be a 
reliable in vitro model of the intestinal epithelium [166]. In this 
context, they found the NPs made of thiolated chitosan to have a 
significant increase in transfection efficiency and increased protec-
tion against gastric juices as compared to their unthiolated counter-
parts [166]. These results confirmed and expanded upon the results 
the group presented previously, affirming the promising abilities of 
these novel NPs [167]. In a different study, Lee et al. demonstrated 
that thiolated chitosan is capable of successful transfection both in 
vitro and in vivo [168]. They used low MW (33 kDa) chitosan to 
form complexes with DNA and then incubated the solutions to 
ensure cross-linking [168]. They found that cross-linked thiolated 
chitosan (chitosan-TGA) particles are more stable against degrada-
tion, but not as stable as unthiolated chitosan against DNAse I di-
gestion [168]. However, with an optimized formulation in terms of 
chitosan/pDNA weight ratio and thiol group content, they were able 
to increase the stability and ultimately found that the cross-linked 
thiolated chitosan nanocomplexes have the highest transfection 
efficiencies (31% in HEK 293 cells) [168].  

 Wang et al. explored a different microparticle structure com-
posed for thiolated N-alkylated chitosan (TACS) and hydroxybutyl 
chitosan (HBC), loaded with EGFP plasmids [169]. They found 
their particles were capable of inducing sustained gene expression 
(> 60 days in vivo) and had excellent cell viability [169].  

 A few variants of chitosan-cysteine have also been used for the 
delivery of nucleic acids, especially siRNA. He et al. and Zhang et 
al. both investigated the feasibility of siRNA delivery targeting 
TNF-  activity using trimethyl chitosan-cysteine [31, 32]. He et al. 
tested their optimized NP formulation (MW of 200 kDa) and found 
that their particles could induce effective TNF-  silencing in vivo 
via oral gavage and intraperitoneal injection, with the former being 
the most effective [32]. Zhang et al. used a different type of siRNA 
(in this case, mitogen-activated protein kinase kinase kinase kinase 
4 - siMap4k4) and tested galactosylated trimethyl chitosan-cysteine 
to create their NPs [31]. With this changed formulation they 
achieved significant improvement in changes in mice body weight, 
colon length and myeloperoxidase activity resulting from DSS-
induced ulcerative colitis [31]. They also tested NPs made of unga-
lactosylated trimethyl chitosan-cysteine and found that their addi-
tional chemical modification made a significant improvement in the 
colonic distribution of the particles after oral administration [31]. 
Zhao et al. also tested the gene delivery efficiency of trimethyl 
chitosan-cysteine, in this case for the delivery of pDNA encoding 
for EGFP (enhanced green fluorescent protein) [55]. Their nano-
complexes achieved transfection efficiencies in HEK293 cells ap-
proximately 3-fold better than their unthiolated counterparts and 
1.5-fold better than Lipofectamine 2000, a commercial transfection 
agent [55]. They confirmed these results in vivo Balb/c mice and 
again found that their optimized thiolated NPs outperformed the 
unthiolated and Lipofectamine 2000 solution by 2.3- and 4.1-fold, 
respectively [55]. All these gene therapy studies using trimethyl 
chitosan-cysteine demonstrate that this novel chitosan variant has 
potential for transfection in specific applications. 

 Although several reports demonstrate the capabilities of thio-
lated chitosan in gene therapy, Oliveira et al., on the other hand, 
found some entirely contradictory results. They studied the trans-
fection abilities of chitosan and thiolated chitosan NPs in human 
embryonic kidney cells (HEK 293) and retinal pigment epithelium 
cells [170]. They not only found significant cytotoxicity at higher 
polymer concentrations, but also very minimal transfection effi-
ciency (0.057-0.59% for both the thiolated and unthiolated parti-
cles) [170]. They tested a plasmid expressing EGFP, which is a 
standard test, and used a variation of chitosan known as CS-

[AEDTP] (chitosan-3-(2-aminoethyldithio) propionyl) [170]. This 
negative result reflects poorly on the future of chitosan for gene 
therapy, and as such more investigation should be done into the 
factors leading to the success of other studies as well as the ineffi-
cient results.  

Other Drugs 

 As now is evident, there is a plethora of drugs that can be deliv-
ered with different formulations of thiolated chitosan. This field is 
becoming increasingly saturated, with a wide variety of papers 
published even within the last few years. These papers cover such a 
range of drug delivery applications, everything from the nasal de-
livery of pain medication [65, 171], the delivery of anticancer 
agents [13, 25, 26, 70, 172-174] and nasal delivery of drugs to treat 
asthma [67]. 

 Two different groups have explored the possibility of nasally 
delivered pain medication, both of them led by Patel and cowork-
ers. In the first report, they explored the delivery of tizanidine hy-
drochloride [65] and in the second cyclobenzaprine hydrochloride 
was delivered using chitosan-TGA [171], both well-known pain 
relief and muscle relaxant medications. Both studies first investi-
gated the cytotoxicity and in vitro activity in human nasal septum 
carcinoma (RPMI 2650) cells and found negligible toxicity and 
improved viability for thiolated chitosan NPs as opposed to their 
unthiolated counterparts [65, 171]. Additionally these thiolated 
vehicles demonstrated superior penetration through nasal mucosa 
(tested in vitro) and significantly higher uptake of 99mTc-labeled 
drug in the brain after intranasal administration [65, 171]. In fact, 
the drug levels in the brain and the ratio of brain/blood levels were 
the highest with the thiolated chitosan particles delivered intrana-
sally, higher even than free drug and NPs delivered via orally or 
intravenously [65, 171]. In both cases Patel et al. pointed to the 
ideal delivery route, significant mucoadhesive abilities and poten-
tial inhibition of CYP450 activity, which otherwise can alter drug 
properties and/or lead to its breakdown [65, 171]. Overall, this pair 
of studies impressively demonstrated the potential of thiolated chi-
tosan NPs for nasal delivery to the brain. 

 As mentioned earlier, there are quite a number of different thio-
lated chitosan formulations which have been investigated for the 
delivery of anticancer agents. The two most commonly tested 
agents are both part of the taxane family: docetaxel and paclitaxel. 
Saremi et al. and Akhlaghi et al. both explored the viability of core-
shell NPs with a poly(methyl methacrylate) (pMMA) core and thio-
lated chitosan coating. The first study, docetaxel was tested as a 
payload whereas the second one investigated paclitaxel [25, 70]. 
These novel NPs showed negligible cytotoxicity when empty, but 
showed toxic effects when loaded with the drug of choice, with 
sustained release over 10 days [25, 70]. However, these two reports 
differ on the importance of thiolation. Saremi et al. found that their 
docetaxel-loaded thiolated particles were not significantly more 
cytotoxic than the unthiolated particles in Caco-2 and MCF-7 hu-
man colon adenocarcinoma cells [70] whereas Akhlaghi et al. did 
find improved toxic effects with thiolated NPs with paclitaxel in 
NIH 3T3 and T47D breast carcinoma cells, along with superior 
cellular uptake and transport across the intestinal membrane [25]. 
Additionally, even in the same cell line (Caco-2) Saremi et al. 
found that there was minimal cytotoxicity, especially when com-
pared to their target cells (NIH 3T3 and T47D), whereas Akhlaghi 
et al. found there to be significant toxicity in this same cell line [25, 
70]. Another report investigated these novel NPs further by per-
forming in vivo testing. From this they found that when encapsu-
lated the bioavailability of the drug (docetaxel) improved 10-fold 
compared to their positive control, which implies quite significant 
effect [26]. These results and conclusions suggest that more de-
tailed investigation and comparison should be done with these 
novel NPs and a variety of payloads, but overall this system does 
show promise. 
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 Jiang et al. also tested paclitaxel for the purpose of oral chemo-
therapy, though this time with a novel polymer (commercial PCL, 
self-synthesized d- -tocopheryl polyethylene glycol 1000 succinate 
(PLA-PCL-TPGS) random copolymer) with a thiolated chitosan 
[172]. They found that not only did the particles have quite an ex-
tended release profile (gradual over 32 days) but they also had 
promising uptake Caco-2 and minimal toxicity in A549 cells [172]. 
Their thiolated particles, like others, had superior better transport 
across intestinal mucosa [172], giving the system promise for oral 
delivery.  

 Recently, Gao et al. developed a novel amphiphilic thiolated 
carboxymethyl chitosan which they used to encapsulate metho-
trexate with great success [13]. They found that their novel particles 
had a controlled release properties depending on the pH and redox 
conditions and that they were able to induce a 90% cancer inhibi-
tion effect in HeLa cells, whilst still having excellent cell viability 
in their empty form [13]. Anitha et al. tested a combination therapy 
with curcumin and 5-fluorouracil, both encapsulated in thiolated 
chitosan particles. They found sustained release over 4 days, good 
cellular uptake and cytocompatability with HT 29 and IEC 6 cells 
[173]. In vivo this novel therapy proved to be even more effective 
than the combination of its components, meaning the efficacy 
(based upon the plasma concentrations, among other factors) of the 
combination therapy was superior to either drug alone or the unen-
capsulated combination [173]. Overall, both these studies reinforce 
that there is indeed quite a variety of potential therapeutics based on 
thiolated chitosan derivatives that can be used for success antican-
cer treatment. 

 In a previous report, Lee et al. tested the ability of chitosan-
TGA NPs to deliver theophylline, a drug which can suppress the 
activation of inflammatory cells [67], to treat allergic asthma. They 
tested the efficacy of this drug in vivo using BALB/c mice sensi-
tized to ovalbumin and found effective delivery of the drug (as 
measured using a variety of different endpoints, including de-
creased eosinophils in BAL fluid, reduction of bronchial damage, 
inhibition of mucus hypersecretion and increased apoptosis of lung 
cells) was enhanced significantly when delivered in conjunction 
with the thiolated NPs [67], Saboktakin et al. tested the use of thio-
lated chitosan-pMMA particles (similar to Saremi et al. [70] and 
Akhlaghi et al. [25]) for the delivery of Metronidazole ben-zoate, a 
drug for the treatment for periodontal disease [63]. They found that 
their thiolated particles had the most sustained release profile, dem-
onstrated excellent mucoadhesion and were able to penetrate 
through intestinal mucosa effectively [63]. Fan et al. used chitosan-
TGA NP formulations again to test the delivery of low molecular 
weight heparin (LMWH) for the prevention and treatment of deep 
vein thrombosis, pulmonary embolism and coronary syndromes 
[175]. They found that their particles made of chitosan-TGA and 
HPMCP, a pH sensitive polymer, could protect the drug against 
stimulated gastric conditions and ultimately increase the oral 
bioavailability in vivo [175]. Finally, Atyabi et al. tested the deliv-
ery of Amikacin, an antibiotic drug with thiolated chitosan NPs. 
This is an important test as antibiotics represent a key and widely 
used class of drugs and Atyabi et al. investigated the feasibility of 
oral delivery. They found improved mucoadhesion, release profile, 
enhanced drug penetration and importantly, the effectivity of the 
antibiotic was retained even after encapsulation, observed by testing 
against Pseudomona aeruginosa and Staphylococcus aureus [176].  

 Yet another application of thiolated chitosan is the delivery of 
probiotic bacteria. Chen et al. used thiolated chitosan coatings on 
their sub-100 m Ca2+ alginate microcapsules for the purpose of 
increasing mucoadhesion, particularly in the colon (the target site of 
action for probiotics) [29]. They demonstrated that their novel mi-
croparticles (with a thiolated chitosan coating) were preferentially 
mucoadhesive in the stimulated colonic environment, as opposed to 
the stimulated stomach environment, which helps to protect and 
successfully deliver their payload of probiotic bacteria for a pro-

longed periods of time [29]. Islam et al. have previously described a 
host of different successful encapsulation methods of probiotic 
bacteria including unmodified chitosan [27], and the use of thio-
lated chitosan for such an application is a very reasonable step for-
ward. This application is yet another demonstration of the use of 
thiolated chitosan in aiding the delivery of what is now a wide vari-
ety of payloads. 

 Overall, field of polymer and, specifically, chitosan-related 
drug delivery is quite broad and ever changing, so these results 
simply represent an overview of the range of possibilities. This field 
has immense promise if the ideal delivery strategies and formula-
tions can be determined. 

CONCLUSION AND FUTURE PERSPECTIVES 
 Chitosan is a versatile polymeric material that has been used for 
so many years for a wide range of applications. In this review we 
have thoroughly investigated a number of different uses of muco-
adhesive chitosan in the drug delivery field, especially chemical 
modified thiolated chitosan derivatives. We have demonstrated the 
importance of mucoadhesion and presented a number of different 
thiolation methods that have been used. These carriers can obvi-
ously be used for quite a variety of different drug systems, and as 
such, we have methodically described systems categorized by de-
livery route (oral, nasal, pulmonary, etc.) and payload type (anti-
gens, proteins, genetic material and other active/bioactive agents). 
As mucosal drug delivery system, the majority of studies to date 
focus on the potential for oral delivery along with some others deal-
ing with nasal and pulmonary route. These delivery systems repre-
sent a change from other well-accepted intravenous or intramuscu-
lar routes: a change which is generally less invasive and encourages 
greater patient compliance. A significant challenge for the devel-
opment of effective drug delivery systems using these novel materi-
als is that chitosan (in any form) has yet to be approved by the 
FDA, so more study still must be done to make its case. This will 
be an absolutely critical step for the further development and use of 
mucoadhesive chitosan as drug carriers. Because there are so many 
different applications and targets for these mucoadhesive chitosan 
systems, the stimulation development of multiple variations is not 
only possible but necessary. That is to say, from all the different 
chitosan variants that were presented there is optimization to be 
done but there does not have to be a single candidate chosen. Dif-
ferent formulations can be chosen for different purposes to achieve 
significant effect. With this outlook, the field holds great promise 
and it is expected that a plethora of different systems can be based 
upon mucoadhesive chitosan NPs.  

CONFLICT OF INTEREST 

 The authors confirm that this article content has no conflict of 
interest. 

ACKNOWLEDGEMENTS 

 This research was supported by Animal Disease Management 
Technology Development, Ministry of Agriculture, Food and Rural 
Affairs (project code 313014-03). 

REFERENCES 

[1]  Agnihotri SA, Mallikarjuna NN, Aminabhavi TM. Recent advances 
on chitosan-based micro- and nanoparticles in drug delivery. J Con-
trol Release 2004; 100: 5-28.

[2]  Kumar MNR. A review of chitin and chitosan applications. Reac-
tive Functional Polymers 2000; 46: 1-27.

[3]  Xin-Yuan S, Tian-Wei T. New contact lens based on chito-
san/gelatin composites. J Bioactive Compatible Polym 2004; 19: 
467-79.

[4]  Muzzarelli RAA. Some modified chitosans and their niche 
applications, Chitin Handbook, edited by R A A Muzzarelli and M 
G Peter (European Chitin Society, Italy) 1997, pp. 47-52. 



Mucoadhesive Chitosan Derivatives as Novel Drug Carriers Current Pharmaceutical Design, 2015, Vol. 21, No. 29    4305 

[5]  Ng L, Mohamad A. Protonic battery based on a plasticized chito-
san-NH 4 NO 3 solid polymer electrolyte. J Power Sources 2006; 
163: 382-5.

[6]  Muzzarelli RA, Jeuniaux C, Gooday GW. Chitin Nat Technol 
1986.

[7]  Yannas IV, Burke JF, Orgill DP, Skrabut EM. Wound tissue can 
utilize a polymeric template to synthesize a functional extension of 
skin. Science (New York, NY) 1982; 215: 174-6.

[8]  Brown MA, Daya MR, Worley JA. Experience with chitosan dress-
ings in a civilian EMS system. J Emergency Med 2009; 37: 1-7.

[9]  Wedmore I, McManus JG, Pusateri AE, Holcomb JB. A special 
report on the chitosan-based hemostatic dressing: experience in 
current combat operations. J Trauma 2006; 60: 655-8.

[10]  Kheirabadi BS, Acheson EM, Deguzman R, et al. Hemostatic 
efficacy of two advanced dressings in an aortic hemorrhage model 
in Swine. J Trauma 2005; 59: 25-34.

[11]  Meng J, Zhang T, Agrahari V, Ezoulin MJ, Youan BB. Compara-
tive biophysical properties of tenofovir-loaded, thiolated and 
nonthiolated chitosan nanoparticles intended for HIV prevention. 
Nanomedicine (London, England) 2014; 9: 1595-612.

[12]  Millotti G, Laffleur F, Perera G, et al. In vivo evaluation of thio-
lated chitosan tablets for oral insulin delivery. J Pharm Sci 2014; 
103: 3165-70.

[13]  Gao C, Liu T, Dang Y, et al. pH/redox responsive core cross-linked 
nanoparticles from thiolated carboxymethyl chitosan for in vitro re-
lease study of methotrexate. Carbohydr Polym 2014; 111: 964-70.

[14]  Dunnhaupt S, Barthelmes J, Kollner S, et al. Thiolated nanocarriers 
for oral delivery of hydrophilic macromolecular drugs. Carbohydr 
Polym 2015; 117: 577-84.

[15]  Luo Y, Wang Q. Recent development of chitosan-based polyelec-
trolyte complexes with natural polysaccharides for drug delivery. 
Int J Biol Macromol 2014; 64: 353-67.

[16]  Bernkop-Schnurch A, Dunnhaupt S. Chitosan-based drug delivery 
systems. Eur J Pharm Biopharm : official J Arbeitsgemeinschaft fur 
Pharmazeutische Verfahrenstechnik eV 2012; 81: 463-9.

[17]  Lai P, Daear W, Lobenberg R, Prenner EJ. Overview of the prepa-
ration of organic polymeric nanoparticles for drug delivery based 
on gelatine, chitosan, poly(d,l-lactide-co-glycolic acid) and polyal-
kylcyanoacrylate. Colloids and surfaces B, Biointerfaces 2014; 
118: 154-63.

[18]  Casettari L, Illum L. Chitosan in nasal delivery systems for thera-
peutic drugs. J Control Release 2014; 190: 189-200.

[19]  Masotti A, Ortaggi G. Chitosan micro- and nanospheres: fabrica-
tion and applications for drug and DNA delivery. Mini Rev Med 
Chem 2009; 9: 463-9.

[20]  Mourya VK, Inamdar NN. Trimethyl chitosan and its applications 
in drug delivery. J Mater Sci Mater Med 2009; 20: 1057-79.

[21]  Zhu X, Zhou D, Jin Y, Song YP, Zhang ZR, Huang Y. A novel 
microsphere with a three-layer structure for duodenum-specific 
drug delivery. Int J Pharm 2011; 413: 110-8.

[22]  Richardson SC, Kolbe HV, Duncan R. Potential of low molecular 
mass chitosan as a DNA delivery system: biocompatibility, body 
distribution and ability to complex and protect DNA. Int J Pharm 
1999; 178: 231-43.

[23]  Bernkop-Schnurch A, Hornof M, Zoidl T. Thiolated polymers--
thiomers: synthesis and in vitro evaluation of chitosan-2-
iminothiolane conjugates. Int J Pharm 2003; 260: 229-37.

[24]  Roldo M, Hornof M, Caliceti P, Bernkop-Schnurch A. Mucoadhe-
sive thiolated chitosans as platforms for oral controlled drug deliv-
ery: synthesis and in vitro evaluation. Eur J Pharm Biopharm 2004; 
57: 115-21.

[25]  Akhlaghi SP, Saremi S, Ostad SN, Dinarvand R, Atyabi F. Dis-
criminated effects of thiolated chitosan-coated pMMA paclitaxel-
loaded nanoparticles on different normal and cancer cell lines. 
Nanomed : Nanotechnol Biol Med 2010; 6: 689-97.

[26]  Saremi S, Dinarvand R, Kebriaeezadeh A, Ostad SN, Atyabi F. 
Enhanced oral delivery of docetaxel using thiolated chitosan 
nanoparticles: preparation, in vitro and in vivo studies. BioMed Res 
Int 2013; 2013: 150478.

[27]  Islam MA, Yun CH, Choi YJ, Cho CS. Microencapsulation of live 
probiotic bacteria. J Microbiol Biotechnol 2010; 20: 1367-77.

[28]  Zhu X, Su M, Tang S, et al. Synthesis of thiolated chitosan and 
preparation nanoparticles with sodium alginate for ocular drug de-
livery. Mol Vision 2012; 18: 1973-82.

[29]  Chen S, Cao Y, Ferguson LR, Shu Q, Garg S. Evaluation of muco-
adhesive coatings of chitosan and thiolated chitosan for the colonic 
delivery of microencapsulated probiotic bacteria. J Microencapsul 
2013; 30: 103-15.

[30]  Talaei F, Azizi E, Dinarvand R, Atyabi F. Thiolated chitosan 
nanoparticles as a delivery system for antisense therapy: evaluation 
against EGFR in T47D breast cancer cells. Int J Nanomed 2011; 6: 
1963-75.

[31]  Zhang J, Tang C, Yin C. Galactosylated trimethyl chitosan-cysteine 
nanoparticles loaded with Map4k4 siRNA for targeting activated 
macrophages. Biomaterials 2013; 34: 3667-77.

[32]  He C, Yin L, Tang C, Yin C. Trimethyl chitosan-cysteine nanopar-
ticles for systemic delivery of TNF-alpha siRNA via oral and in-
traperitoneal routes. Pharm Res 2013; 30: 2596-606.

[33]  Smart JD. The basics and underlying mechanisms of mucoadhe-
sion. Adv Drug Deliv Rev 2005; 57: 1556-68.

[34]  Hotta K. " Gastric mucus", a mysterious and interesting substance. 
Trends in Glycoscience and Glycotechnology 2000; 12: 59-68.

[35]  Li X. Oral Bioavailability: Basic Principles, Advanced Concepts, 
and Applications: John Wiley & Sons; 2011.

[36]  Pathak K. Mucoadhesion; A prerequisite or a constraint in nasal 
drug delivery? Int J Pharm Investig 2011; 1: 62-3.

[37]  Leung S-HS, Robinson JR. The contribution of anionic polymer 
structural features to mucoadhesion. J Control Release 1988; 5: 
223-31.

[38]  Boddupalli BM, Mohammed ZN, Nath RA, Banji D. Mucoadhe-
sive drug delivery system: An overview. J Adv Pharm Technol Res 
2010; 1: 381-7.

[39]  Grabovac V, Guggi D, Bernkop-Schnurch A. Comparison of the 
mucoadhesive properties of various polymers. Adv Drug Deliv Rev 
2005; 57: 1713-23.

[40]  Bansil R, Turner BS. Mucin structure, aggregation, physiological 
functions and biomedical applications. Curr Opin Colloid Interface 
Sci 2006; 11: 164-70.

[41]  Kharenko E, Larionova N, Demina N. Mucoadhesive drug delivery 
systems (Review). Pharm Chem J 2009; 43: 200-8.

[42]  Bansil R, Celli JP, Hardcastle JM, Turner BS. The influence of 
mucus microstructure and rheology in Helicobacter pylori infec-
tion. Frontiers Immunol 2013; 4.

[43]  Linden SK, Sutton P, Karlsson NG, Korolik V, McGuckin MA. 
Mucins in the mucosal barrier to infection. Mucosal Immunol 
2008; 1: 183-97.

[44]  Andrews GP, Laverty TP, Jones DS. Mucoadhesive polymeric 
platforms for controlled drug delivery. Eur J Pharm Biopharm 
2009; 71: 505-18.

[45]  Ludwig A. The use of mucoadhesive polymers in ocular drug de-
livery. Adv Drug Deliv Rev 2005; 57: 1595-639.

[46]  Kinloch A. The science of adhesion. J Mater Sci 1980; 15: 2141-
66.

[47]  Dodou D, Breedveld P, Wieringa PA. Mucoadhesives in the gastro-
intestinal tract: revisiting the literature for novel applications. Eur J 
Pharm Biopharm 2005; 60: 1-16.

[48]  Peppas NA, Sahlin JJ. Hydrogels as mucoadhesive and bioadhesive 
materials: a review. Biomaterials 1996; 17: 1553-61.

[49]  Sarmento B, das Neves J. Chitosan-based systems for biopharma-
ceuticals: delivery, targeting and polymer therapeutics: John Wiley 
& Sons; 2012.

[50]  Hassan EE, Gallo JM. A simple rheological method for the in vitro 
assessment of mucin-polymer bioadhesive bond strength. Pharm 
Res 1990; 7: 491-5.

[51]  Ilium L. Chitosan and its use as a pharmaceutical excipient. Pharm 
Res 1998; 15: 1326-31.

[52]  Kotze AF, Luessen HL, de Boer AG, Verhoef JC, Junginger HE. 
Chitosan for enhanced intestinal permeability: prospects for deriva-
tives soluble in neutral and basic environments. Eur J Pharm Sci 
1999; 7: 145-51.

[53]  Montembault A, Viton C, Domard A. Physico-chemical studies of 
the gelation of chitosan in a hydroalcoholic medium. Biomaterials 
2005; 26: 933-43.



4306    Current Pharmaceutical Design, 2015, Vol. 21, No. 29 Islam et al. 

[54]  Kast CE, Bernkop-Schnurch A. Thiolated polymers--thiomers: 
development and in vitro evaluation of chitosan-thioglycolic acid 
conjugates. Biomaterials 2001; 22: 2345-52.

[55]  Zhao X, Yin L, Ding J, et al. Thiolated trimethyl chitosan nano-
complexes as gene carriers with high in vitro and in vivo transfec-
tion efficiency. J Control Release 2010; 144: 46-54.

[56]  Yin L, Ding J, He C, Cui L, Tang C, Yin C. Drug permeability and 
mucoadhesion properties of thiolated trimethyl chitosan nanoparti-
cles in oral insulin delivery. Biomaterials 2009; 30: 5691-700.

[57]  Senyigit ZA, Vetter A, Guneri T, Bernkop-Schnurch A. A compre-
hensive in vitro and in vivo evaluation of thiolated matrix tablets as 
a gastroretentive delivery system. Drug Deliv 2011; 18: 405-14.

[58]  Sakloetsakun D, Perera G, Hombach J, Millotti G, Bernkop-
Schnurch A. The impact of vehicles on the mucoadhesive proper-
ties of orally administrated nanoparticles: a case study with chito-
san-4-thiobutylamidine conjugate. AAPS PharmSciTech 2010; 11: 
1185-92.

[59]  Dunnhaupt S, Barthelmes J, Hombach J, Sakloetsakun D, Ark-
hipova V, Bernkop-Schnurch A. Distribution of thiolated mucoad-
hesive nanoparticles on intestinal mucosa. Int J Pharm 2011; 408: 
191-9.

[60]  Krauland AH, Guggi D, Bernkop-Schnurch A. Thiolated chitosan 
microparticles: a vehicle for nasal peptide drug delivery. Int J 
Pharm 2006; 307: 270-7.

[61]  Palmberger TF, Augustijns P, Vetter A, Bernkop-Schnurch A. 
Safety assessment of thiolated polymers: effect on ciliary beat fre-
quency in human nasal epithelial cells. Drug Develop Ind Pharm 
2011; 37: 1455-62.

[62]  Liu YH, Zhu X, Zhou D, et al. pH-sensitive and mucoadhesive 
microspheres for duodenum-specific drug delivery system. Drug 
Develop Ind Pharm 2011; 37: 868-74.

[63]  Saboktakin MR, Tabatabaie RM, Maharramov A, Ramazanov MA. 
Development and in vitro evaluation of thiolated chitosan--
Poly(methacrylic acid) nanoparticles as a local mucoadhesive de-
livery system. Int J Biol Macromol 2011; 48: 403-7.

[64]  Llabot JM, Salman H, Millotti G, Bernkop-Schnurch A, Allemandi 
D, Manuel Irache J. Bioadhesive properties of poly(anhydride) 
nanoparticles coated with different molecular weights chitosan. J 
Microencapsul 2011; 28: 455-63.

[65]  Patel D, Naik S, Misra A. Improved transnasal transport and brain 
uptake of tizanidine HCl-loaded thiolated chitosan nanoparticles 
for alleviation of pain. J Pharm Sci 2012; 101: 690-706.

[66]  Shahnaz G, Vetter A, Barthelmes J, et al. Thiolated chitosan 
nanoparticles for the nasal administration of leuprolide: bioavail-
ability and pharmacokinetic characterization. Int J Pharm 2012; 
428: 164-70.

[67]  Lee DW, Shirley SA, Lockey RF, Mohapatra SS. Thiolated chito-
san nanoparticles enhance anti-inflammatory effects of intranasally 
delivered theophylline. Respiratory Res 2006; 7: 112.

[68]  Gradauer K, Vonach C, Leitinger G, et al. Chemical coupling of 
thiolated chitosan to preformed liposomes improves mucoadhesive 
properties. Int J Nanomed 2012; 7: 2523-34.

[69]  Hintzen F, Laffleur F, Sarti F, Shahnaz G, Bernkop-Schnurch A. 
Thiomers: influence of molar mass on in situ gelling properties. Int 
J Pharm 2012; 436: 120-6.

[70]  Saremi S, Atyabi F, Akhlaghi SP, Ostad SN, Dinarvand R. Thio-
lated chitosan nanoparticles for enhancing oral absorption of do-
cetaxel: preparation, in vitro and ex vivo evaluation. Int J Nanomed 
2011; 6: 119-28.

[71]  Millotti G, Samberger C, Frohlich E, Bernkop-Schnurch A. Chito-
san-graft-6-mercaptonicotinic acid: synthesis, characterization, and 
biocompatibility. Biomacromolecules 2009; 10: 3023-7.

[72]  Millotti G, Perera G, Vigl C, Pickl K, Sinner FM, Bernkop-
Schnurch A. The use of chitosan-6-mercaptonicotinic acid nanopar-
ticles for oral peptide drug delivery. Drug Deliv 2011; 18: 190-7.

[73]  Millotti G, Samberger C, Fröhlich E, Sakloetsakun D, Bernkop-
Schnürch A. Chitosan-4-mercaptobenzoic acid: synthesis and char-
acterization of a novel thiolated chitosan. J Mater Chem 2010; 20: 
2432-40.

[74]  Wang X, Zheng C, Wu Z, et al. Chitosan-NAC nanoparticles as a 
vehicle for nasal absorption enhancement of insulin. J Biomed Ma-
ter Res 2009; 88: 150-61.

[75]  Trapani A, Palazzo C, Contino M, Perrone MG, Cioffi N, Ditaranto 
N, et al. Mucoadhesive properties and interaction with P-
glycoprotein (P-gp) of thiolated-chitosans and -glycol chitosans 
and corresponding parent polymers: a comparative study. Biomac-
romolecules 2014; 15: 882-93.

[76]  Sakloetsakun D, Iqbal J, Millotti G, Vetter A, Bernkop-Schnurch 
A. Thiolated chitosans: influence of various sulfhydryl ligands on 
permeation-enhancing and P-gp inhibitory properties. Drug De-
velop Ind Pharm 2011; 37: 648-55.

[77]  Y Hagiwara HS. Fracture Mechanics. In: . editor. Tokyo, Japan: 
Ohmsha; 2000. p. 135-8.

[78]  Salamat-Miller N, Chittchang M, Johnston TP. The use of mucoad-
hesive polymers in buccal drug delivery. Adv Drug Deliv Rev 
2005; 57: 1666-91.

[79]  Khafagy el S, Morishita M, Onuki Y, Takayama K. Current chal-
lenges in non-invasive insulin delivery systems: a comparative re-
view. Adv Drug Deliv Rev 2007; 59: 1521-46.

[80]  Fan Q SD, Xue H, He Y, Cosnier S. Biosens Bioelectron 2007. p. 
816-21.

[81]  Ruiz-Hitzky E DM, Aranda P. Functional biopolymer 
nanocomposites based on layered solids. J Mater Chem 2005; 15: 
3650-62. 

[82]  Inmaculada Salcedoa CA, Giuseppina Sandrib, Maria C. Bon-
feronib, Michela Morib, Pilar Cerezoa, Rita Sáncheza, César Vis-
erasa, c, Carla Caramellab. In vitro biocompatibility and mucoad-
hesion of montmorillonite chitosan nanocomposite: A new drug de-
livery. Appl Clay Sci 2012; 55: 131-7.

[83]  Pongjanyakul T, Khunawattanakul W, Strachan CJ, Gordon KC, 
Puttipipatkhachorn S, Rades T. Characterization of chitosan-
magnesium aluminum silicate nanocomposite films for buccal de-
livery of nicotine. Int J Biol Macromol 2013; 55: 24-31.

[84]  Nazila Salamat-Miller MC, Thomas P. Johnston. The use of muco-
adhesive polymers in buccal drug delivery Adv Drug Deliv Rev 
2005; 57: 1666-91.

[85]  Thierry B, Winnik FM, Merhi Y, Tabrizian M. Nanocoatings onto 
arteries via layer-by-layer deposition: toward the in vivo repair of 
damaged blood vessels. J Am Chem Soc 2003; 125: 7494-5.

[86]  Arora S, Gupta S, Narang RK, Budhiraja RD. Amoxicillin loaded 
chitosan-alginate polyelectrolyte complex nanoparticles as muco-
penetrating delivery system for H. pylori Sci Phamaceut 2011: 79: 
673-94.

[87]  Wittaya-areekul S, Kruenate J, Prahsarn C. Preparation and in vitro 
evaluation of mucoadhesive properties of alginate/chitosan mi-
croparticles containing prednisolone. Int J Pharm 2006; 312: 113-8.

[88]  Moghaddam FA, Atyabi F, Dinarvand R. Preparation and in vitro 
evaluation of mucoadhesion and permeation enhancement of thio-
lated chitosan-pHEMA core-shell nanoparticles. Nanomed : 
Nanotechnol Biol Med 2009; 5: 208-15.

[89]  Takeuchi H, Yamamoto H, Kawashima Y. Mucoadhesive nanopar-
ticulate systems for peptide drug delivery. Adv Drug Deliv Rev 
2001; 47: 39-54.

[90]  Joshi N, Saha R, Shanmugam T, Balakrishnan B, More P, Banerjee 
R. Carboxymethyl-chitosan-tethered lipid vesicles: hybrid nano-
blanket for oral delivery of paclitaxel. Biomacromolecules 2013; 
14: 2272-82.

[91]  Kabanov A, Vinogradov S. Nanogels as Pharmaceutical Carriers. 
In: Torchilin V, editor. Multifunctional Pharmaceutical Nanocarri-
ers. Fundamental Biomedical Technologies. 4. New York: Springer 
2008; pp. 67-80.

[92]  Hamidi M, Azadi A, Rafiei P. Hydrogel nanoparticles in drug 
delivery. Adv Drug Deliv Rev 2008; 60: 1638-49.

[93]  Yallapu MM, Jaggi M, Chauhan SC. Design and engineering of 
nanogels for cancer treatment. Drug Discov Today 2011; 16: 457-
63.

[94]  Pedro AS, Cabral-Albuquerque E, Ferreira D, Sarmento B. Chito-
san: An option for development of essential oil delivery systems for 
oral cavity care? Carbohydr Polym 2009; 76: 501-8.

[95]  Abruzzo A, Bigucci F, Cerchiara T, Cruciani F, Vitali B, Luppi B. 
Mucoadhesive chitosan/gelatin films for buccal delivery of propra-
nolol hydrochloride. Carbohydr Polym 2012; 87: 581-8.



Mucoadhesive Chitosan Derivatives as Novel Drug Carriers Current Pharmaceutical Design, 2015, Vol. 21, No. 29    4307 

[96]  Brunel F, Véron L, Ladavière C, David L, Domard A, Delair T. 
Synthesis and structural characterization of chitosan nanogels. 
Langmuir 2009; 25: 8935-43.

[97]  Pereira P, Pedrosa SS, Correia A, et al. Biocompatibility of a self-
assembled glycol chitosan nanogel. Toxicology 2015; 29: 638-46.

[98]  Simón-Vázquez R, Peleteiro M, Lozano T, González-Fernández Á, 
Casal A. Chapter 15 - Nanotoxicology. In: Jesus MdlF, Grazu V, 
editors. Frontiers of Nanoscience. Volume 4: Elsevier; 2012; pp. 
443-85.

[99]  Wang C, Mallela J, Garapati US, et al. A chitosan-modified gra-
phene nanogel for noninvasive controlled drug release. Nanomed 
Nanotechnol Biol Med 2013; 9: 903-11.

[100]  Jiang L, Zhou Q, Mu K, et al. pH/temperature sensitive magnetic 
nanogels conjugated with Cy5.5-labled lactoferrin for MR and 
fluorescence imaging of glioma in rats. Biomaterials 2013; 34: 
7418-28.

[101]  Thomann-Harwood LJ, Kaeuper P, Rossi N, Milona P, Herrmann 
B, McCullough KC. Nanogel vaccines targeting dendritic cells: 
Contributions of the surface decoration and vaccine cargo on cell 
targeting and activation. J Control Release 2013; 166: 95-105.

[102]  Liu C. Multilayer based nanogels and bio-lubricants. Stockholm: 
KTH Royal Institute of Technology 2014.

[103]  McAllister K, Sazani P, Adam M, et al. Polymeric nanogels pro-
duced via inverse microemulsion polymerization as potential gene 
and antisense delivery agents. J Am Chem Soc 2002; 124: 15198-
207.

[104]  Hasan A, Paul A, Vrana NE, et al. Microfluidic techniques for 
development of 3D vascularized tissue. Biomaterials 2014; 35: 
7308-25.

[105]  Paul A, Hasan A, Kindi HA, et al. Injectable graphene ox-
ide/hydrogel-based angiogenic gene delivery system for vasculo-
genesis and cardiac repair. ACS Nano 2014; 8: 8050-62.

[106]  Bronich TK, Keifer PA, Shlyakhtenko LS, Kabanov AV. Polymer 
micelle with cross-linked ionic core. J Am Chem Soc 2005; 127: 
8236-7.

[107]  Yu S, Hu J, Pan X, Yao P, Jiang M. Stable and pH-sensitive nano-
gels prepared by self-assembly of chitosan and ovalbumin. Lang-
muir 2006; 22: 2754-9.

[108]  Farag RK, Mohamed RR. Synthesis and characterization of car-
boxymethyl chitosannanogels for swelling studies and antimicro-
bial activity. Molecules 2013; pp. 190-203.

[109]  Vinogradov SV, Bronich TK, Kabanov AV. Nanosized cationic 
hydrogels for drug delivery: preparation, properties and interactions 
with cells. Adv Drug Deliv Rev 2002; 54: 135-47.

[110]  Mudshinge SR, Deore AB, Patil S, Bhalgat CM. Nanoparticles: 
Emerging carriers for drug delivery. Saudi Pharm J 2011; 19: 129-
41.

[111]  Wong HL, Rauth AM, Bendayan R, et al. A new polymer-lipid 
hybrid nanoparticle system increases cytotoxicity of doxorubicin 
against multidrug-resistant human breast cancer cells. Pharm Res 
2006; 23: 1574-85.

[112]  Jain A, Jain SK, Ganesh N, Barve J, Beg AM. Design and devel-
opment of ligand-appended polysaccharidic nanoparticles for the 
delivery of oxaliplatin in colorectal cancer. Nanomed: Nanotechnol 
Biol Med 2010; 6: 179-90.

[113]  Azadi A, Hamidi M, Rouini MR. Methotrexate-loaded chitosan 
nanogels as 'Trojan Horses' for drug delivery to brain: preparation 
and in vitro/in vivo characterization. Int J Biol Macromol 2013; 62: 
523-30.

[114]  Démoulins T, Bassi I, Thomann-Harwood L, et al. Alginate-coated 
chitosan nanogel capacity to modulate the effect of TLR ligands on 
blood dendritic cells. Nanomed: Nanotechnol Biol Med 2013; 9: 
806-17.

[115]  Pereira P, Morgado D, Crepet A, David L, Gama FM. Glycol chito-
san-based nanogel as a potential targetable carrier for siRNA. Mac-
romol Biosci 2013; 13: 1369-78.

[116]  Min KH, Park K, Kim YS, et al. Hydrophobically modified glycol 
chitosan nanoparticles-encapsulated camptothecin enhance the drug 
stability and tumor targeting in cancer therapy. J Control Release 
2008; 127: 208-18.

[117]  Shah PP, Desai PR, Patel AR, Singh MS. Skin permeating nanogel 
for the cutaneous co-delivery of two anti-inflammatory drugs. 
Biomaterials 2012; 33: 1607-17.

[118]  Sultana Y, Maurya D, Iqbal Z, Aqil M. Nanotechnology in ocular 
delivery: current and future directions. Drugs Today (Barcelona, 
Spain: 1998) 2011; 47: 441-55.

[119]  Patlolla RR, Chougule M, Patel AR, Jackson T, Tata PN, Singh M. 
Formulation, characterization and pulmonary deposition of nebu-
lized celecoxib encapsulated nanostructured lipid carriers. J Control 
Release 2010; 144: 233-41.

[120]  Wu W, Shen J, Banerjee P, Zhou S. Chitosan-based responsive 
hybrid nanogels for integration of optical pH-sensing,tumor cell 
imaging and controlled drug delivery. Biomaterials 2010. p. 8371-
81.

[121]  Pereira P, Pedrosa SS, Correia A, et al. Biocompatibility of a self-
assembled Glycol Chitosan nanogel. Toxicology in Vitro.

[122]  Shena JM, Tanga WJ, Zhanga XL, Chena T, Zhanga HX. A novel 
carboxymethyl chitosan-based folate/Fe3O4/CdTe nanoparticle for-
targeted drug delivery and cell imaging. Carbohydr Polym 2012;  
239-49.

[123]  Shena JM, Xua L, Luc Y, et al. Chitosan-based lumines-
cent/magnetic hybrid nanogels for insulin delivery, cellimaging, 
and antidiabetic research of dietary supplements. Int J Pharm 2012; 
p. 400-9.

[124]  Woodley JF. Enzymatic barriers for GI peptide and protein deliv-
ery. Crit Rev Therapeut Drug Carrier Syst 1994; 11: 61-95.

[125]  Werle M, Takeuchi H, Bernkop-Schnurch A. Modified chitosans 
for oral drug delivery. J Pharm Sci 2009; 98: 1643-56.

[126]  Chiu GN, Wong MY, Ling LU, et al. Lipid-based nanoparticulate 
systems for the delivery of anti-cancer drug cocktails: Implications 
on pharmacokinetics and drug toxicities. Curr Drug Metabol 2009; 
10: 861-74.

[127]  Kularatne SA, Low PS. Targeting of nanoparticles: folate receptor. 
Methods Mol Biol 2010; 624: 249-65.

[128]  Praetorius NP, Mandal TK. Engineered nanoparticles in cancer 
therapy. Recent Patents Drug Deliv Formulation 2007; 1: 37-51.

[129]  Bernkop-Schnurch A, Hornof M, Guggi D. Thiolated chitosans. 
Eur J Pharm Biopharm 2004; 57: 9-17.

[130]  Makhlof A, Tozuka Y, Takeuchi H. Design and evaluation of novel 
pH-sensitive chitosan nanoparticles for oral insulin delivery. Euro-
pean J Pharm Sci 2011; 42: 445-51.

[131]  Hosseinzadeh H, Atyabi F, Dinarvand R, Ostad SN. Chitosan-
Pluronic nanoparticles as oral delivery of anticancer gemcitabine: 
preparation and in vitro study. Int J Nanomed 2012; 7: 1851-63.

[132]  Sandri G, Rossi S, Ferrari F, Bonferoni MC, Muzzarelli C, Cara-
mella C. Assessment of chitosan derivatives as buccal and vaginal 
penetration enhancers. Eur J Pharm Sci 2004; 21: 351-9.

[133]  Rekha MR, Sharma CP. Synthesis and evaluation of lauryl succinyl 
chitosan particles towards oral insulin delivery and absorption. J 
Control Release 2009; 135: 144-51.

[134]  Almeida AJ, Alpar HO. Nasal delivery of vaccines. J Drug Target 
1996; 3: 455-67.

[135]  Soane RJ, Frier M, Perkins AC, Jones NS, Davis SS, Illum L. 
Evaluation of the clearance characteristics of bioadhesive systems 
in humans. Int J Pharm 1999; 178: 55-65.

[136]  Amidi M, Romeijn SG, Borchard G, Junginger HE, Hennink WE, 
Jiskoot W. Preparation and characterization of protein-loaded N-
trimethyl chitosan nanoparticles as nasal delivery system. J Control 
Release 2006; 111: 107-16.

[137]  Pawar D, Jaganathan KS. Mucoadhesive glycol chitosan nanoparti-
cles for intranasal delivery of hepatitis B vaccine: enhancement of 
mucosal and systemic immune response. Drug Deliv 2014: 1-11.

[138]  Peppas NA BP. Surface, interfacial and molecular aspects of poly-
mer bioadhesion on soft tissues. J Control Release 1985: 257-75.

[139]  Sharma S, Lohan S, Murthy RS. Formulation and characterization 
of intranasal mucoadhesive nanoparticulates and thermo-reversible 
gel of levodopa for brain delivery. Drug Develop Ind Pharm 2014; 
40: 869-78.

[140]  Labiris NR, Dolovich MB. Pulmonary drug delivery. Part II: the 
role of inhalant delivery devices and drug formulations in therapeu-
tic effectiveness of aerosolized medications. Br J Clin Pharmacol 
2003; 56: 600-12.



4308    Current Pharmaceutical Design, 2015, Vol. 21, No. 29 Islam et al. 

[141]  Varshosaz J, Taymouri, S. and Hamishehkar, H. Fabrication of 
polymeric nanoparticles of poly(ethylene-co-vinyl acetate) coated 
with chitosan for pulmonary delivery of carvedilol. J Appl Polym 
Sci 2014.

[142]  Yamamoto H, Kuno Y, Sugimoto S, Takeuchi H, Kawashima Y. 
Surface-modified PLGA nanosphere with chitosan improved pul-
monary delivery of calcitonin by mucoadhesion and opening of the 
intercellular tight junctions. J Control Release 2005; 102: 373-81.

[143]  Gaudana R, Ananthula HK, Parenky A, Mitra AK. Ocular drug 
delivery. AAPS J 2010; 12: 348-60.

[144]  Bhatta RS, Chandasana H, Chhonker YS, Rathi C, Kumar D, Mitra 
K, et al. Mucoadhesive nanoparticles for prolonged ocular delivery 
of natamycin: In vitro and pharmacokinetics studies. Int J Pharm 
2012; 432: 105-12.

[145]  Yoncheva K, Vandervoort J, Ludwig A. Development of mucoad-
hesive poly(lactide-co-glycolide) nanoparticles for ocular applica-
tion. Pharm Develop Technol 2011; 16: 29-35.

[146]  Chaiyasan W, Srinivas SP, Tiyaboonchai W. Mucoadhesive chito-
san-dextran sulfate nanoparticles for sustained drug delivery to the 
ocular surface. J Ocular Pharmacol Therapeutics 2013; 29: 200-7.

[147]  Akhter S RF, Ahmad MZ, Ahmad FJ, Rahman Z, Bhatnagar A, 
Storm G. Ocular pharmacoscintigraphic and aqueous humoral drug 
availability of ganciclovir-loaded mucoadhesive nanoparticles in 
rabbits. Eur J Nanomed 2013; 5 (3): 159-67.

[148]  Wadhwa S, Paliwal R, Paliwal SR, Vyas SP. Hyaluronic acid 
modified chitosan nanoparticles for effective management of glau-
coma: development, characterization, and evaluation. J Drug Target 
2010; 18: 292-302.

[149]  K.A Woodrow YC, C.J Booth, J.K Saucier-Sawyer, M.J Wood, 
W.M Saltzman. Intravaginal gene silencing using biodegradable 
polymer nanoparticles densely loaded with small-interfering RNA. 
Nat Mater 2009: pp. 526-33.

[150]  Parodi B, Russo E, Caviglioli G, et al. A chitosan lac-
tate/poloxamer 407-based matrix containing Eudragit RS micropar-
ticles for vaginal delivery of econazole: design and in vitro evalua-
tion. Drug Develop Ind Pharm 2013; 39: 1911-20.

[151]  B.W.Cherry. The solid-liquid interface. Polymer surfaces. Great 
Britain: Cambridge University Press; 1981.

[152]  Perioli L, Ambrogi V, Pagano C, Scuota S, Rossi C. FG90 chitosan 
as a new polymer for metronidazole mucoadhesive tablets for vagi-
nal administration. Int J Pharm 2009; 377: 120-7.

[153]  Perioli L, Ambrogi V, Venezia L, Pagano C, Ricci M, Rossi C. 
Chitosan and a modified chitosan as agents to improve perform-
ances of mucoadhesive vaginal gels. Colloids Surfaces B Biointer-
faces 2008; 66: 141-5.

[154]  Liu Q, Zhang C, Zheng X, et al. Preparation and evaluation of 
antigen/N-trimethylaminoethyl-methacrylate chitosan conjugates 
for nasal immunization. Vaccine 2014; 32: 2582-90.

[155]  Verheul RJ, Slutter B, Bal SM, Bouwstra JA, Jiskoot W, Hennink 
WE. Covalently stabilized trimethyl chitosan-hyaluronic acid 
nanoparticles for nasal and intradermal vaccination. J Control Re-
lease 2011; 156: 46-52.

[156]  Bal SM, Slutter B, Jiskoot W, Bouwstra JA. Small is beautiful: N-
trimethyl chitosan-ovalbumin conjugates for microneedle-based 
transcutaneous immunisation. Vaccine 2011; 29: 4025-32.

[157]  Slutter B, Soema PC, Ding Z, Verheul R, Hennink W, Jiskoot W. 
Conjugation of ovalbumin to trimethyl chitosan improves immuno-
genicity of the antigen. J Control Release 2010; 143: 207-14.

[158]  Slutter B, Bal SM, Que I, et al. Antigen-adjuvant nanoconjugates 
for nasal vaccination: an improvement over the use of nanoparti-
cles? Mol Pharm 2010; 7: 2207-15.

[159]  Islam MA, Firdous J, Choi YJ, Yun CH, Cho CS. Design and ap-
plication of chitosan microspheres as oral and nasal vaccine carri-
ers: an updated review. Int J Nanomed 2012; 7: 6077-93.

[160]  Mortazavian E, Dorkoosh FA, Rafiee-Tehrani M. Design, charac-
terization and ex vivo evaluation of chitosan film integrating of in-
sulin nanoparticles composed of thiolated chitosan derivative for 
buccal delivery of insulin. Drug Develop Ind Pharm 2014; 40: 691-
8.

[161]  Gradauer K, Barthelmes J, Vonach C, et al. Liposomes coated with 
thiolated chitosan enhance oral peptide delivery to rats. J Control 
Release 2013; 172: 872-8.

[162]  Bae IH, Jeong BC, Kook MS, Kim SH, Koh JT. Evaluation of a 
thiolated chitosan scaffold for local delivery of BMP-2 for os-
teogenic differentiation and ectopic bone formation. BioMed Res 
Int 2013; 2013: 878930.

[163]  Chaudhury A, Das S. Recent advancement of chitosan-based 
nanoparticles for oral controlled delivery of insulin and other 
therapeutic agents. AAPS PharmSciTech 2011; 12: 10-20.

[164]  Albrecht K, Bernkop-Schnurch A. Thiomers: forms, functions and 
applications to nanomedicine. Nanomedicine (London, England) 
2007; 2: 41-50.

[165]  Hauptstein S, Bernkop-Schnurch A. Thiomers and thiomer-based 
nanoparticles in protein and DNA drug delivery. Exp Opin Drug 
Deliv 2012; 9: 1069-81.

[166]  Martien R, Loretz B, Sandbichler AM, Schnurch AB. Thiolated 
chitosan nanoparticles: transfection study in the Caco-2 differenti-
ated cell culture. Nanotechnology 2008; 19: 045101.

[167]  Martien R, Loretz B, Thaler M, Majzoob S, Bernkop-Schnurch A. 
Chitosan-thioglycolic acid conjugate: an alternative carrier for oral 
nonviral gene delivery? J Biomed Materials Res 2007; 82: 1-9.

[168]  Lee D, Zhang W, Shirley SA, et al. Thiolated chitosan/DNA nano-
complexes exhibit enhanced and sustained gene delivery. Pharm 
Res 2007; 24: 157-67.

[169]  Wang Y, Lin FX, Zhao Y, et al. The sustained-release behavior and 
in vitro and in vivo transfection of pEGFP-loaded core-shell-
structured chitosan-based composite particles. Int J Nanomed 2014; 
9: 4965-78.

[170]  Oliveira AV, Silva AP, Bitoque DB, Silva GA, Rosa da Costa AM. 
Transfection efficiency of chitosan and thiolated chitosan in retinal 
pigment epithelium cells: A comparative study. J Pharm Bioallied 
Sci 2013; 5: 111-8.

[171]  Patel D, Naik S, Chuttani K, Mathur R, Mishra AK, Misra A. In-
tranasal delivery of cyclobenzaprine hydrochloride-loaded thiolated 
chitosan nanoparticles for pain relief. J Drug Target 2013; 21: 759-
69.

[172]  Jiang L, Li X, Liu L, Zhang Q. Thiolated chitosan-modified PLA-
PCL-TPGS nanoparticles for oral chemotherapy of lung cancer. 
Nanoscale Res Lett 2013; 8: 66.

[173]  Anitha A, Deepa N, Chennazhi KP, Lakshmanan VK, Jayakumar 
R. Combinatorial anticancer effects of curcumin and 5-fluorouracil 
loaded thiolated chitosan nanoparticles towards colon cancer treat-
ment. Biochim Biophys Acta 2014; 1840: 2730-43.

[174]  Mazzaferro S, Bouchemal K, Skanji R, Gueutin C, Chacun H, 
Ponchel G. Intestinal permeation enhancement of docetaxel encap-
sulated into methyl-beta-cyclodextrin/poly(isobutylcyanoacrylate) 
nanoparticles coated with thiolated chitosan. J Controlled Release 
2012; 162: 568-74.

[175]  Fan B, Xing Y, Zheng Y, Sun C, Liang G. pH-responsive thiolated 
chitosan nanoparticles for oral low-molecular weight heparin deliv-
ery: in vitro and in vivo evaluation. Drug Deliv 2014: 1-10.

[176]  Atyabi F, Talaie F, Dinarvand R. Thiolated chitosan nanoparticles 
as an oral delivery system for Amikacin: in vitro and ex vivo 
evaluations. J Nanosci Nanotechnol 2009; 9: 4593-603.

[177]  Takeuchi H, Yamamoto H, Niwa T, Hino T, Kawashima Y. Enteral 
absorption of insulin in rats from mucoadhesive chitosan-coated 
liposomes. Pharm Res 1996; 13: 896-901.

[178]  Takeuchi H, Matsui Y, Sugihara H, Yamamoto H, Kawashima Y. 
Effectiveness of submicron-sized, chitosan-coated liposomes in 
oral administration of peptide drugs. Int J Pharm 2005; 303: 160-
70.

[179]  Werle M, Takeuchi H. Chitosan-aprotinin coated liposomes for oral 
peptide delivery: Development, characterisation and in vivo evalua-
tion. Int J Pharm 2009; 370: 26-32.

[180]  Abdelbary G. Ocular ciprofloxacin hydrochloride mucoadhesive 
chitosan-coated liposomes. Pharm Develop Technol 2011; 16: 44-
56.

[181]  Shin GH, Chung SK, Kim JT, Joung HJ, Park HJ. Preparation of 
chitosan-coated nanoliposomes for improving the mucoadhesive 
property of curcumin using the ethanol injection method. J Agricul-
tural  Food Chem 2013; 61: 11119-26.

[182]  Filipovic-Grcic J, Skalko-Basnet N, Jalsenjak I. Mucoadhesive 
chitosan-coated liposomes: characteristics and stability. J Microen-
capsulation 2001; 18: 3-12.



Mucoadhesive Chitosan Derivatives as Novel Drug Carriers Current Pharmaceutical Design, 2015, Vol. 21, No. 29    4309 

[183]  Zhou W, Wang Y, Jian J, Song S. Self-aggregated nanoparticles 
based on amphiphilic poly(lactic acid)-grafted-chitosan copolymer 
for ocular delivery of amphotericin B. Int J Nanomed 2013; 8: 
3715-28.

[184]  Mahmoud AA, El-Feky GS, Kamel R, Awad GE. Chito-
san/sulfobutylether-beta-cyclodextrin nanoparticles as a potential 
approach for ocular drug delivery. Int J Pharm 2011; 413: 229-36. 

 
 

Received: May 14, 2015        Accepted: August 17, 2015 




