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e to their outstanding merits, have received more and more attention in the field
of drug delivery systems. In particular, polysaccharides seem to be the most promising materials in the
preparation of nanometeric carriers. This review relates to the newest developments in the preparation of
polysaccharides-based nanoparticles. In this review, four mechanisms are introduced to prepare
polysaccharides-based nanoparticles, that is, covalent crosslinking, ionic crosslinking, polyelectrolyte
complex, and the self-assembly of hydrophobically modified polysaccharides.
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1. Introduction

Nanoparticle drug delivery systems are nanometeric carriers used
to deliver drugs or biomolecules. Generally, nanometeric carriers also
comprise sub-micro particles with size below 1000 nm and with
various morphologies, including nanospheres, nanocapsules, nano-
micelles, nanoliposomes, and nanodrugs, etc. [1,2].

Nanoparticle drug delivery systems have outstanding advantages
[1]: (1) they can pass through the smallest capillary vessels because of
their ultra-tiny volume and avoid rapid clearance by phagocytes so
that their duration in blood stream is greatly prolonged; (2) they can
l rights reserved.
penetrate cells and tissue gap to arrive at target organs such as liver,
spleen, lung, spinal cord and lymph; (3) they could show controlled-
release properties due to the biodegradability, pH, ion and/or
temperature sensibility of materials; (4) they can improve the utility
of drugs and reduce toxic side effects; etc.

As drug delivery system, nanoparticles can entrap drugs or
biomolecules into their interior structures and/or absorb drugs or
biomolecules onto their exterior surfaces. Presently, nanoparticles
have been widely used to deliver drugs, polypeptides, proteins,
vaccines, nucleic acids, genes and so on. Over the years, nanoparticle
drug delivery systems have shown huge potential in biological,
medical and pharmaceutical applications [3].

Currently, the researches on nanoparticle drug delivery system focus
on: (1) the selectness and combination of carrier materials to obtain
suitable drug release speed; (2) the surfacemodification of nanoparticles
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to improve their targeting ability; (3) the optimization of thepreparation
of nanoparticles to increase their drug delivery capability, their appli-
cation in clinics and the possibility of industrial production; (4) the
investigation of in vivo dynamic process to disclose the interaction of
nanoparticles with blood and targeting tissues and organs, etc.
Table 1
Chemical Structures of polysaccharides
Polymeric materials used for preparing nanoparticles for drug
delivery must be biocompatible at least and biodegradable best. To this
aim, many polymeric materials have been applied, including poly(lactic
acid), poly(glycolic acid), polycaprolactone, polysaccharides (particularly
chitosan), poly(acrylic acid) family, proteins or polypeptides (such as
(continued on next page)
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gelatin), etc. Among them, polysaccharides are the most popular poly-
meric materials to prepare nanoparticles for drug delivery.

2. Polysaccharides

Polysaccharides are the polymers of monosaccharides. In nature,
polysaccharides have various resources from algal origin (e.g.
alginate), plant origin (e.g. pectin, guar gum), microbial origin (e.g.
dextran, xanthan gum), and animal origin (chitosan, chondroitin) [4].
Polysaccharides have a large number of reactive groups, a wide range
of molecular weight (MW), varying chemical composition, which
contribute to their diversity in structure and in property. The chemical
structures of usual polysaccharides and important chitosan deriva-
tives are listed in Table 1 [4]. From the viewpoint of polyelectrolyte,
polysaccharides can be divided into polyelectrolytes and non-
polyelectrolytes, the former can be further divided into positively
charged polysaccharides (chitosan) and negatively charged polysac-
charides (alginate, heparin, hyaluronic acid, pectin, etc.).

Due to the presence of various derivable groups onmolecular chains,
polysaccharides can be easily modified chemically and biochemically,
resulting in many kinds of polysaccharide derivatives. As natural
biomaterials, polysaccharides are highly stable, safe, non-toxic, hydro-
philic and biodegradable. In addition, polysaccharides have abundant
resources in nature and lowcost in their processing. Particularly, most of
natural polysaccharides have hydrophilic groups such as hydroxyl,
carboxyl and amino groups, which could form non-covalent bonds with
biological tissues (mainly epithelia and mucous membranes), forming
bioadhesion [5]. For example, chitosan, starch, alginate and so on are
good bioadhesive materials. Nanoparticle carriers made of bioadhesive
polysaccharides could prolong the residence time and therefore increase
the absorbance of loaded drugs. All thesemerits endow polysaccharides
a promising future as biomaterials. For the application of these naturally
occurring polysaccharides for drug carriers, issues of safety, toxicity and
availability are greatly simplified. In recent years, a large number of
studies havebeen conductedonpolysaccharides and theirderivatives for
their potential application as nanoparticle drug delivery systems [4,6–8].

3. Polysaccharide-based nanoparticles

As for polysaccharide-based nanoparticles, Alonso et al. [9] and
Prabaharan et al. [10] have ever made excellent reviews in 2001 and
2005, respectively, focusing on the preparation and application of
chitosan nanoparticle carriers. As time goes on, more polysaccharide-
based nanoparticles emerge, which greatly enriches the versatility of
nanoparticle carriers in terms of category and function. According to
structural characteristics, these nanoparticles are prepared mainly by
four mechanisms, namely covalent crosslinking, ionic crosslinking,
polyelectrolyte complexation, and self-assembly of hydrophobically
modified polysaccharides.

3.1. Covalently crosslinked polysaccharide nanoparticles

The early preparation of polysaccharide nanoparticles was by
means of covalent crosslinking. Among various polysaccharides,
chitosan is the early one to be used to prepare nanoparticles. As a
usual crosslinker, glutaraldehyde was ever used to crosslink chitosan-
based nanoparticles. Recently, some chitosan nanoparticles were still
crosslinked by glutaradehyde [11,12]. Unfortunately, the toxicity of
glutaraldehyde on cell viability limits its utility in the field of drug
delivery.

Along with the use of biocompatible crosslinkers, biocompatible
covalent crosslinking is promising. With the aid of water-soluble
condensation agent of carbodiimide, natural di- and tricarboxylic
acids, including succinic acid, malic acid, tartaric acid and citric acid,
were used for intermolecular crosslinking of chitosan nanoparticles
[13,14]. The condensation reaction was performed between the
carboxylic groups of natural acids and the pendant amino groups of
chitosan, through which biodegradable chitosan nanoparticles were
obtained. This method allows the formation of polycations, poly-
anions, and polyampholyte nanoparticles. The prepared nanoparticles
were stable in aqueous media at low pH, neutral, and mild alkaline
conditions. In the swollen state, the average size of the particles was in
the range of 270–370 nm depending on the pH.

3.2. Ionically crosslinked polysaccharide nanoparticles

Compared with covalent crosslinking, ionic crosslinking has more
advantages: mild preparation conditions and simple procedures. For
charged polysaccharides, lowMWof polyanions and polycations could
act as ionic crosslinkers for polycationic and polyanionic polysacchar-
ides, respectively. To date, the most widely used polyanion crosslinker
is tripolyphosphate (TPP). Alonso et al. [15,16] first reported TPP-
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crosslinked chitosan nanoparticles in 1997. TPP is non-toxic and has
multivalent anions. It can form a gel by ionic interaction between
positively charged amino groups of chitosan and negatively charged
counterions of TPP [17]. From then on, TPP-chitosan nanoparticles
have been widely used to deliver various drugs and macromolecules
[18–30].

Recently, water-soluble chitosan derivatives were also be ionically
crosslinked to prepare nanoparticles. Compared with chitosan itself,
its derivatives can easily dissolve in neutral aqueous media, avoiding
the potential toxicity of acids and hence protecting the bioactivity of
loaded biomacromolecules. Xu et al. [31] synthesized water-soluble
chitosan derivative, N-(2-hydroxyl) propyl-3-trimethyl ammonium
chitosan chloride (the chemical structure shown in Table 1) by the
reaction between glycidyl-trimethyl-ammonium chloride and chit-
osan. Nanoparticles of 110–180 nm in size were formed based on ionic
gelation process of the derivative and TPP. Bovine serum albumin, as a
model protein drug, was incorporated into the nanoparticles with
encapsulation efficiency up to 90%. In addition, Amidi et al. [32]
prepared N-trimethyl chitosan nanoparticles by ionic crosslinking of
N-trimethyl chitosan (the chemical structure shown in Table 1) with
TPP and evaluated their potential as a carrier system for the nasal
delivery of proteins, ovalbumin. The nanoparticles had an average size
of about 350 nm and a positive zeta potential. They showed a loading
efficiency up to 95% and a loading capacity up to 50% (w/w). The
able 2
hemical structures of negative polymers complexed with chitosan
T
C

integrity of the entrapped ovalbuminwas preserved. Cytotoxicity tests
with Calu-3 cells showed no toxic effects of the nanoparticles. In vivo
uptake studies indicated the transport of fluorescent isothiocyanate
(FITC)-albumin-associated nanoparticles across the nasal mucosa.
Sandri et al. [33] evaluated the absorption properties of N-trimethyl-
chitosan/TPP nanoparticles using in vitro (Caco-2 cells) and ex vivo
(excised rat jejunum) models. Shi et al. prepared carboxymethyl
chitosan (the chemical structure shown in Table 1) nanoparticles
(200–300 nm and in a narrow distribution) through ionic gelification
with calcium ion and evaluated the potential of the nanoparticles as
carriers for anticancer drug, doxorubicin. Effects of degree of
substitution (DS) and MW of carboxymethyl chitosan on doxorubicin
delivery were discussed.

Besides, calcium-crosslinked negatively charged polysaccharide
nanoparticles have recently found utility as drug carriers. Some
polysaccharides bearing carboxylic groups on molecular chains can be
crosslinked by bivalent calcium ion to form nanoparticles. You et al.
[34] prepared Ca-crosslinked alginate nanoparticles by water-in-oil
reverse microemuldion method. To examine the potency of the
nanoparticles for gene delivery, green fluorescent protein-encoding
plasmids were encapsulated in the nanoparticles to investigate the
degree of endocytosis by NIH 3T3 cells and ensuing transfection rate.
Results showed that Ca-alginate nanoparticles with an average size
around 80 nm in diameter were very efficient gene carriers. Zahoor
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et al. [35] also prepared Ca-alginate nanoparticles (235.5±0 nm in
size) by ion-induced gelification. Drug encapsulation efficiencies in
the nanoparticles were 70–90% for isoniazid, pyrazinamide and 80–
90% for rifampicin. The relative bioavailabilities of all drugs encapsu-
lated were significantly higher compared with oral free drugs. All
drugs were detected in organs (lungs, liver and spleen) above the
minimum inhibitory concentration until 15 days post nebulisation,
whilst free drugs stayed up to day 1. These inhalable nanoparticles
could serve as an ideal carrier for the controlled release of anti-
tubercular drugs.

In addition, Kim et al. [36] encapsulated retinol into chitosan nano-
particles and reconstituted it into aqueous solution for cosmetic and
pharmaceutical applications. Solubility of retinol is able to increase by
encapsulation into chitosan nanoparticles more than 1600-fold. It was
suggested that retinol was encapsulated into chitosan nanoparticles by
ion complex due to the electrostatic interaction between amine group of
chitosan and hydroxyl group of retinol.

3.3. Polysaccharide nanoparticles by polyelectrolyte complexation (PEC)

Polyelectrolyte polysaccharides can form PEC with oppositely
charged polymers by intermolecular electrostatic interaction. Poly-
saccharide-based PEC nanoparticles can be obtained by means of
adjusting theMWof component polymers in a certain range. In theory,
any polyelectrolyte could interact with polysaccharides to fabricate
PEC nanoparticles. However, in practice, these polyelectrolytes are
restricted to those water-soluble and biocompatible polymers in view
of safety purpose. In this sense, chitosan is the only natural polycationic
polysaccharide that satisfies the needs. There are many negative
polymers (with chemical structures shown in Table 2) complexedwith
chitosan to form PEC nanoparticles, which can be divided into
polysaccharides, peptides, polyacrylic acid family and so on.

3.3.1. Negative polysaccharides
Cui et al. [37] used carboxymethyl cellulose to complex chitosan to

form stable cationic nanoparticles and investigated the topical
application of these nanoparticles containing plasmid DNA as a
potential approach to genetic immunization. Plasmid DNAwas coated
on pre-formed cationic chitosan/carboxymethylcellulose nanoparti-
cles. Selected plasmid DNA-coated nanoparticles (with plasmid DNA
up to 400 mg/ml) were stable to challenge with serum. Several
different chitosan-based nanoparticles containing plasmid DNA
resulted in both detectable and quantifiable levels of luciferase
expression in mouse skin 24 h after topical application, and significant
antigen-specific IgG titer to expressed β-galactosidase at 28 days.
Chen et al. [38] developed chitosan/dextran sulfate nanoparticle
delivery system by employing a simple coacervation process. The
study investigated the effect of the weight ratio of the two polymers
on particle size, surface charge, entrapment efficiency and release
characteristics of anti-angiogenesis peptide. Particles of 223 nmmean
diameter were produced under optimal conditions with a zeta
potential of approximately −32.6 mV. The physicochemical and
release characteristics of the nanoparticles could be modulated by
changing ratios of two ionic polymers. Tiyaboonchai et al. [39]
developed a nanoparticulate delivery system for amphotericin B with
chitosan and dextran sulfate together with zinc sulfate as a cross-
linking and hardening agent. The nanoparticles obtained possessed a
mean particle size of 600–800 nm with a polydispersity index of 0.2,
indicating a narrow size distribution. The measured zeta potential of
the nanoparticle surface was approximately −32 mV, indicating a
strong negative charge at the particle's surface. Drug association
efficacy of up to 65% was achieved. Sarmento et al. [40,41] studied
dextran sulfate or alginate complexation with chitosan on mean
particle size, insulin association efficiency, loading capacity and
release profile. Nanoparticles were formed by ionotropic complexa-
tion and coacervation between polyanions (dextran sulfate and algi-
nate) and chitosan. Mean nanoparticle diameter ranged from 423 to
850 nm, insulin association efficiency from 63 to 94% and loading
capacity from 5 to 13%. Dextran sulfate/chitosan nanoparticle system
provided highest insulin association efficiency and retention of insulin in
gastric simulated conditions. Sarmento et al. [42] also prepared insulin-
loaded nanoparticles by ionotropic pre-gelation of alginate with calcium
chloride followed by complexation between alginate and chitosan. The
same group probed the structural integrity of insulin after being
entrapped into chitosan/alginate nanoparticles [43]. The results con-
firmed that no significant conformational changes of insulin occurred in
terms of α-helix and β-sheet content. Alonso-Sande et al. [44] used two
different types of glucomannan (non-phosphorylated and phosphory-
lated) and two different approaches to prepare nanoparticles. These
procedures involved the interaction of chitosan and glucomannan in the
presence or absence of sodium tripolyphosphate, which acted as an ionic
cross-linking agent for chitosan. Depending on the formulation condi-
tions, it was possible to obtain nanoparticles with size from 200 to
700 nm and zeta potential from −2 to +39 mV. The nanoparticles
exhibited a great capacity for the association of insulin and the immu-
nomodulatory protein P1, reaching association efficiency values as high
as 89%. Du et al. [45–47] prepared carboxymethyl konjac glucomannan/
chitosan nanoparticles under very mild conditions via polyelectrolyte
complexation. Bovine serum albumin, as a model protein drug, was
incorporated into the nanoparticles and the encapsulation efficiency and
in vitro release behavior of the bovine serum albuminwere investigated.
The nanoparticles not only exhibited pH-responsive properties, but ionic
strength-sensitive properties. Liu et al. [48] prepared heparin/chitosan
nanoparticles by polyelectrolyte complexation. Entrapment studies of
the nanoparticles were conducted using bovine serum albumin as a
model protein. Specifically, the effects of the pH value of chitosan
solution, chitosan MW, chitosan concentration, heparin concentration,
and the protein concentration on the nanoparticle size, the nanoparticle
yield, and the protein entrapment were studied in detail. Li et al. [49]
prepared quaternized chitosan/alginate nanoparticles in neutral condi-
tion for the oral delivery of protein. The diameter of the nanoparticles
with a positive surface charge was about 200 nm.

3.3.2. Negative peptides
Lin et al. [50] prepared poly-γ-glutamic acid/chitosan nanoparticle

system using ionic-gelation method. Evaluation of the prepared
nanoparticles in enhancing intestinal paracellular transport was
investigated in vitro in Caco-2 cell monolayers. It was found that the
nanoparticles with chitosan dominated on the surfaces could
effectively reduce the transepithelial electrical resistance of Caco-2
cell monolayers and opened the tight junctions between Caco-2 cells
and allowed transport of the nanoparticles via the paracellular
pathways. Moreover, the nanoparticles were further used for
transdermal gene delivery. As compared with chitosan/DNA, chit-
osan/poly-γ-glutamic acid/DNA improved their penetration depth
into the mouse skin and enhanced gene expression. These observa-
tions may be attributed to the fact that chitosan/poly-γ-glutamic acid/
DNAwere more compact in their internal structures and had a greater
density than their chitosan/DNA counterparts, thus having a larger
momentum to penetrate into the skin barrier [51].

3.3.3. Polyacrylic acid family
Sajeesh et al. [52] prepared pH sensitive polymethacrylic acid/

chitosan/polyethylene glycol nanoparticles under mild aqueous. Free
radical polymerization ofmethacrylic acidwas carriedout inpresence of
chitosan and polyethylene glycol using a water-soluble initiator and
particles were obtained spontaneously during polymerization without
using organic solvents or surfactants/steric stabilizers. Insulin and
bovine serum albumin as model proteins were incorporated into the
nanoparticles by diffusion filling method and their in vitro release
characteristics were evaluated at pH 1.2 and 7.4. The nanoparticles
exhibited good protein encapsulation efficiency and pH responsive



able 3
ydrophobic molecules used to modify polysaccharides

olysaccharides Hydrophobic molecules Chemical structure of hydrophobic molecules

hitosan [69–74] Poly(ethylene glycol) HO–CH2CH2–O–(CH2CH2O)n–CH3

-Cyclodextrin [75] Hexanoic acid CH3 (CH2)4COOH
Decanoic acid CH3 (CH2)8COOH

hitosan [76], Amylose [82] Linoleic acid CH3(CH2)4CH_CHCH2CH_CH(CH2)7COOH
hitosan [77,78] Linolenic acid CH3(CH2CH_CH)3(CH2)7COOH
hitosan [79] Palmitic acid CH3(CH2)14COOH
hitosan [80] Stearic acid CH3(CH2)16COOH
hitosan [81] Oleic acid CH3(CH2)7CH_CH(CH2)7COOH
extran [83–86], chitosan [87] Poly(ε-caprolactone) –[O–(CH2)5–CO]n–
eparin [88], Hyaluronic acid [89] Pluronic –(CH2CH2O)n–(CH2CH(CH3)O)m–
ullulan [97] Hexadecanol CH3(CH2)15OH

hitosan [90],
arboxymethyl chitosan [91],
ullulan [92–96]

Cholesterol

hitosan [98–101],
eparin [102],
lycol chitosan [103]

Deoxycholic acid

lycol chitosan [104–108] 5β-Cholanic acid

lycol chitosan [109,111,113] Fluorescein isothiocyanate (FITC)

lycol chitosan [110–112] Doxorubicin

ullulan [114] Vitamin H

(continued on next page)
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Table 3 (continued)

Polysaccharides Hydrophobic molecules Chemical structure of hydrophobic molecules

Glycol chitosan [116] N-Acetyl histidine

Heparin [117, 118], Dextran [118] Poly(methyl methacrylate)

Chitosan [119,120,125], Dextran [120,125,127,128],
Dextran sulfate [120,125], Thiolated chitosan [121–124],
Heparin [125,126,128], Hyaluronic acid [125], Pectin [125]

Poly(isobutyl Cyanoacrylate)
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release profile was observed under in vitro conditions. Chen et al. [53]
reported the formation of chitosan/poly(acrylic acid) nanoparticles.
Whenpolyanionpoly(acrylic acid)wasdropped intopolycation chitosan
solution, nanoparticles with diverse microstructure would be formed
under different experimental conditions. The influence of MW of
chitosan and poly(acrylic acid), shell cross-linking, dropping tempera-
ture on the size, stability andmorphology of the nanoparticleswere also
studied. These nanoparticles could encapsulate plasmid DNA very well,
whichmakes themhave great potential in gene delivery. The same team
also synthesized hollow polymeric nanospheres by polymerization of
acrylic acid monomers inside the chitosan-acrylic acid assemblies. The
effects of polymerization concentration, shell cross-linking, pH, salt
concentration and temperature on the size and stability of hollow
polymeric nanospheres were investigated [54].

3.3.4. Others
Zheng et al. [55] prepared chitosan/glycyrrhetic acid nanoparticles

by polyelectrolyte complexation and studied the glycyrrhetic acid
encapsulation efficiency and in vitro release. Stoilova et al. [56]
prepared PEC nanoparticles between chitosan and poly(2-acryloyla-
mido-2-methylpropanesulfonic acid) by mixing aqueous solutions of
its components or by free radical polymerization on chitosan tem-
plate. The nanoparticles (mean diameter 250 nm and monomodal
distribution) were stable in acidic and neutral medium and dis-
sociated at pHN8. Zheng et al. [57] prepared anionic or cationic
nanoparticles based on chitosan and polyaspartic acid sodium salt. A
hydrophilic drug, 5-fluorouracil, was contained in the nanoparticles.

In addition, the nanoparticle formed by complexion between
chitosan or its derivative and DNA or RNA is a special type of delivery
system, which has been well studied [58–67].

Noteworthy is that, the category of this kind of nanoparticles will
continuously increase because: (1) chitosan has a lot of water-soluble
positively charged derivatives, such as glycol chitosan, N-trimethyl
chitosan and N-triethyl chitosan, which can be used as polycation
instead of chitosan; (2) more biocompatible negative polymers will be
exploited, in particular, various polyanionic polysaccharides.

3.4. Self-assembly of hydrophobically modified polysaccharides

When hydrophilic polymeric chains are grafted with hydrophobic
segments, amphiphilic copolymers are synthesized. Upon contact
with an aqueous environment, polymeric amphiphiles spontaneously
form micelles or micellelike aggregates via undergoing intra- or
intermolecular associations between hydrophobic moieties, primarily
to minimize interfacial free energy. These polymeric micelles exhibit
unique characteristics, depending on hydrophilic/hydrophobic con-
stituents, such as unusual rheological feature, small hydrodynamic
radius (less than microsize) with core-shell structure, and thermo-
dynamic stability. In particular, polymeric micelles have been
recognized as a promising drug carrier, since their hydrophobic
domain, surrounded by a hydrophilic outer shell, can serve as a
preservatory for various hydrophobic drugs [68]. In recent years,
numerous studies have been carried out to investigate the synthesis
and the application of polysaccharide-based self-aggregate nanopar-
ticles as drug delivery systems. The hydrophobic molecules used to
modify polysaccharides are listed in Table 3. Generally, these
hydrophobic molecules can be divided into linear, cyclic hydrophobic
molecules, hydrophobic drug, polyacrylate family, etc.

3.4.1. Linear hydrophobic molecules
Poly(ethylene glycol) has been employed extensively in pharma-

ceutical and biomedical fields because of its outstanding physico-
chemical and biological properties including hydrophilic property,
solubility, non-toxicity, ease of chemical modification and absence of
antigenicity and immunogenicity. Therefore, poly(ethylene glycol) has
been often used as a soluble polymeric modifier in organic synthesis;
it is also widely used as a pharmacological polymer with high
hydrophilicity, biocompatibility and biodegradability. It is ideal for
prevention of bacterial surface growth, decrease of plasma protein
binding and erythrocyte aggregation, and prevention of recognition
by the immune system. In recent years, poly(ethylene glycol)-g-
chitosan has been studied by many researchers [69]. Yoksan et al. [70]
grafted poly(ethylene glycol) methyl ether onto N-Phthaloyl chitosan
chains. The graft-copolymer aggregated to obtain sphere-like nano-
particles. When the chain length of poly(ethylene glycol) methyl ether
was as high as 5×103 Da, the sphere size became as small as 80–
100 nm. By simply adjusting the hydrophobicity/hydrophilicity of the
chitosan chain, stable nanospheres could be obtained directly. Jeong et
al. [71] synthesized methoxy poly(ethylene glycol)-grafted chitosan to
develop polymeric micelles for the drug delivery to brain tumor. The
micelles encapsulated all-trans retinoic acid based on polyion
complex formation. The loading efficiency of the micelles was higher
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than 80% (w/w) for all formulations. Park et al. [72] found the all-trans
retinoic acid-incorporated nanoparticles were more effective to
inhibit invasion of tumor cells than free all-trans retinoic acid at
invasion test using matrigel. Yang et al. [73] synthesizedmethoxy poly
(ethylene glycol)-grafted-chitosan conjugates by formaldehyde link-
ing method. The critical aggregation concentration (CMC) of the
conjugates was 0.07 mg/ml in water. The conjugates formed
monodisperse self-aggregated nanoparticles with a roughly spherical
shape and a mean diameter of 261.9 nm. A poorly water-soluble
anticancer drug, methotrexate was physically entrapped inside the
nanoparticles. Opanasopit et al. [74] synthesized amphiphilic grafted
copolymers, N-phthaloylchitosan-grafted poly(ethylene glycol)
methyl ether. These copolymers could form micelle-like nanoparti-
cles. The CMC of these nanoparticles in water was similar (28 μg/ml).
The nanoparticles exhibited a regular spherical shape with core–shell
structure with sizes in the range of 100–250 nm. Camptothecin as a
model drug was loaded into the inner core of the micelles.

Some long-chain fatty acids such as hexanoic acid, decanoic acid,
linoleic acid, linolenic acid, palmitic acid, stearic acid, and oleic acid
have been used for modifying polysaccharides. Choisnard et al. [75]
synthesized decanoate β-cyclodextrin esters (DS, 2–7) and hexanoate
β-cyclodextrin esters (DS, 4–8) biocatalyzed by thermolysin from
native β-cyclodextrin and vinyl hexanoate or vinyl decanoate used as
acyl donors. Both esters self-organized into nanoparticles by a
nanoprecipitation technique. Chen et al. [76] modified chitosan by
coupling with linoleic acid through the 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide-mediated reaction to increase its amphipathi-
city for improved emulsification. The micelle formation of linoleic
acid-modified chitosan in the 0.1 M acetic acid solutionwas enhanced
by O/W emulsification with methylene chloride, an oil phase, the self-
aggregation concentration from 1.0 g/L to 2.0 g/L. The addition of 1 M
sodium chloride promoted the self-aggregation of linoleic acid-
chitosan molecules both with and without emulsification. The
micelles formed nanosize particles ranging from 200 to 600 nm. The
nanoparticles encapsulated a lipid soluble model compound, retinal
acetate, with 50% efficiency. The same group modified chitosan with
linolenic acid (the DS 1.8%) using the same reaction. The CMC of
linolenic acid-chitosan in pH7.4 PBS was 5×10−2 mg/ml, the self-
aggregates with average particle size of 210.8 nmwith a unimodal size
distribution ranging from 100 to 500 nm. The loading capacity of
bovine serum albumin in self-aggregated nanoparticles increased
(19.85±0.04 to 37.57±0.25%) with an increasing concentration of
bovine serum albumin (0.1–0.5 mg/ml) [77]. The self-aggregated
nanoparticles of linolenic acid-chitosan were also used to immobilize
trypsin using glutaraldehyde as crosslinker. Results indicated that the
activity of trypsin immobilized onto the nanoparticles increased with
increasing concentration of glutaraldehyde up to 0.07% (v/v) and then
decreased with increasing amount of glutaraldehyde. On the other
hand, particle size increased (from 523 to 1372 nm) with the
increasing concentration of glutaraldehyde (from 0.03 to 0.1% v/v).
The kinetic constant value of trypsin immobilized on nanoparticle
(71.9 mg/ml) was higher than that of pure trypsin (50.2 mg/ml). And
the thermal stability and optimum temperature of trypsin immobi-
lized on nanoparticles improved, which makes it more attractive in
the application aspect [78]. Jiang et al. [79] prepared water-soluble N-
palmitoyl chitosan by swollen chitosan coupling with palmitic
anhydride in dimethyl sulfoxide, which could form micelles in
water. The DS of N-palmitoyl chitosan was in the range of 1.2–14.2%,
and the CMC of N-palmitoyl chitosan micelles was in the range of
2.0×10−3 to 37.2×10−3 mg/ml. The loading capacity of hydrophobic
model drug ibuprofen in the micelles was approximately 10%. The
drug release strongly depended on pH and temperature: low pH and
high temperature accelerated drug release markedly. Hu et al. [80]
synthesized stearic acid grafted chitosan oligosaccharide by 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide-mediated coupling reaction.
The CMC of the copolymer was about 0.06, 0.04, 0.01 mg/ml,
respectively. To increase the stability of the micelle in vivo and
controlled drug release, the shells of micelles were cross-linked by
glutaraldehyde. Paclitaxel was used as a model drug to incorporate
into the micelles, and the surfaces of the micelles were further cross-
linked by glutaraldehyde to form drug loaded and shell cross-linked
nanoparticles. The higher drug entrapment efficiencies (above 94%)
were observed in all cases. Zhang et al. [81] developed self-assembled
nanoparticles based on oleoyl-chitosan with a mean diameter of
255.3 nm. The hemolysis rates of the nanoparticles came well within
permissible limits (5%). The nanoparticles showed no cytotoxicity to
mouse embryo fibroblasts. Doxorubicinwas efficiently loaded into the
nanoparticles with an encapsulation efficiency of 52.6%. The drug was
rapidly and completely released from the nanoparticles at pH 3.8,
whereas at pH 7.4 there was a sustained release after a burst release.
The inhibitory rates of doxorubicin-loading nanoparticle suspension
to different human cancer cells (A549, Bel-7402, HeLa, and SGC-7901)
significantly outperformed that of doxorubicin solution. Amylose-
conjugated linoleic acid complexes were synthesized to serve as
molecular nanocapsules for the protection and the delivery of linoleic
acid [82].

Poly(ε-caprolactone) (PCL) is a biodegradable industrial polyester
with excellent mechanical strength, biocompatibility, and non-
toxicity. It has been frequently used as implantable carriers for drug
delivery systems or as surgical repair materials. It is promising to
combine chitosan with the biodegradable polyester to produce
amphiphilic copolymer applicable to drug delivery systems. Gref et
al. [83,84] synthesized amphiphilic dextran by coupling between
carboxylic function present on preformed PCL monocarboxylic acid
and the hydroxyl groups on dextran. The comb-like copolymers
(dextran-PCLn) consisted of a dextran backbone onto which n
preformed PCL blocks were grafted. Nanoparticles of less than
200 nm were successfully prepared by using the new materials.
Further, bovine serum albumin and lectin were incorporated in the
nanoparticles. Lectins could also be adsorbed onto the surface of the
nanoparticles. Surface-bound lectin conserved its hemagglutinating
activity, suggesting the possible application of this type of surface-
modified nanoparticles for targeted oral administration. Caco-2
cellular viability was higher than 70% when put in contact with the
nanoparticles, even at concentrations as high as 660 mg/ml [85]. In
addition, they investigated the ability of the dextran coating to modify
the interactions with the biological media. They first studied the
influence of the dextran coating on the phagocytosis of the
nanoparticles by human TPH-1 and J774 murine macrophage-like
cell lines. Then, the activation of the complement system (CH50
measurement) at the surface of the nanoparticles and the adsorption
of plasma proteins (2D-PAGE) were investigated. It was found that the
modification of the surface with dextran significantly reduced the
cytotoxicity towards J774 macrophages: the IC50 was increased from
10 to 600 mg/ml. However, the dextran coating could activate
complement, probably due to a loop-like conformation of dextran
similar to that of cross-linked dextran in Sephadex (a strong
complement activator). In addition, depending on whether the
dextran loops were large or compact, preferential adsorption,
apolipoproteins or immunoglobulins, was observed [86]. Yu et al.
[87] synthesized biodegradable amphiphilic PCL-graft-chitosan copo-
lymers. The copolymers could form spherical or elliptic nanoparticles
in water.

Pluronic tri-block copolymers composed of poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) show lower critical
solution temperature behaviors over a broad temperature range
depending on the composition and MW. They self-assemble to form a
spherical micellar structure above the lower critical solution tem-
perature by hydrophobic interaction of the poly(propylene oxide)
middle block in the structure. At high concentration above about 25%
(v/v), they exhibit a sol–gel transition behavior when raising the
temperature above the lower critical solution temperature. Choi et al.
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[88] prepared Pluronic/heparin composite nanocapsules, which
exhibited a 1000-fold volume transition (ca. 336 nm at 25 °C; ca.
32 nm at 37 °C), and a reversible swelling and de-swelling behavior
when the temperature was cycled between 20 and 37 °C. Han et al.
[89] prepared core/shell nanoparticles with the poly(lactide-co-
glycolide) core and the polymeric shell composed of pluronics and
hyaluronic acid. Lysozyme was loaded into the polymeric shell up to
7 wt.% via ionic interaction between hyaluronic acid and lysozyme and
the sustained release pattern was observed, which was due to the
stable immobilization of lysozyme in the polymeric shell.

3.4.2. Cyclic hydrophobic molecules
Cholesterol is an indispensable lipid in animals, which not only

participates the formation of cell membranes but also works as a raw
material for the synthesis of bile acids, vitamin D and steroid
hormones. Conjugating hydrophobic cholesterol to hydrophilic poly-
saccharidesmay form amphiphilic copolymerwhichmay further form
self-assembly nanoparticles in aqueous solution. Wang et al. [90]
synthesized cholesterol-modified chitosan conjugate with succinyl
linkages. The CMC was 1.16×10−2 mg/ml in 0.1 M acetic acid solution.
The conjugates formed monodisperse self-aggregated nanoparticles
with a roughly spherical shape and a mean diameter of 417.2 nm by
probe sonication in aqueous media. Epirubicin, as a model anticancer
drug, was physically entrapped inside the nanoparticles by the remote
loading method. Epirubicin-loaded nanoparticles were almost sphe-
rical in shape and their size increased from 338.2 to 472.9 nmwith the
epirubicin-loading content increasing from 7.97% to 14.0%. Epirubicin
release rate decreased with the pH increase of the release media. In
PBS pH 7.4, the epirubicin release was very slow and the total release
amount was about 24.9% in 48 h. Wang et al. [91] also prepared self-
aggregated nanoparticles of cholesterol-modified O-carboxymethyl
chitosan and investigated the interaction between bovine serum
albumin and self-aggregated nanoparticles.

Akiyoshi et al. [92,93] synthesized various cholesterol-bearing
pullulans with different MWs of the parent pullulan and DS of the
cholesteryl moiety. Irrespective of the MW of the parent pullulan and
the DS, all of cholesterol-pullulans provided unimodal and mono-
disperse self-aggregates in water. The size of the self-aggregate
decreased with an increase in the DS of the cholesteryl moiety
(hydrodynamic radius, 8.4–13.7 nm). However, the aggregation
number of cholesterol-pullulans in one nanoparticle was almost
independent of the DS. The polysaccharide density within the self-
aggregate (0.13–0.50 g/ml) was affected by both the MWand the DS of
cholesterol-pullulans. The mean aggregation number of the choles-
teryl moiety (3.5–5.7) was almost the same for all the self-aggregates.
The self-aggregate was regarded as a hydrogel nanoparticle, in which
pullulan chains were cross-linked non-covalently by associating
cholesteryl moieties. The characteristic temperature to cause a
structural change of the nanoparticles decreased with an increase in
the DS and the ionic strength of the medium. The thermo-respon-
siveness of the nanoparticles was related to the partial dehydration of
the hydrophobized pullulan upon heating. Insulin was incorporated
into the cholesterol-pullulans nanoparticles. The thermal denatura-
tion and subsequent aggregation of insulin were effectively sup-
pressed upon complexation onto the nanoparticles. The complexed
insulin was significantly protected from enzymatic degradation. The
original physiological activity of complexed insulin was preserved in
vivo after i.v. injection [94]. Moreover, they also found that refolding of
the heat-denatured enzyme effectively occurs with the nanoparticles
and β-cyclodextrin according to a mechanism similar to that of a
molecular chaperone. In particular, the irreversible aggregation of
carbonic anhydrase B upon heating was completely prevented by
complexation between the heat-denatured enzyme and the nano-
particles. The complexed carbonic anhydrase B was released by the
dissociation of the self-aggregates upon the addition of β-cyclodex-
trin. The released carbonic anhydrase B refolded to the native form,
and almost 100% recovery of the activity was achieved. The thermal
stability of carbonic anhydrase B was drastically improved by capture
of the unfolded form, which was then released to undergo refolding
[95]. In addition, they also prepared thermo-responsive nanoparticles
by self-assembly of two different hydrophobically modified polymers,
namely, cholesterol-pullulan and a copolymer of N-isopropylacryla-
mide and N-[4-(1-pyrenyl)butyl]-N-n-octadecylacrylamide via their
hydrophobic moieties [96], as well as hexadecyl group-bearing
pullulan self-assembly nanoparticles [97].

Bile acids suchasdeoxycholic acidand5β-cholanic acid are known to
formmicelles inwater as a result of their amphiphilicity, which plays an
important role in the emulsification, solubilization, and absorption of
cholesterol, fats, and liphophilic vitamins in human body. Thus, it is
expected that the introduction of deoxycholic acid or 5β-cholanic acid
into chitosanwould induce self-association to form self-aggregates. Lee
et al. [98,99] covalently conjugated deoxycholic acid to chitosan via
carbodiimide-mediated reaction to generate self-aggregated nanopar-
ticles. Adriamycin was physically entrapped inside the self-aggregates.
The maximum amount of entrapped adriamycin reached 16.5 wt.% of
the self-aggregates, suggesting a loading efficiency of 49.6wt.%. The size
of adriamycin-loaded self-aggregates increased with increasing the
loading content of adriamycin. Adriamycinwas slowly released from the
self-aggregates in pH7.2 PBS [100]. Chae et al. [101] chemically modified
chitosan oligosaccharides with deoxycholic acid. Owing to the amphi-
philic characters, the deoxycholic acid-chitosan formed self-aggregated
nanoparticles in aqueous milieu. The particle size of the nanoparticles
was in the range of 200–240 nm and the CMC was 0.012–0.046 g/L,
depending on the DS. As efficient gene carriers, the nanoparticles
showed superior gene condensation and protection of condensed gene
from endonuclease attack than unmodified chitosan. Furthermore,
deoxycholic acid-chitosan showed great potential for gene carrier with
the high level of gene transfection efficiencies, even in the presence of
serum. Park et al. [102] synthesized deoxycholic acid-heparin amphi-
philic conjugates with different degree of substitution of deoxycholic
acid, which provided monodispersed self-aggregates in water, with
mean diameters (120–200 nm) decreasing with increasing DS. The
aggregates were covered with negatively charged heparin shells,
exhibiting ξ potentials near −56 mV. The CAC of the conjugates (0.02–
0.003 mg/ml) depended upon the DS. Increasing DS enhanced the
hydrophobicity of the self-aggregate inner core. The mean aggregation
number of deoxycholic acid per hydrophobic microdomain indicated
that five to nine of deoxycholic acid-heparin chains comprised a
hydrophobic domain in the conjugates.

However, chitosan-based self-aggregates were difficult to be
widely applied for drug delivery systems because chitosan aggregates
are insoluble in biological solution (pH7.4) and they are readily
precipitated within a few days. Recently, water-soluble chitosan
derivatives have been used to increase their stability in biological
solution and decrease the cytotoxicity induced by acidic solution,
where chitosan is soluble. Of chitosan derivatives, glycol chitosan is
emerging as a novel carrier of drugs because of its solubility in water
and biocompatibility. Kim et al. [103] prepared deoxycholic acid
covalently modified glycol chitosan self-aggregates as a new drug
delivery system and investigated in detail the effect of deoxycholic
acid attached to glycol chitosan on the formation, physicochemical
characteristics, and stability of self-aggregates in aqueous media. The
same group [104,105] covalently attached 5β-cholanic acid to glycol
chitosan through amide formation using carbodiimide as catalyzer.
The 5β-cholanic acid-glycol chitosan formed self-aggregates (210–
859 nm in diameter) in an aqueous phase by intra- or intermolecular
association between hydrophobic 5β-cholanic acids attached to glycol
chitosan. The CMCs of 5β-cholanic acid-glycol chitosan (0.047–
0.219 mg/ml in pH7.4) were dependent on the DS of 5β-cholanic
acid and were significantly lower than those of low MW surfactants.
The mean diameters of the self-aggregates decreased with the
increase in the DS because of the formation of compact hydrophobic
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inner cores. The increase in the DS enhances the hydrophobicity of
inner core of self-aggregates. The aggregation number of 5β-cholanic
acid per one hydrophobic microdomain increased with increasing the
DS, which suggested that several 5β-cholanic acid-glycol chitosan
chains were needed to form one hydrophobic domain. The 5β-
cholanic acid-glycol chitosan self-aggregate nanoparticles were used
to load Arg–Gly–Asp peptide. The peptide is considered to specifically
bind to αvβ3 integrin expressed on endothelial cells in the angiogenic
blood vessels, which provides a potential to inhibit tumor growth. The
peptides were released from self-aggregates in a physiological
solution (pH 7.4) for up to 1 day [106]. In addition, the 5β-cholanic
acid-glycol chitosan was also used to spontaneously form self-
assembled nanoparticle with DNA by hydrophobic interaction. As
the 5β-cholanic acid-glycol chitosan content increased, the encapsu-
lation efficiencies of DNA increased while the size of the nanoparticles
decreased. Upon increasing 5β-cholanic acid-glycol chitosan contents,
the nanoparticle became less cytotoxic. The increased 5β-cholanic
acid-glycol chitosan contents also facilitated endocytic uptakes of the
nanoparticles by COS-1 cells. The nanoparticles showed increasing in
vitro transfection efficiencies in the presence of serum. In vivo results
also showed that the nanoparticles had superior transfection
efficiencies to naked DNA and a commercialized transfection agent
[107]. The 5β-cholanic acid-glycol chitosan self-assembly nanoparticle
were also used as a carrier for paclitaxel, an anticancer agent. Pacli-
taxel was efficiently loaded into the nanoparticles up to 10 wt.%. The
paclitaxel-loaded nanoparticles were 400 nm in diameter and were
stable in PBS for 10 days. These nanoparticles also showed sustained
release of paclitaxel (80% of the loaded dose was released in 8 days at
37 °C in PBS). Owing to sustained release, the nanoparticles were less
cytotoxic to B16F10 melanoma cells than free paclitaxel. Injection of
paclitaxel-loaded nanoparticles into the tail vein of tumor-bearing
mice prevented increases in tumor volume for 8 days [108].

FITC is a widely used hydrophobic fluorescein, the isothiocyanato
of which can readily react with free amine to incorporate fluorescence
labeling. Doxorubicin is an anti-tumor antibiotic, which can inhibit the
synthesis of RNA and DNA and has a therapeutic effect on many
tumors. FITC and doxorubicin themselves are hydrophobic cyclic
molecules, which can be conjugated onto hydrophilic polysaccharides
form amphiphilic copolymers. Park et al. [109,110] prepared hydro-
phobically modified glycol chitosans by chemical conjugation of FITC
or doxorubicin to the backbone of glycol chitosan. Biodistribution of
self-aggregates (300 nm in diameter) was evaluated using tissues
obtained from tumor-bearing mice, to which self-aggregates were
systemically administered via the tail vein. Irrespective of the dose, a
negligible quantity of self-aggregates was found in heart and lung,
whereas a small amount (3.6–3.8% of dose) was detected in liver for
3 days after intravenous injection of self-aggregates. The distributed
amount of self-aggregates gradually increased in tumor as blood
circulation time increased. The concentration of self-aggregates in
blood was as high as 14% of dose at 1 day after intravenous injection
and was still higher than 8% even at 3 days. When self-aggregates
loaded with doxorubicin were administered into the tumor-bearing
mice via the tail vein, they exhibited lower toxicity than but
comparable anti-tumor activity to free doxorubicin. These results
revealed the promising potential of self-aggregates on the basis of
glycol chitosan as a carrier for hydrophobic anti-tumor agents [111].
The same group also chemically conjugated an anthracycline drug,
adriamycin (i.e. doxrubicin), onto the backbone of glycol chitosan via
an acid-labile cis-aconityl linkage. The conjugates were capable of
forming nano-sized self-aggregates in an aqueous medium, when the
adriamycin content in the conjugate was in the range of 2.0–5.0 wt.%.
The self-aggregates were spherical in shape, and had mean diameters
of 238–304 nm, depending on the adriamycin content. The CMCs of
the conjugates were as low as 1.0–2.5×10−2 mg/ml. The size of self-
aggregates was not affected by the polymer concentration in the range
from 50 to 2000 μg/ml, and was maintained up to 8 days in pH7.4 PBS,
indicating high colloidal stability. The release of adriamycin from self-
aggregates was significantly dependent on the pH of the medium due
to the cis-aconityl linkage; e.g., the amount of adriamycin released for
4 days was 7.3±0.3% at pH7, whereas it was 29.3±1.9% at pH4. The cell
viability results demonstrated that free adriamycin shows more
potent cytotoxicity than the conjugates, primarily attributed to the
sustained release of adriamycin from self-aggregates [112]. Cho et al.
[113] studied in vivo tumor targeting and radionuclide imaging with
FITC-conjugated glycol chitosan nanoparticles in terms of mechan-
isms, key factors, and their implications.

Polymeric nanoparticles can be delivered to specific sites by size-
dependant passive targeting or by active targeting. Active targeting has
been attempted by many investigators in order to gain a high degree of
selectivity to a specific organ and to enhance the internalization of drug-
loaded nanoparticles into the target cells. The internalization of
nanoparticles is beneficial for more efficient drug therapy since the
drug can be delivered directly to the target cells. Ligands such as sugar
and vitamins have been introduced into the drug carriers in order to
enhance the intracellular localization into the cancer cell. Vitamin H
(biotin), one of the B complex vitamin families, is a growth promoter at
the cellular level. Vitamin H and its derivatives have been used in cancer
studies and in the tissue-engineering field. Vitamin H exists in the liver,
kidney, pancreas, and in milk. In particular, the vitamin H content in
cancerous tumors is higher than in normal tissue. Rapid proliferation of
tumor cellsmay require extra vitaminH, and the cell surface receptors for
vitamin Hmay be over expressed on tumor cells; although the vitamin H
receptors in cancer cells have not been clearly defined. This hypothesis
suggests a possible newapproach for tumor targeting using vitaminH. To
investigate this hypothesis, Na et al. [114] introduced vitamin H to
pullulan acetate and prepared corresponding self-assembled nanopar-
ticles (~100 nm) in order to improve their cancer-targeting activity and
internalization. Three samples of biotinylated pullulan acetate, com-
prising 7, 20 and 39 vitamin H groups per 100 anhydroglucose units,
were synthesized, with corresponding CMCs of 3.1×10−3, 4.3×10−3 and
6.8×10−3 mg/ml in distilled water, respectively. Adriamycin was loaded
into the nanoparticles as a model drug. The loading efficiencies and
adriamycin content in the nanoparticles decreased with increasing vi-
tamin H content due to a lower hydrophobicity. The rhodamine B
isothiocyanate-labeled nanoparticles exhibited very strong adsorption to
the HepG2 cells, while the rhodamine B isothiocyanate-labeled pullulan
acetatenanoparticles didnot showanysignificant interaction. Thedegree
of the interaction increased with increasing vitamin H content. Confocal
laser microscopy also revealed that the internalization of the nanopar-
ticles into the cancer cells depended on the vitamin H content.

In addition, Zhu et al. [115] synthesized successfully N-succinyl-
chitosan, which could be self-assembly of well-dispersed and stable
nanospheres in distilled water with 50–100 nm in diameter.
Experimental results indicated that a hydrophobic domain formed
within these nanospheres. The assembly mechanisms were believed
to be the intermolecular H-bonding of N-succinyl-chitosan and
hydrophobic interaction among the hydrophobic moieties in N-
succinyl-chitosan macromolecules. The in vitro cell culture indicated
that N-succinyl-chitosan had non-toxicity and cell-compatibility. Park
et al. [116] described N-acetyl histidine-conjugated glycol chitosan
self-assembled nanoparticles as a promising system for intracyto-
plasmic delivery of drugs.

3.4.3. Polyacrylate family molecules
Poly(methyl methacrylate) and poly(isobutyl cyanoacrylate) (PIBCA)

all belong to polyacrylate family and are widely used for biomaterials.
Containing carboxylic ester groups in their structures, they are
hydrophobic. The efficient uptake of injected nanoparticles by cells of
the mononuclear phagocyte system limits the development of long-
circulating colloidal drug carriers. The complement systemplays amajor
role in the opsonization and recognition processes of foreign materials.
Since heparin is an inhibitor of complement activation, Passirani et al.
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[117] prepared nanoparticles bearing heparin covalently bound to poly
(methyl methacrylate) and evaluated their interactions with comple-
ment. The particles retained the complement-inhibiting properties of
soluble heparin. Nanoparticles bearing covalently bounddextran instead
of heparin were weak activators of complement as compared with
crosslinked dextran or bare poly(methyl methacrylate) nanoparticles. In
addition to the specific activity of bound heparin, the protective effect of
bothpolysaccharides is hypothesized to bedue to thepresenceof adense
brush-like layer on the surface of the particles. Such properties are
expected to reduce the uptake by mononuclear phagocyte system in
vivo. Additionally, the in vivo blood circulating time of the two kinds of
nanoparticles were evaluated. After an initial phase of elimination from
the blood with a half-life of 5 h, the remaining heparin nanoparticles
circulated for more than 48 h and were still detectable in the plasma at
72 h. Dextran nanoparticles were also eliminated very slowly over 48 h.
Bare poly(methylmethacrylate) nanoparticleswere found to have a half-
life of only 3 min. Both types of nanoparticles proved to be long-
circulating. The potent capacity for opsonization of the poly(methyl
methacrylate) core was hidden by the protective effect of either
polysaccharide, probably due to a dense brush-like structure. In the
case of heparin nanoparticles, the “stealth” effectwasprobably increased
by its inhibiting properties against complement activation [118].

Yang et al. [119] prepared PIBCA-chitosan nanoparticles by emulsion
polymerization of IBCA in the presence of chitosan as a polymeric
stabilizer at low pH. Nimodipine as a model drug was successfully
incorporated into the nanoparticles with mean particle diameter of
31.6 nm and a positive charge. Bertholon et al. [120] also prepared
PIBCA-chitosan, PIBCA-dextran and PIBCA-dextran sulfate core-shell
nanoparticles by redox radical or anionic polymerization of IBCA in the
presence of chitosan, dextran or dextran sulfate.Moreover, complement
activation induced by these nanoparticles was studied by evaluating the
conversion of C3 into C3b in serum incubated with these nanoparticles.
Cleavage of C3 increased with size of dextran bound in ‘loops’
configuration, whereas it decreased when dextran was bound in
‘brush’. It was explained by an increasing steric repulsive effect of the
brush, inducing poor accessibility to OH groups. The same trend was
observed for chitosan-coatednanoparticles. Nanoparticles coatedwith a
brush of chitosan activated the complement system lesser than
nanoparticles coated with a brush of dextran. This was explained by
an improved repelling effect. Dextran-sulfate-coated nanoparticles
induced a low cleavage of C3 whereas it strongly enhanced protein
adsorption. In conclusion, complementactivationwashighly sensitive to
surface features of the nanoparticles. Bravo-Osuna et al. [121–124]
developed PIBCA-thiolated chitosan nanoparticles by radical emulsion
polymerization. The nanoparticles had mean hydrodynamic diameter
around 200 nm and positive zeta potential values, indicating the
presence of the cationic thiolated chitosan at the nanoparticle surface.
Chauvierre et al. [125] synthesized polysaccharide-coated nanoparticles
by radical emulsion polymerization of IBCA in the presence of various
polysaccharides (dextran, dextran sulfate, heparin, chitosan, hyaluronic
acid, pectin). They alsomeasured the complement activation induced by
different polysaccharide-coated nanoparticles and of the antithrombic
activity of heparin. They applied heparin-PIBCA copolymers to carry
hemoglobin. In water, these copolymers spontaneously formed nano-
particles with a ciliated surface of heparin. These nanoparticles
maintained the heparin antithrombic properties and inhibited comple-
ment activation. This work demonstrated the hemoglobin loading on
nanoparticle surface, rather than being encapsulated. With a size of
100 nm, these drug delivery systems made suitable tools in the
treatmentof thrombosis oxygendeprived pathologies [126]. In addition,
they investigated for the first time themobility of dextran chains on the
PIBCA nanoparticles with electronic paramagnetic resonance. This
technique opens an interesting prospect of investigating surface
properties of polysaccharide-coated nanoparticles by a new physico-
chemical approach to further correlate the mobility of the polysacchar-
ide chains with the fate of the nanoparticles in biological systems [127].
They also examined the in vitro interactions of core-shell PIBCA-dextran
or PIBCA-heparin nanoparticles with blood proteins [128].

4. Perspective

As reviewed above, so many nanoparticle drug delivery systems
have been prepared. It can be predicted that, more nanoparticle drug
delivery systems will emerge. Until now, these nanoparticles are
generally investigated in terms of their physicochemical properties,
drug-loading ability, in vitro toxicity, and comparatively simple in vivo
tests. The more important issues, such as the specific interaction of
these nanoparticles with human organs, tissues, cells, or biomole-
cules, the effect on human's metabolism brought by the nanoparticles,
and the wider application of these nanoparticles for drug delivery, etc.
await further deep study, which will be focused on in the near future.
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