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Abstract: There has been a great interest in application of nanoparticles as biomaterials for
delivery of therapeutic molecules such as drugs and genes, and for tissue engineering. In
particular, biopolymers are suitable materials as nanoparticles for clinical application due to
their versatile traits, including biocompatibility, biodegradability and low immunogenicity.
Biopolymers are polymers that are produced from living organisms, which are classified in
three groups: polysaccharides, proteins and nucleic acids. It is important to control particle
size, charge, morphology of surface and release rate of loaded molecules to use
biopolymer-based nanoparticles as drug/gene delivery carriers. To obtain a nano-carrier for
therapeutic purposes, a variety of materials and preparation process has been attempted. This
review focuses on fabrication of biocompatible nanoparticles consisting of biopolymers
such as protein (silk, collagen, gelatin, β-casein, zein and albumin), protein-mimicked
polypeptides and polysaccharides (chitosan, alginate, pullulan, starch and heparin). The
effects of the nature of the materials and the fabrication process on the characteristics of the
nanoparticles are described. In addition, their application as delivery carriers of therapeutic
drugs and genes and biomaterials for tissue engineering are also reviewed.
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1. Introduction
1.1. Biopolymers for Therapeutic Application in Nanotechnology
Nanotechnology has been attending much attention since 1980s and has been adapted into many
engineering fields such as electronics, mechanical, biomedical and space engineering. In particular,
nanotechnology has led to the significant progress in a biomedical field such as controlled drug/gene
delivery [1,2], tissue engineering [3,4], imaging of specific sites and probing of DNA structure [5–7].
Among nanomaterials, nanoparticles have been contributing to the progress in this field. In particular,
therapies using nanoparticles have widely been achieved for the treatments of cancer [8], diabetes [9],
allergy [10], infection [11] and inflammation [12].
The reasons that nanoparticles have been used in therapeutic application are the fact that
nanoparticles exist in the same size domain as proteins. Their large surface areas can also allow for
displaying a large number of surface functional groups such as ligands. Furthermore, they have a rapid
absorption and release behavior provided by high abilities of their diffusion and volume change. In
addition, the particle sizes and surface characteristics of nanoparticles can be tailored or controlled.
Examples of surface modification of nanoparticles are covalent binding between surface and functional
molecules or polymers and layer-by-layer assembly [13]. While organic, inorganic or organic/inorganic
hybrid materials are used for the fabrication of nanoparticles, polymeric nanoparticles have also been
utilized in therapeutic application. In particular, they are often used as biomaterials for delivery carriers
of therapeutic molecules such as drugs and genes [1,2] and for tissue engineering scaffolds [3,4].
Although polymeric nanoparticles have the difficulty of scaling up, low drug-loading capacity and wide
size distribution, they have attracted increasing attention from chemists, biologists, engineers and
pharmaceutical scientists because they provide the possibility of transporting bioactive compounds to
specific tissues, cells and cell compartments [14,15]. Compared to ceramic or metal nanoparticles,
polymeric nanoparticles can be fabricated in a wide range of sizes and varieties and can sustain
localized drug therapeutic agent for weeks [16]. Whereas both naturally derived and synthetic
biomaterials have advantageous features, naturally derived biomaterials have merits of biocompatibility,
biodegradability and low immunogenicity. Thus, in this review, we focus on the utilization of
biopolymers such as proteins, polypeptides and polysaccharides as biomaterials for drug/gene delivery
as well as tissue engineering application.
Generally, the well-defined structure of synthetic polymers exhibit well-defined and fine-tunable
degradation kinetic as well as mechanical properties [17]. In comparison, proteins offer several
advantages over synthetic polymers as they are metabolizable by digestive enzymes into innocuous
peptides whereas synthetic polymers may accumulate in the body above a certain molecular weight and
result in toxic degradation products [18]. They also exhibit several drug loading mechanisms including
electrostatic attractions, hydrophobic interactions and covalent bonding. Moreover, protein-based
nanoparticles offer various possibilities for surface modification due to the presence of functional
groups on the surface of the nanoparticles thus enabling specific drug targeting to the site of action.
Similarly to proteins, polysaccharides are also digested by the specific enzyme [19]. As far as
prolonging circulation time, polysaccharides have advantages over the synthetic polymers such as
poly(ethylene glycol) [20].
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1.2. Nanoparticles for Drug/Gene Delivery
In recent years, a number of polymeric drug/gene-loaded nanoparticles have been developed as drug
delivery carriers and their mechanism of circulation in human bodies has been extensively
investigated [21,22]. When drugs- or genes-loaded nanoparticles are injected into bodies, they cross
epithelial barriers and circulate in the blood vessels before reaching the target site. Escape of
nanoparticles from the vascular circulation then occurs in either continuous or fenestrated tissues. At
continuous vascular endothelium in healthy tissues, nanoparticles escape from the bloodstream via
paracellular pathway, intracellular process or transmembrane transport. At fenestrated vascular
endothelium in pathological tissues, on the contrary, the gaps of the fenestration sites on the endothelium
are much larger (100 nm to 2 μm) than in healthy tissues (2–6 nm). Therefore, nanoparticles go through
fenestrations thus enhancing drug penetration in tissues, and accumulating drugs in tumor sites which is
called “enhanced permeation and retention effect (EPR effect)” [22–24]. It should be noted that tumor
vasculature fenestrations vary depending on a myriad of factors including cancer type, stage of disease
and site in the body. In addition, fenestrations and the vasculature can undergo modifications under
various pathological conditions [23,25]. For instance, tumor growth induces the development of
neovasculature characterized by discontinuous endothelium with large fenestrations of 200–780 nm
allowing nanoparticles passage [26].
There also needs to be toxicology on the particles since they contain various interactions of
nanoparticles with fluids, cells, and tissues need to be considered, starting at the portal of entry and then
via a range of possible pathways towards target organs [20]. At the site of final retention in the target
organ(s), nanoparticles may trigger mediators which then may activate inflammatory or immunological
responses. With such reasons, designing the biopolymer-based nanoparticles with the specific sizes is
one of the most important criteria for delivery carrier application [27,28]. Particle shape, surface charge
and the surface feature also play roles in intercellular delivery since they all affect the mechanism of
cellular internalization via endocytosis [19,29]. In addition, to achieve the site-specific delivery and
release of bioactive drugs at required rate and quantity, the type of polymers, particle sizes,
solubility, biodegradability and surface properties need to be considered [30]. The introduction of
stimuli-sensitivity to the carriers is critical for drug delivery system (DDS) application to achieve the
controlled release of drugs from the nanoparticles after accumulation at a specific site. By responding to
stimuli such as temperature, pH or ionic strengths, the carriers may degrade or diffuse to release the
encapsulated drugs. In particular, the addition of pH-sensitivity to the nanoparticles is effective for the
DDS application, because of the difference of extracellular pH of normal tissue (pH 7.2–7.4) and many
solid tumors (pH 6.2–6.9).
Gene therapy has been applied in many different diseases such as cancer, AIDS, and cardiovascular
diseases, and is based on the concept that human disease may be treated by the transfer of genetic
materials into specific cells of a patient to supply defective genes responsible for disease development [31].
To transfer the genes to the specific site, genes must escape the processes that affect the disposition of
macromolecules. Furthermore, the degradation of gene by serum nucleases needs to be avoided. Thus,
encapsulation of genes in delivery carrier is necessary to protect the gene until it reaches its target. The
delivery carries must be small enough to internalize into cells and passage to the nucleus. They also need
to be capable of escaping endosome–lysosome processing and following endocytosis [31]. While both
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viral and non-viral vectors have been developed for the delivery of genes, non-viral vectors have been
studied more actively due to their low immunogenicity and ease of control their properties [32,33].
Thus, the cationic polymers have a potential for DNA complexation as non-viral vectors for gene
therapy applications. To introduce the specificity into the nanoparticle surfaces, the conjugation of
cell-specific ligands to the surface of nanoparticles allows for targeted transgene expression. For
example, the nanoparticles of genes and the cationic polymers can be modified with proteins (knob,
transferrin or antibodies/antigens) to allow for cell-specific targeting and enhanced gene transfer [34].
Nitric oxide (NO)-releasing materials has also emerged as potential therapeutics that exploit NO’s
vast biological roles. Nitric oxide is known to be involved in wound healing and to have antimicrobial
actions [35]. Thus, studies on various regulatory, protective and deleterious effects of nitric oxide (NO)
have prompted intense research activity in the design and synthesis of NO-donating drugs and materials.
NO-releasing scaffolds including nanoparticles are particularly promising due to their ability to store
and deliver NO payloads in a more controlled and effective manner [36]. In fact, various NO-donating
compounds have been incorporated or immobilized in biocompatible polymer matrices and such
materials have been used as patches, wound dressings, coatings on blood-contacting medical devices
and time-release NO drugs [37]. Biopolymers such as chitosan and dextran have been used as matrices
of controlled release of NO [38].
1.3. Nanoparticles for Tissue Engineering
Tissue engineering can be considered as a special case of drug delivery where the goal is to
accomplish controlled delivery of cells. Controlled release of therapeutic factors enhances the efficacy
of tissue engineering. The biological functions of encapsulated drugs and cells can be dramatically
enhanced by designing biomaterials with controlled organizations at the nanometer scale [39]. The
incorporation of gene delivery elements into the scaffold has great potential to enhance the interplay
between cells and the extracellular milieu since delivery of genes to the specific sites introduces signals
and cues to cells in a spatial and temporal manner for tissue growth and maintenance. Thus, the
therapeutic genes can enhance incorporation of a tissue construct, growth and assimilation with
neighboring tissues. Moreover, the delivery of genes using biopolymers can function as not only DNA
complexing agents but also structural scaffolds for tissue engineering application. This combination of
gene therapy and tissue engineering within a single system is thought to be a new treatment for regeneration
medicine [34]. Local gene delivery system using gene-activated matrix (GAM) blends these two
strategies, serving as a local bioreactor with therapeutic gene expression and providing a structural
template to fill the lesion defects for cell adhesion, proliferation and synthesis of extracellular matrix [40].
2. Protein/Polypeptide Nanoparticles
2.1. Protein-Based Nanoparticles
Proteins are naturally-derived polymers that are advantageous in their biodegradability, low toxicity,
nonantigenicity, high nutritional value, high stability and binding capacity of various drugs such as
paclitaxel and ibuprofen [41–44]. Interestingly, they have abilities of emulsification, gelation, forming
and water binding capacity [45–47]. Because of these unique properties that are different from any
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synthetic polymers, protein-based nanocarriers are promising candidates for drug and gene delivery.
Naturally derived proteins such as collagen [48,49], elastin [50] and fibronectin [51] have originally
been used as biomaterials. Recently, genetically engineered proteins and polypeptides have been
produced to manipulate the properties of the biomaterials such as degradation rate, biocompatibility and
cell penetration ability by generating new protein sequences, new self-assembling peptides or fusion of
different bioactive domains or protein motifs. Elastin-like polypeptides (ELP) are the most commonly
studied genetically engineered protein, which will be introduced in Section 2.7 [52–54].
Preparation of nanoparticles from proteins enables to obtain precisely formed nanoparticles since the
molecular sizes of proteins are determined by their secondary structures. A variety of proteins such as
silk [55,56], albumin [47,57,58], collagen [59,60] and elastin [50] are good examples of proteins that
have been utilized for the preparation of therapeutic nanoparticles. Besides protein-based nanoparticles,
nanoparticles are also prepared from polypeptides (MW < 10,000) that mimic naturally derived proteins,
which contain the features of proteins that form α-helix, β-sheet or random structures are determined by
the types of amino acids and the molecular weights of their units. Consequently, they are easily
self-assembled to form not only particles but also fibers, sheets, etc.
2.2. Silk-Based Nanoparticles
Silk proteins are promising materials as biomaterials due to their slow biodegradability,
biocompatibility, self-assembling property, excellent mechanical property (tensile strength and Young’s
modulus) and controllable structure and morphology [18,61]. Silk proteins have been produced by
spiders and insects such as silkworms, and they form fibrous materials. Recombinant silks are also
synthesized by the elucidation of silk genetics, structures and biophysics.
Silk-based nanoparticles are often produced by silk fibroins. Stable, spherical, negatively charged
and low toxic silk nanoparticles (150–170 nm) have been prepared from silk fibroin solutions of
domesticated Bombyx mori and tropical tasar silkworm Antheraea mylitta [62]. These nanoparticles
were accumulated in the cytosol of murine squamous cell carcinoma cells and showed a significantly
sustained release of loaded growth factor over 3 weeks. Not only single silk particles, silk-based
complexes have also been prepared by the conjugation with other polymers. Silk fibroin and chitosan
polymers were blended noncovalently to form nanoparticles (<100 nm) for local and sustained
therapeutic curcumin delivery to cancer cells [63]. Conjugation of bioactive agents such as drugs or
peptides into silk-based nanoparticles is also efficient methodology for delivery of these molecules into
target sites. The crystalline silk protein nanoparticles (40–120 nm) have been conjugated with insulin via
covalent crosslinking [64]. It was confirmed that in vitro stability of insulin in human serum was
enhanced and the half-life of insulin prolonged by conjugating with silk protein nanoparticles. Silk
fibroin was also bioconjugated with L-asparaginase to form crystalline nanoparticles with 50–120 nm in
diameter [65]. These bioconjugates had a greatly increased resistance to trypsin digestion, and better
stability in serum, storage stability in solution, and no leakage of the enzyme from the nanoparticles. To
control the release rate of the loaded bioactive molecules in silk-based nanoparticles, dual-drug release
system based on silk nanoparticles and the molecular networks of silk hydrogels has been developed [66].
Model drugs incorporated in the silk nanoparticles and silk hydrogels showed fast and constant release,
respectively, indicating successful dual-drug release from silk hydrogel containing silk nanoparticles.
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Further, the nanoparticles composed of DNA and recombinant silks, which contained cell-penetrating
peptide, tumor-homing peptide, Arg-Gly-Asp (RGD) motifs and/or cationic sequences, have been
designed for gene therapy [66–70].
2.3. Collagen- and Gelatin-Based Nanoparticles
Collagen is the main component of extracellular matrix and has been widely used as biomaterials for
years due to their promising biocompatibility, low antigenicity and biodegradability [71]. Although
collagen forms hydrogels without the use of chemical crosslinking, nanoparticle preparation needs
additional chemical treatments due to their weak mechanical strengths. For instance, collagen
nanoparticles are often prepared by electrostatic interactions with sodium sulfate employed as a
desolvating agent [72]. Recent study demonstrated the preparation of collagen-based nanoparticles (340 nm)
with methods of using lipid vesicle cages which allow controlling both the particles dimension and the
gelling environment during the collagen polymerization [59]. Due to their ease to control their particle
sizes, a large surface area, high adsorption capacity and dispersion ability in water, collagen
nanoparticles exhibited sustained releasing of various drugs.
Gelatin is obtained from collagen by acid and alkaline hydrolysis consisting of glycine, proline and
4-hydroxyproline residues with typical structure of -Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro. Gelatin
solution undergoes coil-helix transition followed by aggregation of the helices by the formation of
collagen-like triple-helix, enabling the formation of nanoparticles. Moreover, their high number of
functional groups on polymer backbone can be used for chemical modification such as crosslinking and
addition of ligands. Thus, gelatin is a biopolymer for the production of nanoparticles as delivery carriers.
A number of methods has been reported to prepare gelatin-based nanoparticles including
desolvation [73,74], a thermodynamically driven self-assembly process for polymeric materials,
emulsion [75], crosslinking with polyethylenimine [76] and glutaraldehyde [77], nanoprecipitation [78],
coacervation [79], grafting of hydrophobic anhydrides to the amino groups of primitive gelatin to form
self-assembled micelles [80].
Recent studies have shown the availability of the loading of therapeutic molecules into gelatin-based
nanoparticles. Insulin-loaded gelatin nanoparticles were prepared for diabetes therapy by a novel
water-in-water emulsion technique with gelation by glyceraldehyde. Blood glucose level curves showed
obvious decreases in the first 4 h after intratracheal stillation in rats indicating their fast and stable
hypoglycemic effect [75]. A photodynamic agent, Hypocrelin b was also loaded in poly(ethylene glycol)
modified gelation nanoparticles for photodynamic cancer therapy. The nanoparticles were taken in
tumor cells resulting in significant regression of solid tumors [81]. Ciplatin-loaded gelatin nanoparticles
with surface-functionalization by activated heparin were developed for the breast cancer therapy. It was
indicated that heparin-functionalized nanoparticles had greater uptake to human breast cancer cells than
non-treated nanoparticles [82]. Paclitaxel-loaded gelatin nanoparticles were also prepared to intravesical
bladder cancer therapy [83]. They showed low intravesical absorption, favorable bladder tissue/tumor
targeting and retention behavior for at least 1 week.
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2.4. β-Casein-Based Nanoparticles
β-Casein is the major milk protein component and is easily self-assemble into micellar structure by
intermolecular hydrophobic interactions due to its amphiphilic nature, which is a suitable feature for the
application as delivery carriers [84]. The spherical casein micelle has a hydrophobic interior, surrounded
by a hydrophilic κ-casein layer that stabilizes the micelle through steric and electrostatic effects [46].
15–60 β-casein molecules form β-casein micelles with the radius of 7–14 nm [85]. Changes in
temperature, pH, ionic strength, water activity and high hydrostatic pressure treatment lead to changes in
size distribution of casein micelles because of the absence of a rigid three dimensional tertiary structure.
To utilize β-casein micelles for delivery carriers, it is critical to stabilize the micelles by crosslinking.
Crosslinking of lysine residues in casein by glutamine residues of transglutaminase (TGase)
increased the intra-micellar stability of casein micelles [86,87]. Chemical crosslinkers such as
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide has also been used to create thermally responsive
nanoparticles from β-casein [88]. To further stabilize the casein nanoparticles, the self-assembly of
β-casein and lysozyme, followed by heat gelation of lysozyme to entrap casein in the gel were used. The
obtained nanoparticles had a spherical shape and their sizes depended on the pH of the heat treatment
(100 nm and 300 nm at pH 10.0 and 5.0, respectively) and the molar ratio of β-casein to lysozyme [89].
Since β-casein is an edible material, it is often used as a drug carrier for an oral-delivery system.
Several types of hydrophobic chemotherapeutics such as mitoxantrone, vinblastine, irinotecan,
docetaxel and paclitaxel have been entrapped in β-casein micelles for target-activated release of drugs
for oral delivery application [90]. With digestion of casein with pepsin, paclitaxel retained its cytotoxic
activity to human N-87 gastric cancer cells, whereas β-casein-paclitaxel nanoparticles were
non-cytotoxic without prior simulated gastric digestion [90]. The gastric digestibility of β-casein can
lead to their application for targeting stomach tumors [91].
2.5. Zein-Based Nanoparticles
Zein is a water-insoluble but alcohol-soluble protein that is stored in corn kernels. Due to its
biocompatibility, low water uptake value, high thermal resistance and good mechanical property, zein
has been used as edible coating for foods and pharmaceuticals [92]. Moreover, because zein consists of
both hydrophobic and hydrophilic amino acid residues and exists as small globules with diameters
between 150 and 550 nm, it has been applied as a promising carrier for encapsulation and controlled
release of hydrophobic compounds [93].
Zein nanoparticles have been produced by many methodology including liquid-liquid dispersion
process [93,94], phase separation system [92] and nanoprecipitation [95]. Zein nanoparticles (100–200 nm)
were formed via a liquid–liquid dispersion process using ethanol and deionized water as an alternative to
emulsions. This process is advantageous over conventional emulsification methods in its ease to reduce
the particle size and increase the scalability [93,94]. Zein nanoparticles have also been prepared by phase
separation process to encapsulate 5-fluorouracil that target liver through intravenous delivery [92,96].
In vivo study showed that the particles were mostly accumulated in liver and adequately remained in
blood for at least 24 h due to tis relatively higher molecular weight and smaller particle size.
PH-controlled nanoprecipitation method was demonstrated to obtain zein nanoparticles with a mean
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particle size of 365 nm using lecithin and pluronic F68 as stabilizers [95]. The release of
6,7-dihydroxycoumarin from zein nanoparticles was sustained in phosphate buffer (pH 7.4) for up to
9 days. To enhance drug entrapment efficiency, not only solid but hollow zein nanoparticles (60–130 nm)
have been developed by introducing sodium carbonate as a template [97]. Hollow nanoparticles are
advantageous in their capacity to load a large amount of drug and ability to penetrate into the cell
cytoplasm. Metformin in hollow zein nanoparticles showed a more sustained and controlled release
profile than that in solid zein nanoparticles. Moreover, hollow zein nanoparticles were found to be able
to enter the fibroblast cells 1 h after incubation.
2.6. Albumin-Based Nanoparticles
Albumin is a main protein of plasma protein with a molecular weight of 66.5 kDa. High stability in
pH (from 4 to 9) and heat (<60 °C), preferential uptake in tumor and inflamed tissue, biodegradability,
low toxicity, immunogenicity and suitable blood circulation with a half-time of 19 days make albumins
an ideal material as a drug delivery carrier [58]. In addition, albumin exhibits high binding capacity due
to the multiple drug binding sites. Thus, not only noncovalent loading of drugs, but also covalent
derivatization of albumin nanoparticles with drug targeting ligand is possible [98].
Human serum albumin (HSA) is one of the smallest and the most abundant proteins present in blood
plasma, indicating many metabolic compounds and therapeutic drugs are transported by HSA. HSA can
bind to albumin-binding proteins such as membrane-associated gp60 (albondin) and secreted protein,
acidic and rich in cysteine (SPARC). Albondin receptor on the endothelial cells of tumor vassels allows
transcytosis of albumin across continuous endothelium while overexpressed SPARC results in
accumulation of albumin within the tumor interstitium (Figure 1) [99,100]. In consequence, albumin
accumulates in malignant and inflamed tissues due to a leaky capillary combined with an absent or
defective lymphatic drainage system. HSA has been known to be a suitable agent for gene therapy since
it avoids undesired interaction with serum, which often occurs after intravenous injection of transfection
complexes. In addition to blood derived albumin, recombinant human serum albumin (Recombumin)
has also been developed and their safety, tolerability, pharmacokinetics and pharmacaodynamics to
native HSA have been shown [101].
The preparation of uniformly sized albumin particles has been reported since 1970s. Coaservation [102],
controlled desolvation [103,104], thermal gelation, emulsion formation [105] and self-assembly are
main procedures that have been reported to prepare albumin-based nanoparticles. Coupling of low
molecular weight drugs to exogenous or endogenous albumin, conjugation with bioactive proteins and
encapsulation of drugs into albumin nanoparticles are main strategies for utilization of albumin as DDS
carriers [58]. Albumin nanoparticles have been obtained by a continuous dropwise addition of ethanol to
an aqueous solution of albumin with stirring due to the phase separation (coaservation) [106]. To
stabilize the morphology of the nanoparticles, additional treatments such as crosslinking are often
required. Thus, HSA-based nanoparticles were prepared by desolvation process followed by
stabilization via crosslinking with glutaraldehyde as a crosslinker or heat denaturation [103]. Sulfhydryl
groups were further introduced into HSA-based nanoparticles to increase the reactive sites for the
covalent linkage of drugs to the particle surfaces. In this case, the ε-amino groups of lysine, the carboxyl
groups of asparaginic and glutaminic acid, the carbonyl groups of the cross-linker glutaraldehyde and
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the sulfhydryl groups were the reactive sites on particle surfaces [107]. To eliminate the use of
chemical crosslinkers such as glutaraldehyde to improve their biocompatibility, nanoparticles were
prepared by complex coacervation technique using albumin and gum arabic (Acacia), a highly branched
anionic polysaccharide via oppositely charged polyions interaction [102]. Loading of cancer drugs into
albumin-based nanoparticles was achieved by coacervation of disulfide bond reduced BSA and thiolated
alginate (alginate-cysteine conjugate) [108]. Cell uptake of nanoparticles occurred in both MCF-7 cells
(human breast adenocarcinoma cells) and HeLa cells (human cervical cancer cells) and the presence of
polysaccharide in the nanoparticle composition allowed a better interaction with cells. Nanoparticle
albumin-bound (nab)-technology is a new technology for anti-cancer drug delivery system that has been
developed by American Bioscience, Inc. Albumin particles with paclitaxel (nab-paclitaxel, 100–200 nm)
have been approved in 2006 for use in patients with metastatic breast cancer due to their superior
antitumor efficacy over paclitaxel [43]. The high efficacy of albumin particles over paclitaxel was due
to the more effective intratumoral accumulation of drugs.
Figure 1. Uptake of albumin-paclitaxel nanoparticles is presumably mediated by the gp60
transcytosis pathway and subsequent binding to SPARC (Secreted Protein, Acidic and
Richin Cysteine) in the tumor extracellular matrix. Reproduced with permission from
Elsadek et al., Journal of Controlled Release; published by Elsevier, 2012.

Core-shell nanoparticles were prepared from ovalbumin and lysozyme using thermal gelation
method [109]. Thermal gelation of albumin occurred by heat-induced unfolding followed by
protein-protein interactions including hydrogen bonding, electrostatic, hydrophobic interactions and
disulfide-sulfydryl interchange reaction [110]. Ibuprofen encapsulated BSA-dextran nanoparticles (70 nm)
were also obtained by a heat treatment. In this case, the conjugation of dextran to BSA stabilized the
nanoparticles in aqueous solution.
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Self-assembly of albumin to form nanoparticles can be achieved by the addition of lipophilic drugs
and diminishment of primary amino groups on protein surfaces [111]. The disulfide bond breaking
triggered unfolding, and assembly of HSA in a lipophilic drug-dependent technique to fabricate
nanoparticles encapsulating hydrophobic molecules has been developed [112]. In this technique, HSA
coassembled with lipophilic drugs, which acts as a bridge to form core–shell nanoparticles about 50–240 nm
in size, and that the drugs bound to the subdomain IIA sites of HSA. These nanoparticles were stable in
5% glucose buffer and had tumor-targeting ability as demonstrated via in vivo fluorescent image.
Paclitaxel-albumin nanoparticles carrying the homing peptides were also prepared by self-assembly.
These nanoparticles were designed to target extravascular tumors, showing that nanoparticles can be
effectively targeted into extravascular tumor tissue and that targeting can enhance the activity of a
therapeutic nanoparticle [113].
2.7. Polypeptide Nanoparticles
A number of protein-mimicked polypeptide-based nanoparticles has been designed and synthesized
to make the most of the unique features of proteins. These molecules have a well-defined composition,
monodisperse molecular weight and potential biocompatibility [54,114,115]. The most often fabricated
polypeptides are elastin-like polypeptides (ELP) that consist of alternating hydrophobic blocks and
crosslinking domains [52,53,116–118]. ELP can be produced recombinantly and is composed of the
repeating amino acid sequence of (Val-Pro-Gly-Xaa-Gly)m, where Xaa is the hydrophobic domain that
facilitate both self-aggregation and elastomeric functions. Thus, ELP has a unique phase behavior, which
promotes recombinant expression, protein purification and self-assembly of nanostructures. Considering
that polymer composition, chain length and concentration, solvent composition, and solution
temperature are the driving forces for the self-assembly of ELP, the synthesis of ELP via “recursive
directional ligation” (RDL) is suitable to manipulate the precise architecture of ELP [52,118].
Nanoparticles were produced by self-assembly of ELP with a sequence of VPAVG and showed a
sustained release of loaded dexamethasone phosphate for about 30 days [119]. The particles were stable
either at room or body temperature, as they did not redissolve until a strong undercooling occurred.
Well-designed ELP block copolymers are often produced to control their phase separation behavior, to
add stimuli-responsivity and to introduce crosslinking domain into ELP. Temperature-triggered micelle
assembly of ELP was achieved by the modulation of the local density of arginine (Arg) residues of
diblock ELP. These micelles exhibited 8-fold increase in cellular uptake compared to the same ELP at a
temperature where the polymer formed a soluble unimer. This off-on control of cellular uptake activity
was due to the localization of cell penetrating Arg residues on the exterior of the nanoparticles [117].
Furthermore, pH sensitivity could be introduced to ELP micelles by using histidine-rich ELP block
copolymers [116]. These micelles were dissociated at the low extracellular pH of solid tumors,
indicating their application for tumor-specific drug targeting. ELP-based nanoparticles (~40 nm) were
further formed from the diblock ELP decorated with the knob domain of adenovirus serotype 5 fibrous
proteins for drug and gene delivery. Knob–ELP nanoparticles were internalized and localized to
lysosomes of hepatocytes, which were mediated by knob-coxsachievirus and adenovirus receptor
binding and endocytosis [53].
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Similarly to ELP, silk-elastin-like protein (SELP) polymeric nanoparticles have unique physical and
biological properties corresponded from both silk and elastin. Thus, they have been widely used in drug
delivery and tissue engineering fields. They are usually formed by two steps; (1) formation of
micellar-like particles with the silk blocks as the core structure by hydrogen bonding, (2) the
hydrophobic interaction between elastin blocks above a specific transition temperature, which leads to
the ordered association of SELPs molecules [120]. Other polypeptides are also produced recombinantly
to form nanoparticles. Nanoparticles (100–200 nm) formed from cationic polyarginine and anionic
hyaluronic acid is one of the examples [121]. Another example is the zwitterionic diblock copolymer
consisting of poly(L-glutamic acid)-b-poly(L-lysine) (PGA-b-PLys). This block copolymer
self-assembled into schizophrenic vesicles that can reversibly be produced in moderate acidic or basic
aqueous solutions. The pH-dependent vesicle formation was due to the rod-like conformation of
polypeptides in the hydrophobic area of the membrane [122].
3. Polysaccharide Nanoparticles
Polysaccharides are long carbohydrate molecules of repeated monosaccharide units joined together
by glycosidic bonds. Chitosan, alginate, heparin, hyaluronic acid, pullulan and dextran are examples of
polysaccharides [19,123–126]. They are naturally derived polymers with storage and structural
functions, which are one of the main constituents in biological systems such as the glycocalyx and the
extracellular matrices. Polysaccharides are highly stable, biocompatible and biodegradable. Thus,
polysaccharides and their derivatives are commonly used for applications in food, biomedical and
environmental fields [127,128]. Polysaccharides that have been used for preparation of nanoparticles are
classified by their native charges; cationic (chitosan), anionic (alginate, heparin, hyaluronic acid) and
nonionic (pullulan, dextran). Because of the presence of various derivable groups on molecular chains,
polysaccharides can be easily modified both chemically and biochemically. Most natural
polysaccharides have hydrophilic groups such as hydroxyl, carboxyl and amino groups, which also
affect the polymer charges and could form noncovalent bioadhesion or react with functional molecules.
Polysaccharide-based nanoparticles also can be categorized according to the mechanism of their
formation; chemically crosslinked nanoparticles, physically crosslinked nanoparticles, polyion complex
and self-assembled nanoparticles [19].
The most commonly used polysaccharide for nanoparticle fabrication is chitosan. Chitosan is a linear
cationic heteropolymer of N-acetyl-d-glucosamine and D-glucosamine linked by beta-(1–4)glycosidic
bonds, and is obtained by the partial deacetylation of naturally derived chitin. Chitosan is hydrophilic
and soluble in acidic solution by protonation of the amine groups, and is degraded by enzymes such as
lysozymes, some lipases and proteases. Chitosan increases cell membrane permeability, thus, can act as
an absorption enhancer across intestinal epithelia prolonging the residence time of delivery systems at
absorption sites, and has the ability to open the tight junctions of cell membranes [129]. Chitosan based
delivery systems have been described for nasal, ocular, oral, parenteral and transdermal drug delivery. In
particular, due to is mucoadhesive property, chitosan based gene delivery systems have been
successfully applied to oral and nasal route gene therapy system, which will be discussed below [130].
Chitosan nanoparticles have also been used as carriers of growth factors such as epidermal growth
factor and fibroblast growth factor, which could ultimately be impregnated into engineered tissue
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construct. Growth factors are essential in cellular signaling for migration, proliferation, differentiation
and maturation [131].
Alginate is another example of polysaccharides that are often used for nanoparticle production.
Alginate is a linear anionic polysaccharide composed of alternating blocks of 1,4-linked
β-D-mannuronic acid (M) and α-l-guluronic acid (G) residues. Alginate has some advantages in its high
mucoadhesiveness, aqueous solubility, and a tendency for gelation in proper condition, biocompatibility
and non-toxicity [17,107,132]. Alginate can form network upon ionic inter- and intramolcular
crosslinking with divalent ions. Calcium chloride is favorably utilized as a counter-ion for crosslinking
nanogel formation. The number of studies involving alginate-based nanoparticles is increasing in
delivery of therapeutic agents such as insulin, antitubercular and antifungal drugs [108,130,133–135].
Insulin-loaded nanoparticles were prepared from calcium crosslinking, alginate-chitosan or –alginate
complexes with sufficient loading capacity of insulin [17,130,134,135]. Even delivery of genes loaded
in alginate-based nanoparticles has been successful [133]. In this study, alginate-chitosan nanoparticles
showed high transfection ability while maintaining biocompatibility and low toxicity.
3.1. Polysaccharide Nanoparticles by Crosslinking
Preparation of polysaccharide nanoparticles by crosslinking can be achieved by either ionic
crosslinking (physical crosslinking) or covalent crosslinking (chemical crosslinking). Covalently
crosslinked polysaccharide nanoparticles enable the network structure to be permanent since irreversible
chemical links are formed unless biodegradable or stimuli-responsive crosslinkers are employed. The
rigid network allows absorption of water and bioactive compounds without dissolution of the
nanoparticles even when the pH drastically changes [136]. Chemical crosslinking of chitosan has been
achieved by covalent bonds between polysaccharide main chains via crosslinkers such as non-natural
glutaraldehyde [137] or low toxic di- and tricarboxylic acid (cuccinic acid, malic acid, tartaric acid and
citric acid) [138]. 5-Fluorouracil loaded chitosan nanoparticles were produced by a water-in-oil
emulsion method followed by glutaraldehyde crosslinking of the chitosan amino groups [139]. Cationic,
anionic, ampholytic, or uncharged cross-linked nanoparticles (270–370 nm) were prepared by
crosslinking chitosan using natural di- and trifunctional carboxylic acids as crosslinkers at different
ratios [138]. Genipin, a natural biocompatible crosslinker isolated from the fruiets of Gardenia
jasminoides Ellis, can be also used as crosslinkers of amino groups on chitosan backbones [140].
Covalent crosslinking was also demonstrated with other type of polysaccharides. An oil in water
(o/w) emulsion polymer crosslinking method was employed for preparation of tamoxifen citrate
(a non-steroidal antiestrogenic drug)-loaded guar gum nanoparticles crosslinked with glutaraldehyde.
In vivo studies on female albino mice demonstrated maximum uptake of the drug by mammary tissue
after 24 h administration with drug loaded guar gum nanoparticles, indicating their utilization for breast
cancer treatments [141].
Physical crosslinking of polysaccharides is based on ionic interactions between charged
polysaccharides and ionic crosslinkers. This method gives nanoparticles with reversibility and is
considered biocompatible due to the lack of harsh preparation condition or toxic crosslinkers.
Ionically-crosslinked nanoparticles are generally pH sensitive, which is a suitable feature for
stimuli-sensitive controlled release. Tripolyphosphate (TPP), a non-toxic anionic molecule, has been
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widely used for the preparation of crosslinked chitosan nanoparticles, and a number of drugs have been
encapsulated within these nanoparticles [142]. TPP crosslinked chitosan nanoparticles have been used
for protein, oligonucleotides and plasmid DNA deliveries, due to their high physical stability and
encapsulation efficiencies [143]. CS/TPP nanoparticles (300 nm) showed high encapsulation
efficiencies both for plasmid DNA and dsDNA oligomers (20-mers), high physical stability and high
gene expression levels in HEK 293 cells. Chitosan/TPP nanoparticles were also used for the
improvement of the delivery of cyclosporine A to the ocular mucosa. Cyclosporine A was specifically
concentrated in external ocular tissues (i.e., cornea and conjunctiva) during at least 48 h with
maintaining negligible or undetectable CyA levels in inner ocular structures, blood and plasma [144].
Another examples of ionic crosslinking of polysaccharides are using of inorganic ions such as
Fe(CN)64−, Fe(CN)63− citrate and calcium ions as crosslinkers [145]. For example, carboxylic acids of
alginate were crosslinked by calcium ions to form nanoparticles (80 nm), exhibiting high transfection
rate of plasmid DNA into non-phagocytic cells via endocytosis pathway [135].
3.2. Polysaccharide Nanoparticles by Polyion-Complex
Polysaccharide nanoparticles are also prepared by direct electrostatic interactions of oppositely
charged polysaccharides in solution. The stability of polyion-complex are determined by the degree of
interaction between the polyelectrolytes, which is affected by the charge density and distribution,
chemical environment such as pH of the solution, ionic strength, the temperature and the molecular
weight of the polyelectrolytes and their flexibility. Chitosan is the most commonly used cationic
polysaccharide for polyion-complex, whereas carboxymethyl cellulose (CMC) [146,147], dextran
sulfate, carrageenan, heparin [124], hyaluronic acid [148], alginate and carboxymethyl pachyman are
used as anionic polysaccharides [136,149]. Chitosan-CMC was subsequently coated with plasmid DNA
for genetic immunization [146]. Both chitosan and a chitosan oligomer could complex CMC to form
stable cationic nanoparticles for subsequent plasmid DNA coating. Chitosan/carrageenan/TPP
nanoparticles (150–300 nm) were prepared by corporation of polyelectrolyte complexation and ionic
gelation [149]. Plasmid DNA was loaded in chitosan-hyaluronic acid nanoparticles (110–230 nm) with
high DNA association efficiency of 87%–99% (w/w) and transfection levels up to 25% GFP expressing
HEK 293 cells [148]. Chitosan and growth factor binding heparin formed nanoparticles to enhance
peripheral nerve regeneration resulting in the successful drug targeting in sciatic nerve [150].
Chitosan-alginate nanoparticles were prepared from dilute alginate sol by inducing a pre-gel with
calcium counter ions, followed by polyelectrolyte complex coating with chitosan. Sufficient loading
capacity of insulin in the nanoparticles showed their ability for application as an oral insulin
delivery [130]. Chitosan-cyclodextrin nanoparticles were produced to encapsulate sulindac as a model
drug, and their continuous release of the drug throughout 24 h was detected [151].
Not only polysaccharides, anionic polypeptides are also used for polyelectrolyte complexation with
chitosan. PH-sensitive polyion complexes (average particle size <200 nm) were formed from trimethyl
chitosan and α-galactosidase A through self-assembly. These nanoparticles were able to release the
enzyme at acidic pH and were efficiently internalized by human endothelial cells and mostly
accumulated in lysosomal compartments [152]. γ-Poly(glutamic acid) (PGA) was combined with
chitosan to form nanoparticles for transdermal delivery of DNA [125]. These nanoparticles enhanced
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skin penetration and gene expression in comparison to particles solely comprised for chitosan and DNA,
due to the high penetration ability of PGA into the skin barrier. pH-sensitivity was added to
chitosan-PGA nanoparticles by mixing PGA solution with chitosan solution in the presence of MgSO4
and sodium tripolyphosphate [153]. Both in vitro and in vivo studies showed that these nanoparticles
could effectively infiltrate into the mucosal cell membrane and enhance hypoglycemic action by oral
administration of insulin-loaded nanoparticles.
Chitosan-DNA complex and chitosan-plasmid DNA complex are other examples of nanoparticles
derived from chitosan-based polyion-complex. The chitosan-plasmid DNA nanoparticles were
formulated using complex coacervation and solvent evaporation technique, showing that the release of
plasmid DNA from complexes was with a range of 24–96 h depending on the preparation process [154].
3.3. Polysaccharide Nanoparticles by Self-Assembly
Introduction of hydrophobic segments into hydrophilic polysaccharide backbones enables to form
self-assembled structures such as micelles, particles and hydrogels [155,156]. Deoxycholic acid,
cholesterol, carboxylic acids and hydrophobic polymers are examples of such hydrophobic
segments [155,157,158]. By manipulating the introduction condition such as polysaccharide/hydrophobic
segments molar ratios and the lengths of both polysaccharides and hydrophobic segments, nanoparticles
are formed to minimize interfacial free energy. Introduction of hydrophobic segments into
polysaccharides is achieved by grafting hydrophobic groups from hydroxyl, amino or carboxyl groups
of the polysaccharide main chains. These chemically modified amphiphilic macromolecules can
self-associate in aqueous solution by intra- and/or inter-molecular hydrophobic interaction, which can
form nanoparticles [155]. Water insoluble drugs are solubilized and encapsulated within the hydrophobic
core and become soluble in water due to the hydrophilic shell. The drugs are then released from the inner
core of the nanoparticles via outer stimuli changes such as pH, temperature and ionic strength.
Recently, there have been a number of studies on the syntheses of polysaccharide-based
self-aggregated nanoparticles for drug delivery system [159]. Chitosan has been chemically modified by
grafting hydrophobic groups from amino groups of the main chains, where the proportion of the amine
groups depends on the acetylation degree of the polymer. Grafting of the hydrophobic groups into amino
groups of chitosan was achieved via acylation by acyl chloride or acid anhydride, coupling with
deoxycholic acid using a coupling agent [160] or reaction with cyclic anhydrides [161]. Doxorubicin,
paclitaxel, ibuprofen and the anphiphilic adriamycin have been loaded in chitosan based nanoparticles.
Plasmid DNA was introduced into nanoparticles (160 nm) aggregated from deoxycholic acid-grafted
chitosan, and their efficient transfection of COS-1 cells was detected [160].
Dextran-based self-assembled nanoparticles are another candidate for drug/gene delivery carriers.
Dextran was chemically modified by grafting bile acids, natural product consisting of a facially
amphiphilic steroid nucleus with a hydrophobic β-side and a hydrophilic α-side, or lauryl chains [162].
Mannose groups were also conjugated on the azido-bearing dextran nanoparticles via click chemistry,
exhibiting enhanced antigen presentation in the context of major histocompatibility complex class I
molecules due to the internalization and activation of antigen presenting cells [163]. Self-assembly
assisted graft copolymerization of acrylic acid from dextran under the presence of crosslinker produced
pH-sensitive nanoparticles (40–140 nm) [164,165]. Dextran could form interpolymer complexes with
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poly(acrylic acid) (PAA) in acid medium owing to hydrogen bond interaction of carboxyl groups and
proton-acceptors in glucose units. Thus, the hydrophobic driving force for the formation of nanoparticles
should be attributed to the complexation of PAA grafts and dextran segments. Similar nanoparticles were
formed from hydroxypropyl and hydroxyethyl celluloses [165]. Comb-shaped copolymers composed of
dextran backbones and cationic poly((2-dimethyl amino)ethyl methacrylate) side chains were
subsequently prepared via atom transfer radical polymerization for nonviral gene delivery. Plasmid
DNA were loaded into complex nanoparticles (100–150 nm), which had high gene transfection yield,
efficient gene delivery ability in different cancer cell lines, especially in MCF-7cells [166]. Similarly to
chitosan and dextran, hyaluronic acid (HA) was chemically modified with the 5β-cholanic acid to form
self-assembled nanoparticle (200–400 nm) that combine both passive tumor targeting based on the EPR
effect and a more specific or active targeting exploiting the affinity of HA towards CD44 [167].
Amphiphilic block copolymers were also synthesized to form nanoparticles via self-assembly.
Doxorubicin loaded nanoparticles based on poly(γ-benzyl L-glutamate)-block-hyaluronan were
produced by self-assembly. These particles could be used as a self-targeting drug delivery cargo in
over-expressed CD44 glycoprotein cells of breast cancer [168].
Nonionic pullulan is also modified by hydrophobic molecules such as cholesterol and cancer drugs.
The cholesterol-bearing pullulans with different molecular weights and degree of substitution have been
synthesized to form self-assembled nanoparticles [157]. Monodisperse self-aggregates (20–30 nm) have
been formed from these grafted pullulans due to the association of cholesteryl moieties. Recent study
demonstrated paclitaxel-incorporated nanoparticles prepared from pullulan hydrophobically modified
by acetic anhydride to evaluate their antitumor activity in vitro and in vivo [169]. These nanoparticles
showed lower antitumor activity in vitro against HCT116 human colon carcinoma cells, and reduction of
tumor growth in vivo using HCT116 human colon carcinoma-bearing mice.
Starch-based nanoparticles have also been reported by several groups. Starch is the second most
abundant biomass material in nature, found in plant roots, stalks, crop seeds. It consists of two main
structural components, the amylose and amylopection [170,171]. Propyl-starch nanoparticles were
reported to show the increase in the solubility of the polymer in low hazardous organic solvents and high
encapsulation efficiency for model drugs [172]. Effective controlled release of doxorubicin was shown
from drug-conjugated dialdehyde starch nanoparticles [173]. Docetaxel, an anti-cancer agent, was
loaded in nanoparticles prepared from a hydrophobic propyl starch with a controlled degree of
substitution via the solvent emulsification/diffusion technique. It was confirmed that nanoparticle
enhanced internalization by the cancerous cells (Caco-2 and NHDF-p cells) and their peri-nuclear
localization was detected [174].
Heparin, a negatively-charged polysaccharide that used as an anticoagulant, is often applied for the
preparation of self-assembled nanoparticles. A self-assembled nanoparticulate system (140–190 nm)
composed of a folate-conjugated heparin-poly(β-benzyl-L-aspartate) (HP) amphiphilic copolymer was
proposed for targeted delivery of the antineoplastic drug paclitaxel. The presence of folate not only
enhanced intracellular uptake via endocytosis, but also these nanoparticles exhibited a great cytotoxicity
in KB cells [175]. Deoxycholic acid bearing heparin amphiphilic conjugates (120–200 nm) with
different degrees of substitution were also synthesized [158].
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4. Summary
Recent progresses in synthesis of biopolymer-based nanoparticles and their application as drug/gene
carriers are introduced in this review. Biopolymers possess several favorable characteristics in
comparison to synthetic polymers used in drug/gene delivery, such as biocompatibility, biodegradability
and abundant renewable sources. Considering that size and distribution of particles are critical
parameters to target specific organs and tissues, proteins are suitable materials for drug/gene carriers due
to their precise molecular sizes derived from their secondary structure. Moreover, the features of
proteins that tend to form self-assembled α-helix, β-sheet or random structures enable them to easily
form unique nanostructures such as nanoparticles, nanofibers and nanosheets. To produce protein-based
nanoparticles with ideal size, morphology and stability, several methods have been demonstrated,
including crosslinking using crosslinkers, emulsion formation, coacervation and precipitation.
Polysaccharides also offer a suitable platform to produce nanoparticles due to their biodegradability,
biocompatibility and ease in molecular modification both covalently and ionically. Formation of
nanoparticles from polysaccharides is achieved by ionic or covalent crosslinking, ion-complex and
self-assembly after grafting of hydrophobic segments to the polymer backbone. In this regard, the choice
of the most suitable technique for nanoparticle production depends on the nature of the materials such as
charges and polymer chain lengths. Introduction of ligands onto the surface of the nanoparticles to target
specific sites will further enable biopolymer nanoparticles to be used more often in clinical application.
Not only protein- or polysaccharide-based nanoparticles, but also nanoparticles based on
biopolymer-synthetic polymer conjugates have been also paid much attention. Such multi-functional
biopolymer-based and biopolymer-synthetic polymer conjugated nanoparticles will become candidates
of the precisely targeted delivery of drugs and genes in many therapeutic fields.
Acknowledgments
S.K.N. was supported by a Japan Society for the Promotion of Science Research Fellowships for
Young Scientist.
References
1.
2.
3.
4.
5.
6.

Panyam, J.; Labhasetwar, V. Biodegradable nanoparticles for drug and gene delivery to cells and
tissue. Adv. Drug Deliv. Rev. 2003, 55, 329–347.
Kataoka, K.; Harada, A.; Nagasaki, Y. Block copolymer micelles for drug delivery: Design,
characterization and biological significance. Adv. Drug Deliv. Rev. 2012, 64, 37–48.
Shi, J.; Votruba, A.R.; Farokhzad, O.C.; Langer, R. Nanotechnology in drug delivery and tissue
engineering: From discovery to applications. Nano. Lett. 2010, 10, 3223–3230.
Mironov, V.; Kasyanov, V.; Markwald, R.R. Nanotechnology in vascular tissue engineering: from
nanoscaffolding towards rapid vessel biofabrication. Trends Biotechnol. 2008, 26, 338–344.
Koo, O.M.; Rubinstein, I.; Onyuksel, H. Role of nanotechnology in targeted drug delivery and
imaging: a concise review. Nanomed. Nanotechnol. Biol. Med. 2005, 1, 193–212.
Wang, X.; Yang, L.; Chen, Z.; Shin, D.M. Application of nanotechnology in cancer therapy and
imaging. CA Cancer J. Clin. 2008, 58, 97–110.

Int. J. Mol. Sci. 2013, 14
7.
8.
9.

10.

11.

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

1645

Hansma, H.G. Surface biology of DNA by atomic force microscopy. Annu. Rev. Phys. Chem.
2001, 52, 71–92.
Brigger, I.; Dubernet, C.; Couvreur, P. Nanoparticles in cancer therapy and diagnosis. Adv. Drug
Deliv. Rev. 2012, 64, 24–36.
Basarkar, A.; Singh, J. Poly (lactide-co-glycolide)-polymethacrylate nanoparticles for
intramuscular delivery of plasmid encoding interleukin-10 to prevent autoimmune diabetes in
mice. Pharm. Res. 2009, 26, 72–81.
Roy, K.; Mao, H.-Q.; Huang, S.K.; Leong, K.W. Oral gene delivery with chitosan-DNA
nanoparticles generates immunologic protection in a murine model of peanut allergy. Nat. Med.
1999, 5, 387–391.
Furno, F.; Morley, K.S.; Wong, B.; Sharp, B.L.; Arnold, P.L.; Howdle, S.M.; Bayston, R.; Brown, P.D.;
Winship, P.D.; Reid, H.J. Silver nanoparticles and polymeric medical devices: a new approach to
prevention of infection? J. Antimicrob. Chemother. 2004, 54, 1019–1024.
Wilson, D.S.; Dalmasso, G.; Wang, L.; Sitaraman, S.V.; Merlin, D.; Murthy, N. Orally delivered
thioketal nanoparticles loaded with TNF-α–siRNA target inflammation and inhibit gene
expression in the intestines. Nat. Mater. 2010, 9, 923–928.
Yu, D.-G.; Lin, W.-C.; Yang, M.-C. Surface modification of poly(l-lactic acid) membrane via
layer-by-layer assembly of silver nanoparticle-embedded polyelectrolyte multilayer. Bioconjug.
Chem. 2007, 18, 1521–1529.
Heiati, H.; Phillips, N.; Tawashi, R. Evidence for phospholipid bilayer formation in solid lipid
nanoparticles formulated with phospholipid and triglyceride. Pharm. Res. 1996, 13, 1406–1410.
Yang, Y.-Y.; Wang, Y.; Powell, R.; Chan, P. Polymeric core-shell nanoparticles for therapeutics.
Clin. Exp. Pharmacol. Physiol. 2006, 33, 557–562.
Yih, T.C.; Al-Fandi, M. Engineered nanoparticles as precise drug delivery systems. J. Cell.
Biochem. 2006, 97, 1184–1190.
Hamidi, M.; Azadi, A.; Rafiei, P. Hydrogel nanoparticles in drug delivery. Adv. Drug Deliv. Rev.
2008, 60, 1638–1649.
Elzoghby, A.O.; Samy, W.M.; Elgindy, N.A. Protein-based nanocarriers as promising drug and
gene delivery systems. J. Control. Release 2012, 161, 38–49.
Mizrahy, S.; Peer, D. Polysaccharides as building blocks for nanotherapeutics. Chem. Soc. Rev.
2012, 41, 2623–2640.
Donaldson, K.; Stone, V.; Tran, C.L.; Kreyling, W.; Borm, P.J.A. Nanotoxicology.
Occup. Environ. Med. 2004, 61, 727–728.
Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Long-circulating and target-specific nanoparticles:
Theory to practice. Pharm. Rev. 2001, 53, 283–318.
Adiseshaiah, P.P.; Hall, J.B.; McNeil, S.E. Nanomaterial standards for efficacy and toxicity
assessment. Wiley Interdiscip. Rev. 2010, 2, 99–112.
Gaumet, M.; Vargas, A.; Gurny, R.; Delie, F. Nanoparticles for drug delivery: The need for
precision in reporting particle size parameters. Eur. J. Pharm. Biopharm. 2008, 69, 1–9.
Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR
effect in macromolecular therapeutics: a review. J. Control. Release 2000, 65, 271–284.

Int. J. Mol. Sci. 2013, 14
25.
26.

27.

28.
29.
30.
31.

32.
33.
34.
35.
36.
37.

38.

39.
40.

41.
42.

1646

Hirano, A.; Kawanami, T.; Llena, J.F. Electron microscopy of the blood-brain barrier in disease.
Microsc. Res. Tech. 1994, 27, 543–556.
Hobbs, S.K.; Monsky, W.L.; Yuan, F.; Roberts, W.G.; Griffith, L.; Torchilin, V.P.; Jain, R.K.
Regulation of transport pathways in tumor vessels: Role of tumor type and microenvironment.
Proc. Nat. Acad. Sci. USA 1998, 95, 4607–4612.
Nakaoka, R.; Tabata, Y.; Yamaoka, T.; Ikada, Y. Prolongation of the serum half-life period of
superoxide dismutase by poly(ethylene glycol) modification. J. Control. Release 1997, 46,
253–261.
Moghimi, S.M. Mechanisms of splenic clearance of blood cells and particles: Towards
development of new splenotropic agents. Adv. Drug Deliv. Rev. 1995, 17, 103–115.
Petros, R.A.; DeSimone, J.M. Strategies in the design of nanoparticles for therapeutic applications.
Nat. Rev. Drug Discov. 2010, 9, 615–627.
Mohanraj, V.; Chen, Y. Nanoparticles-A Review. Tropical J. Pharm. Res. 2006, 5, 561–573.
Mansouri, S.; Lavigne, P.; Corsi, K.; Benderdour, M.; Beaumont, E.; Fernandes, J.C.
Chitosan-DNA nanoparticles as non-viral vectors in gene therapy: strategies to improve
transfection efficacy. Eur. J. Pharm. Biopharm. 2004, 57, 1–8.
Thomas, M.; Klibanov, A.M. Non-viral gene therapy: Polycation-mediated DNA delivery.
Appl. Microbiol. Biotechnol. 2003, 62, 27–34.
Li, S.D.; Huang, L. Gene therapy progress and prospects: Non-viral gene therapy by systemic
delivery. Gene Ther. 2006, 13, 1313–1319.
Dang, J.M.; Leong, K.W. Natural polymers for gene delivery and tissue engineering. Adv. Drug
Deliv. Rev. 2006, 58, 487–499.
Weller, R.B. Nitric oxide-containing nanoparticles as an antimicrobial agent and enhancer of
wound healing. J. Invest. Dermatol. 2009, 129, 2335–2337.
Carpenter, A.W.; Schoenfisch, M.H. Nitric oxide release: Part II. Therapeutic applications.
Chem. Soc. Rev. 2012, 41, 3742–3752.
Eroy-Reveles, A.A.; Mascharak, P.K. Nitric oxide-donating materials and their potential in
pharmacological applications for site-specific nitric oxide delivery. Future Med. Chem. 2009, 1,
1497–1507.
Friedman, A.J.; Han, G.; Navati, M.S.; Chacko, M.; Gunther, L.; Alfieri, A.; Friedman, J.M.
Sustained release nitric oxide releasing nanoparticles: Characterization of a novel delivery
platform based on nitrite containing hydrogel/glass composites. Nitric Oxide 2008, 19, 12–20.
Goldberg, M.; Langer, R.; Jia, X. Nanostructured materials for applications in drug delivery and
tissue engineering. J. Biomater. Sci. Polym. Ed. 2007, 18, 241–268.
Peng, L.; Cheng, X.; Zhuo, R.; Lan, J.; Wang, Y.; Shi, B.; Li, S. Novel gene-activated matrix with
embedded chitosan/plasmid DNA nanoparticles encoding PDGF for periodontal tissue
engineering. J. Biomed. Mater. Res. Part A 2009, 90A, 564–576.
Ghuman, J.; Zunszain, P.A.; Petitpas, I.; Bhattacharya, A.A.; Otagiri, M.; Curry, S. Structural basis
of the drug-binding specificity of human serum albumin. J. Mol. Biol. 2005, 353, 38–52.
Koch-Weser, J.; Sellers, E.M. Binding of drugs to serum albumin. N. Engl. J. Med. 1976, 294,
526–531.

Int. J. Mol. Sci. 2013, 14
43.

44.
45.
46.
47.
48.
49.
50.
51.
52.

53.

54.
55.
56.
57.

58.
59.

60.

1647

Desai, N.; Trieu, V.; Yao, Z.; Louie, L.; Ci, S.; Yang, A.; Tao, C.; De, T.; Beals, B.; Dykes, D.; et al.
Increased antitumor activity, intratumor paclitaxel concentrations, and endothelial cell transport of
cremophor-free, albumin-bound paclitaxel, ABI-007, compared with cremophor-based paclitaxel.
Clin. Cancer Res. 2006, 12, 1317–1324.
Vuignier, K.; Schappler, J.; Veuthey, J.-L.; Carrupt, P.-A.; Martel, S. Drug–protein binding: a
critical review of analytical tools. Anal. Bioanal. Chem. 2010, 398, 53–66.
Chen, L.; Remondetto, G.E.; Subirade, M. Food protein-based materials as nutraceutical delivery
systems. Trends Food Sci. Technol.2006, 17, 272–283.
Elzoghby, A.O.; Abo El-Fotoh, W.S.; Elgindy, N.A. Casein-based formulations as promising
controlled release drug delivery systems. J. Control. Release 2011, 153, 206–216.
Elzoghby, A.O.; Samy, W.M.; Elgindy, N.A. Albumin-based nanoparticles as potential controlled
release drug delivery systems. J. Control. Release 2012, 157, 168–182.
Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-based biomaterials for tissue engineering
applications. Materials 2010, 3, 1863–1887.
Friess, W. Collagen—biomaterial for drug delivery. Eur. J. Pharm. Biopharm. 1998, 45, 113–136.
Daamen, W.F.; Veerkamp, J.H.; van Hest, J.C.M.; van Kuppevelt, T.H. Elastin as a biomaterial for
tissue engineering. Biomaterials 2007, 28, 4378–4398.
Doillon, C.J.; Silver, F.H.; Berg, R.A. Fibroblast growth on a porous collagen sponge containing
hyaluronic acid and fibronectin. Biomaterials 1987, 8, 195–200.
Meyer, D.E.; Chilkoti, A. Genetically encoded synthesis of protein-based polymers with precisely
specified molecular weight and sequence by recursive directional ligation: Examples from the
elastin-like polypeptide system. Biomacromolecules 2002, 3, 357–367.
Sun, G.; Hsueh, P.-Y.; Janib, S.M.; Hamm-Alvarez, S.; Andrew MacKay, J. Design and cellular
internalization of genetically engineered polypeptide nanoparticles displaying adenovirus knob
domain. J. Control. Release 2011, 155, 218–226.
Chilkoti, A.; Dreher, M.R.; Meyer, D.E. Design of thermally responsive, recombinant polypeptide
carriers for targeted drug delivery. Adv. Drug Deliv. Rev. 2002, 54, 1093–1111.
Biman, B.M.; Kundu, S.C. Self-assembled silk sericin/poloxamer nanoparticles as nanocarriers of
hydrophobic and hydrophilic drugs for targeted delivery. Nanotechnology 2009, 20, 355101.
Lammel, A.S.; Hu, X.; Park, S.-H.; Kaplan, D.L.; Scheibel, T.R. Controlling silk fibroin particle
features for drug delivery. Biomaterials 2010, 31, 4583–4591.
Bunschoten, A.; Buckle, T.; Kuil, J.; Luker, G.D.; Luker, K.E.; Nieweg, O.E.; van Leeuwen, F.W.B.
Targeted non-covalent self-assembled nanoparticles based on human serum albumin. Biomaterials
2012, 33, 867–875.
Kratz, F. Albumin as a drug carrier: Design of prodrugs, drug conjugates and nanoparticles.
J. Control. Release 2008, 132, 171–183.
Papi, M.; Palmieri, V.; Maulucci, G.; Arcovito, G.; Greco, E.; Quintiliani, G.; Fraziano, M.;
de Spirito, M. Controlled self assembly of collagen nanoparticle. J. Nanopart. Res. 2011, 13,
6141–6147.
Rössler, B.; Kreuter, J.; Scherer, D. Collagen microparticles: Preparation and properties.
J. Microencapsul. 1995, 12, 49–57.

Int. J. Mol. Sci. 2013, 14
61.
62.
63.
64.

65.

66.
67.
68.
69.
70.
71.

72.
73.

74.
75.

76.
77.

78.

1648

Numata, K.; Kaplan, D.L. Silk-based delivery systems of bioactive molecules. Adv. Drug Deliv. Rev.
2010, 62, 1497–1508.
Kundu, J.; Chung, Y.-I.; Kim, Y.H.; Tae, G.; Kundu, S.C. Silk fibroin nanoparticles for cellular
uptake and control release. Int. J. Pharm. 2010, 388, 242–250.
Gupta, V.; Aseh, A.; Rios, C.N.; Aggarwal, B.B.; Mathur, A.B. Fabrication and characterization of
silk fibroin-derived curcumin nanoparticles for cancer therapy. Int. J. Nanomed. 2009, 4, 115–122.
Yan, H.-B.; Zhang, Y.-Q.; Ma, Y.-L.; Zhou, L.-X. Biosynthesis of insulin-silk fibroin
nanoparticles conjugates and in vitro evaluation of a drug delivery system. J. Nanopart. Res. 2009,
11, 1937–1946.
Zhang, Y.-Q.; Wang, Y.-J.; Wang, H.-Y.; Zhu, L.; Zhou, Z.-Z. Highly efficient processing of silk
fibroin nanoparticle-l-asparaginase bioconjugates and their characterization as a drug delivery
system. Soft Matter 2011, 7, 9728–9736.
Numata, K.; Yamazaki, S.; Naga, N. Biocompatible and biodegradable dual-drug release system
based on silk hydrogel containing silk nanoparticles. Biomacromolecules 2012, 13, 1383–1389.
Numata, K.; Hamasaki, J.; Subramanian, B.; Kaplan, D.L. Gene delivery mediated by recombinant
silk proteins containing cationic and cell binding motifs. J. Control. Release 2010, 146, 136–143.
Numata, K.; Kaplan, D.L. Silk-based gene carriers with cell membrane destabilizing peptides.
Biomacromolecules 2010, 11, 3189–3195.
Numata, K.; Reagan, M.R.; Goldstein, R.H.; Rosenblatt, M.; Kaplan, D.L. Spider silk-based gene
carriers for tumor cell-specific delivery. Bioconjug. Chem. 2011, 22, 1605–1610.
Numata, K.; Subramanian, B.; Currie, H.A.; Kaplan, D.L. Bioengineered silk protein-based gene
delivery systems. Biomaterials 2009, 30, 5775–5784.
Maeda, M.; Tani, S.; Sano, A.; Fujioka, K. Microstructure and release characteristics of the
minipellet, a collagen-based drug delivery system for controlled release of protein drugs.
J. Control. Release 1999, 62, 313–324.
Marty, J.J.; Oppenheim, R.C.; Speiser, P. Nanoparticles—a new colloidal drug delivery system.
Pharm. Act. Helvetiae. 1978, 53, 17–23.
Coesters, C.J.; von Briesen, K.L.H.; Kreuter, J. Gelatin nanoparticles by two step desolvation a
new preparation method, surface modifications and cell uptake. J. Microencapsul. 2000, 17,
187–193.
Sailaja, A.K.; Amareshwar, P. Preparation of gelatine nanoparticles by desolvation technique
using acetone as desolvating agent. J. Pharm. Res. 2012, 5, 1854–1856.
Zhao, Y.-Z.; Li, X.; Lu, C.-T.; Xu, Y.-Y.; Lv, H.-F.; Dai, D.-D.; Zhang, L.; Sun, C.-Z.; Yang, W.;
Li, X.-K.; et al. Experiment on the feasibility of using modified gelatin nanoparticles as insulin
pulmonary administration system for diabetes therapy. Acta Diabetologica. 2012, 49, 315–325.
Kuo, W.-T.; Huang, H.-Y.; Chou, M.-J.; Wu, M.-C.; Huang, Y.-Y. Surface modification of gelatin
nanoparticles with polyethylenimine as gene vector. J. Nanomater. 2011, 2011, 1–5.
Leo, E.; Angela Vandelli, M.; Cameroni, R.; Forni, F. Doxorubicin-loaded gelatin nanoparticles
stabilized by glutaraldehyde: Involvement of the drug in the cross-linking process. Int. J. Pharm.
1997, 155, 75–82.
Lee, E.; Khan, S.; Park, J.; Lim, K.-H. Studies on the characteristics of drug-loaded gelatin
nanoparticles prepared by nanoprecipitation. Bioprocess. Biosyst. Eng. 2012, 35, 297–307.

Int. J. Mol. Sci. 2013, 14
79.
80.

81.

82.

83.

84.
85.

86.
87.
88.

89.
90.

91.
92.
93.
94.
95.

1649

Gan, Z.; Ju, J.; Zhang, T.; Wu, D. Preparation of rhodamine B fluorescent poly(methacrylic acid)
coated gelatin nanoparticles. J. Nanomater. 2011, 2011, doi:10.1155/2011/753705.
Li, W.-M.; Liu, D.-M.; Chen, S.-Y. Amphiphilically-modified gelatin nanoparticles:
Self-assembly behavior, controlled biodegradability, and rapid cellular uptake for intracellular
drug delivery. J. Mater. Chem. 2011, 21, 12381–12388.
Babu, A.; Jeyasubramanian, K.; Gunasekaran, P.; Murugesan, R. Gelatin nanocarrier enables
efficient delivery and phototoxicity of hypocrellin B against a mice tumour model. J. Biomed.
Nanotechnol. 2012, 8, 43–56.
Jain, A.; Gulbake, A.; Jain, A.; Shilpi, S.; Hurkat, P.; Jain, A.; Jain, S.K. Development of
surface-functionalised nanoparticles for FGF2 receptor-based solid tumour targeting.
J. Microencapsul. 2012, 29, 95–102.
Lu, Z.; Yeh, T.-K.; Wang, J.; Chen, L.; Lyness, G.; Xin, Y.; Wientjes, M.G.; Bergdall, V.;
Couto, G.; Alvarez-Berger, F.; et al. Paclitaxel gelatin nanoparticles for intravesical bladder
cancer therapy. J. Urol. 2011, 185, 1478–1483.
Horne, D.S. Casein structure, self-assembly and gelation. Curr. Opin. Colloid Interface Sci. 2002,
7, 456–461.
Portnaya, I.; Cogan, U.; Livney, Y.D.; Ramon, O.; Shimoni, K.; Rosenberg, M.; Danino, D.
Micellization of bovine β-casein studied by isothermal titration microcalorimetry and cryogenic
transmission electron microscopy. J. Agric. Food Chem. 2006, 54, 5555–5561.
Huppertz, T.; de Kruif, C.G. Structure and stability of nanogel particles prepared by internal
cross-linking of casein micelles. Int. Dairy J. 2008, 18, 556–565.
Smiddy, M.A.; Martin, J.E.G.H.; Kelly, A.L.; de Kruif, C.G.; Huppertz, T. Stability of casein
micelles cross-linked by transglutaminase. J. Dairy Sci. 2006, 89, 1906–1914.
Kamiya, N.; Shiotari, Y.; Tokunaga, M.; Matsunaga, H.; Yamanouchi, H.; Nakano, K.; Goto, M.
Stimuli-responsive nanoparticles composed of naturally occurring amphiphilic proteins. Chem.
Commun. 2009, doi:10.1039/B909897F.
Pan, X.; Yu, S.; Yao, P.; Shao, Z. Self-assembly of β-casein and lysozyme. J. Colloid Interface Sci.
2007, 316, 405–412.
Shapira, A.; Davidson, I.; Avni, N.; Assaraf, Y.G.; Livney, Y.D. β-Casein nanoparticle-based oral
drug delivery system for potential treatment of gastric carcinoma: Stability, target-activated release
and cytotoxicity. Eur. J. Pharm. Biopharm. 2012, 80, 298–305.
Shapira, A.; Assaraf, Y.G.; Livney, Y.D. Beta-casein nanovehicles for oral delivery of
chemotherapeutic drugs. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 119–126.
Lai, L.F.; Guo, H.X. Preparation of new 5-fluorouracil-loaded zein nanoparticles for liver
targeting. Int. J. Pharm. 2011, 404, 317–323.
Zhong, Q.; Tian, H.; Zivanovic, S. Encapsulation of fish oil in solid zein particles by liquid-liquid
dispersion. J. Food Process. Preserv. 2009, 33, 255–270.
Zhong, Q.; Jin, M. Zein nanoparticles produced by liquid–liquid dispersion. Food Hydrocolloids
2009, 23, 2380–2387.
Podaralla, S.; Perumal, O. Preparation of zein nanoparticles by pH controlled nanoprecipitation.
J. Biomed. Nanotechnol. 2010, 6, 312–317.

Int. J. Mol. Sci. 2013, 14
96.

97.
98.

99.
100.
101.

102.

103.
104.

105.
106.

107.
108.

109.
110.
111.
112.

1650

Ravindran Girija, A.; Balasubramanian, S.; Dhandayudhapani, B.; Takahiro, F.; Yasuhiko, Y.;
Toru, M.; Kumar, D.S. Biocompatible fluorescent zein nanoparticles for simultaneous bioimaging
and drug delivery application. Adv. Nat. Sci. 2012, 3, 025006.
Xu, H.; Jiang, Q.; Reddy, N.; Yang, Y. Hollow nanoparticles from zein for potential medical
applications. J. Mater. Chem. 2011, 21, 18227–18235.
Steinhauser, I.M.; Langer, K.; Strebhardt, K.M.; Spänkuch, B. Effect of trastuzumab-modified
antisense oligonucleotide-loaded human serum albumin nanoparticles prepared by heat
denaturation. Biomaterials 2008, 29, 4022–4028.
Park, K. Albumin: A versatile carrier for drug delivery. J. Control. Release 2012, 157, 3.
Elsadek, B.; Kratz, F. Impact of albumin on drug delivery—New applications on the horizon.
J. Control. Release 2012, 157, 4–28.
Bosse, D.; Praus, M.; Kiessling, P.; Nyman, L.; Andresen, C.; Waters, J.; Schindel, F. Phase I
comparability of recombinant human albumin and human serum albumin. J. Clin. Pharmacol.
2005, 45, 57–67.
Hedayati, R.; Jahanshahi, M.; Attar, H. Fabrication and characterization of albumin-acacia
nanoparticles based on complex coacervation as potent nanocarrier. J. Chem. Technol. Biotechnol.
2012, 87, 1401–1408.
Weber, C.; Coester, C.; Kreuter, J.; Langer, K. Desolvation process and surface characterisation of
protein nanoparticles. Int. J. Pharm. 2000, 194, 91–102.
Mehravar, R.; Saghatoleslami, N. Fabrication and evaluation of human serum
albumin (HSA) nanoparticles for drug delivery application. Int. J. Nanosci. 2009, 8,
doi:10.1142/S0219581X09006080.
Müller, B.G.; Leuenberger, H.; Kissel, T. Albumin nanospheres as carriers for passive drug
targeting: An optimized manufacturing technique. Pharm. Res. 1996, 13, 32–37.
Langer, K.; Balthasar, S.; Vogel, V.; Dinauer, N.; von Briesen, H.; Schubert, D. Optimization of
the preparation process for human serum albumin (HSA) nanoparticles. Int. J. Pharm. 2003, 257,
169–180.
Weber, C.; Reiss, S.; Langer, K. Preparation of surface modified protein nanoparticles by
introduction of sulfhydryl groups. Int. J. Pharm. 2000, 211, 67–78.
Martí
nez, A.; Benito-Miguel, M.; Iglesias, I.; Teijón, J.M.; Blanco, M.D. Tamoxifen-loaded
thiolated alginate-albumin nanoparticles as antitumoral drug delivery systems. J. Biomed. Mater.
Res. Part A 2012, 100A, 1467–1476.
Yu, S.; Yao, P.; Jiang, M.; Zhang, G. Nanogels prepared by self-assembly of oppositely charged
globular proteins. Biopolymers 2006, 83, 148–158.
Wang, C.H.; Damodaran, S. Thermal gelation of globular proteins: Influence of protein
conformation on gel strength. J. Agric. Food Chem. 1991, 39, 433–438.
Xu, R.; Fisher, M.; Juliano, R.L. Targeted albumin-based nanoparticles for delivery of amphipathic
drugs. Bioconjug. Chem. 2011, 22, 870–878.
Gong, G.; Xu, Y.; Zhou, Y.; Meng, Z.; Ren, G.; Zhao, Y.; Zhang, X.; Wu, J.; Hu, Y. Molecular
switch for the assembly of lipophilic drug incorporated plasma protein nanoparticles and in vivo
image. Biomacromolecules 2011, 13, 23–28.

Int. J. Mol. Sci. 2013, 14

1651

113. Karmali, P.P.; Kotamraju, V.R.; Kastantin, M.; Black, M.; Missirlis, D.; Tirrell, M.; Ruoslahti, E.
Targeting of albumin-embedded paclitaxel nanoparticles to tumors. Nanomed. Nanotechnol.
Biol. Med. 2009, 5, 73–82.
114. Wright, E.R.; Conticello, V.P. Self-assembly of block copolymers derived from elastin-mimetic
polypeptide sequences. Adv. Drug Deliv. Rev. 2002, 54, 1057–1073.
115. Lee, T.A.T.; Cooper, A.; Apkarian, R.P.; Conticello, V.P. Thermo-reversible self-assembly of
nanoparticles derived from elastin-mimetic polypeptides. Adv. Mater. 2000, 12, 1105–1110.
116. Callahan, D.J.; Liu, W.; Li, X.; Dreher, M.R.; Hassouneh, W.; Kim, M.; Marszalek, P.; Chilkoti, A.
Triple stimulus-responsive polypeptide nanoparticles that enhance intratumoral spatial
distribution. Nano. Lett. 2012, 12, 2165–2170.
117. MacEwan, S.R.; Chilkoti, A. Digital switching of local arginine density in a genetically encoded
self-assembled polypeptide nanoparticle controls cellular uptake. Nano Lett. 2012, 12, 3322–3328.
118. Osborne, J.L.; Farmer, R.; Woodhouse, K.A. Self-assembled elastin-like polypeptide particles.
Acta Biomater. 2008, 4, 49–57.
119. Herrero-Vanrell, R.; Rincón, A.C.; Alonso, M.; Reboto, V.; Molina-Martinez, I.T.;
Rodríguez-Cabello, J.C. Self-assembled particles of an elastin-like polymer as vehicles for
controlled drug release. J. Control. Release 2005, 102, 113–122.
120. Xia, X.-X.; Xu, Q.; Hu, X.; Qin, G.; Kaplan, D.L. Tunable self-assembly of genetically engineered
silk–elastin-like protein polymers. Biomacromolecules 2011, 12, 3844–3850.
121. Oyarzun-Ampuero, F.A.; Goycoolea, F.M.; Torres, D.; Alonso, M.J. A new drug nanocarrier
consisting of polyarginine and hyaluronic acid. Eur. J. Pharm. Biopharm. 2011, 79, 54–57.
122. Rodríguez-Hernández, J.; Lecommandoux, S. Reversible inside−out micellization of
pH-responsive and water-soluble vesicles based on polypeptide diblock copolymers. J. Am.
Chem. Soc. 2005, 127, 2026–2027.
123. Bhaw-Luximon, A. Modified Natural Polysaccharides as Nanoparticulate Drug Delivery Devices.
In Engineered Carbohydrate-based Materials for Biomedical Applications; John Wiley & Sons,
Inc.: Berlin, Germany, 2011; pp. 355–395.
124. Boddohi, S.; Moore, N.; Johnson, P.A.; Kipper, M.J. Polysaccharide-based polyelectrolyte
complex nanoparticles from chitosan, heparin, and hyaluronan. Biomacromolecules 2009, 10,
1402–1409.
125. Liu, Z.; Jiao, Y.; Wang, Y.; Zhou, C.; Zhang, Z. Polysaccharides-based nanoparticles as drug
delivery systems. Adv. Drug Deliv. Rev. 2008, 60, 1650–1662.
126. Saravanakumar, G.; Jo, D.G.; Park, J.H. Polysaccharide-Based Nanoparticles: A Versatile
Platform for Drug Delivery and Biomedical Imaging. Curr. Med. Chem. 2012, 19, 3212–3229.
127. Aider, M. Chitosan application for active bio-based films production and potential in the food
industry: Review. LWT Food Sci. Technol. 2010, 43, 837–842.
128. Schmitt, C.; Sanchez, C.; Desobry-Banon, S.; Hardy, J. Structure and Technofunctional Properties
of Protein-Polysaccharide Complexes: A Review. Critical Rev. Food Sci. Nutr. 1998, 38,
689–753.
129. Roldo, M.; Hornof, M.; Caliceti, P.; Bernkop-Schnürch, A. Mucoadhesive thiolated chitosans
as platforms for oral controlled drug delivery: Synthesis and in vitro evaluation. Eur. J.
Pharm. Biopharm. 2004, 57, 115–121.

Int. J. Mol. Sci. 2013, 14

1652

130. Sarmento, B.; Ribeiro, A.J.; Veiga, F.; Ferreira, D.C.; Neufeld, R.J. Insulin-Loaded Nanoparticles
are Prepared by Alginate Ionotropic Pre-Gelation Followed by Chitosan Polyelectrolyte
Complexation. J. Nanosci. Nanotechnol. 2007, 7, 2833–2841.
131. Rajam, M.; Pulavendran, S.; Rose, C.; Mandal, A.B. Chitosan nanoparticles as a dual growth
factor delivery system for tissue engineering applications. Int. J. Pharm. 2011, 410, 145–152.
132. George, M.; Abraham, T.E. Polyionic hydrocolloids for the intestinal delivery of protein drugs:
Alginate and chitosan—A review. J. Control. Release 2006, 114, 1–14.
133. Douglas, K.L.; Piccirillo, C.A.; Tabrizian, M. Effects of alginate inclusion on the vector properties
of chitosan-based nanoparticles. J. Control. Release 2006, 115, 354–361.
134. Reis, C.P.; Ribeiro, A.J.; Houng, S.; Veiga, F.; Neufeld, R.J. Nanoparticulate delivery system for
insulin: Design, characterization and in vitro/in vivo bioactivity. Eur. J. Pharm. Sci. 2007, 30,
392–397.
135. You, J.-O.; Peng, C.-A. Calcium-Alginate Nanoparticles Formed by Reverse Microemulsion as
gene carriers. Macromol. Symp.2005, 219, 147–153.
136. Berger, J.; Reist, M.; Mayer, J.M.; Felt, O.; Gurny, R. Structure and interactions in chitosan
hydrogels formed by complexation or aggregation for biomedical applications. Eur. J. Pharm.
Biopharm. 2004, 57, 35–52.
137. Liu, H.; Chen, B.; Mao, Z.; Gao, C. Chitosan nanoparticles for loading of toothpaste actives and
adhesion on tooth analogs. J. Appl. Polym. Sci. 2007, 106, 4248–4256.
138. Bodnar, M.; Hartmann, J.F.; Borbely, J. Preparation and characterization of chitosan-based
nanoparticles. Biomacromolecules 2005, 6, 2521–2527.
139. Janes, K.A.; Calvo, P.; Alonso, M.J. Polysaccharide colloidal particles as delivery systems for
macromolecules. Adv. Drug Deliv. Rev. 2001, 47, 83–97.
140. Kaihara, S.; Suzuki, Y.; Fujimoto, K. In situ synthesis of polysaccharide nanoparticles via polyion
complex of carboxymethyl cellulose and chitosan. Colloids Surfaces B 2011, 85, 343–348.
141. Sarmah, J.K.; Mahanta, R.; Bhattacharjee, S.K.; Mahanta, R.; Biswas, A. Controlled release of
tamoxifen citrate encapsulated in cross-linked guar gum nanoparticles. Int. J. Biol. Macromol.
2011, 49, 390–396.
142. Xu, Y.; Du, Y. Effect of molecular structure of chitosan on protein delivery properties of chitosan
nanoparticles. Int. J. Pharm. 2003, 250, 215–226.
143. Csaba, N.; Köping-Höggård, M.; Alonso, M.J. Ionically crosslinked chitosan/tripolyphosphate
nanoparticles for oligonucleotide and plasmid DNA delivery. Int. J. Pharm. 2009, 382, 205–214.
144. De Campos, A.M.; Sánchez, A.; Alonso, M.A.J. Chitosan nanoparticles: A new vehicle for the
improvement of the delivery of drugs to the ocular surface. Application to cyclosporin A.
Int. J. Pharm. 2001, 224, 159–168.
145. Peniche, H.; Peniche, C. Chitosan nanoparticles: a contribution to nanomedicine. Polym. Int. 2011,
60, 883–889.
146. Cui, Z.; Mumper, R.J. Chitosan-based nanoparticles for topical genetic immunization.
J. Control. Release 2001, 75, 409–419.
147. Lin, Y.-H.; Chang, C.-H.; Wu, Y.-S.; Hsu, Y.-M.; Chiou, S.-F.; Chen, Y.-J. Development of
pH-responsive chitosan/heparin nanoparticles for stomach-specific anti-Helicobacter pylori
therapy. Biomaterials 2009, 30, 3332–3342.

Int. J. Mol. Sci. 2013, 14

1653

148. Fuente, M.D.L.; Seijo, B.; Alonso, M.J. Design of novel polysaccharidic nanostructures for gene
delivery. Nanotechnology 2008, 19, 075105.
149. Rodrigues, S.; Costa, A.M.R.D.; Grenha, A. Chitosan/carrageenan nanoparticles: Effect of
cross-linking with tripolyphosphate and charge ratios. Carbohydr. Polym. 2012, 89, 282–289.
150. Gonçalves, N.P.; Oliveira, H.; Pêgo, A.P.; Saraiva, M.J. A novel nanoparticle delivery system for
in vivo targeting of the sciatic nerve: impact on regeneration. Nanomedicine 2012, 7, 1167–1180.
151. Ammar, H.; El-Nahhas, S.; Ghorab, M.; Salama, A. Chitosan/cyclodextrin nanoparticles as drug
delivery system. J. Inclusion Phenom. Macrocyc. Chem. 2012, 72, 127–136.
152. Giannotti, M.I. Esteban, .
liva, M.
arc a-Parajo, M.A.F.; Sanz, F. pH-Responsive
polysaccharide-based polyelectrolyte complexes as nanocarriers for lysosomal delivery of
therapeutic proteins. Biomacromolecules 2011, 12, 2524–2533.
153. Sonaje, K.; Lin, Y.-H.; Juang, J.-H.; Wey, S.-P.; Chen, C.-T.; Sung, H.-W. In vivo evaluation of
safety and efficacy of self-assembled nanoparticles for oral insulin delivery. Biomaterials 2009,
30, 2329–2339.
154. Bozkir, A.; Saka, O.M. Chitosan Nanoparticles for Plasmid DNA Delivery: Effect of Chitosan
Molecular Structure on Formulation and Release Characteristics. Drug Deliv. 2004, 11, 107–112.
155. Hassani, L.N.; Hendra, F.; Bouchemal, K. Auto-associative amphiphilic polysaccharides as drug
delivery systems. Drug Discov. Today 2012, 17, 608–614.
156. Chen, S.; Cheng, S.-X.; Zhuo, R.-X. Self-Assembly Strategy for the Preparation of Polymer-Based
Nanoparticles for Drug and Gene Delivery. Macromol. Biosci. 2011, 11, 576–589.
157. Akiyoshi, K.; Kobayashi, S.; Shichibe, S.; Mix, D.; Baudys, M.; Wan Kim, S.; Sunamoto, J.
Self-assembled hydrogel nanoparticle of cholesterol-bearing pullulan as a carrier of protein drugs:
Complexation and stabilization of insulin. J. Control. Release 1998, 54, 313–320.
158. Park, K.; Kim, K.; Kwon, I.C.; Kim, S.K.; Lee, S.; Lee, D.Y.; Byun, Y. Preparation and
Characterization of Self-Assembled Nanoparticles of Heparin-Deoxycholic Acid Conjugates.
Langmuir 2004, 20, 11726–11731.
159. Vauthier, C.; Bouchemal, K. Methods for the Preparation and Manufacture of Polymeric
Nanoparticles. Pharm. Res. 2009, 26, 1025–1058.
160. Lee, K.Y.; Kwon, I.C.; Kim, Y.H.; Jo, W.H.; Jeong, S.Y. Preparation of chitosan self-aggregates
as a gene delivery system. J. Control. Release 1998, 51, 213–220.
161. Mourya, V.K.; Inamdar, N.N. Chitosan-modifications and applications: Opportunities galore.
React. Funct. Polym. 2008, 68, 1013–1051.
162. Nichifor, M.; Lopes, A.; Carpov, A.; Melo, E. Aggregation in Water of Dextran Hydrophobically
Modified with Bile Acids. Macromolecules 1999, 32, 7078–7085.
163. ui, L. ohen, . . roaders, .E. eaudette, T.T. r chet, J.M.J. Mannosylated Dextran
Nanoparticles: A pH-Sensitive System Engineered for Immunomodulation through Mannose
Targeting. Bioconjug. Chem. 2011, 22, 949–957.
164. Tang, M.; Dou, H.; Sun, K. One-step synthesis of dextran-based stable nanoparticles assisted by
self-assembly. Polymer 2006, 47, 728–734.
165. Dou, H.; Tang, M.; Yang, W.; Sun, K. One-pot synthesis, characterization, and drug loading of
polysaccharide-based nanoparticles with carboxy functional groups. Colloid Polym. Sci. 2007,
285, 1043–1047.

Int. J. Mol. Sci. 2013, 14

1654

166. Wang, H.; Roman, M. Formation and Properties of Chitosan—Cellulose Nanocrystal
Polyelectrolyte−Macroion omplexes for Drug Delivery pplications. Biomacromolecules 2011,
12, 1585–1593.
167. Choi, K.Y.; Chung, H.; Min, K.H.; Yoon, H.Y.; Kim, K.; Park, J.H.; Kwon, I.C.; Jeong, S.Y.
Self-assembled hyaluronic acid nanoparticles for active tumor targeting. Biomaterials 2010, 31,
106–114.
168. Upadhyay, K.K.; Bhatt, A.N.; Mishra, A.K.; Dwarakanath, B.S.; Jain, S.; Schatz, C.; Le Meins, J.-F.;
Farooque, A.; Chandraiah, G.; Jain, A.K.; et al. The intracellular drug delivery and anti tumor
activity of doxorubicin loaded poly(γ-benzyl L-glutamate)-b-hyaluronan polymersomes.
Biomaterials 2010, 31, 2882–2892.
169. Lee, S.J.; Hong, G.-Y.; Jeong, Y.-I.; Kang, M.-S.; Oh, J.-S.; Song, C.-E.; Lee, H.C.
Paclitaxel-incorporated nanoparticles of hydrophobized polysaccharide and their antitumor
activity. Int. J. Pharm. 2012, 433, 121–128.
170. Rodrigues, A.; Emeje, M. Recent applications of starch derivatives in nanodrug delivery.
Carbohydr. Polym. 2012, 87, 987–994.
171. Le Corre, D.B.; Bras, J.; Dufresne, A. Starch Nanoparticles: A Review. Biomacromolecules 2010,
11, 1139–1153.
172. Santander-Ortega, M.J.; Stauner, T.; Loretz, B.; Ortega-Vinuesa, J.L.; Bastos-González, D.;
Wenz, G.; Schaefer, U.F.; Lehr, C.M. Nanoparticles made from novel starch derivatives for
transdermal drug delivery. J. Control. Release 2010, 141, 85–92.
173. Yu, D.; Xiao, S.; Tong, C.; Chen, L.; Liu, X. Dialdehyde starch nanoparticles: Preparation and
application in drug carrier. Chin. Sci. Bull. 2007, 52, 2913–2918.
174. Dandekar, P.; Jain, R.; Stauner, T.; Loretz, B.; Koch, M.; Wenz, G.; Lehr, C.-M. A Hydrophobic
Starch Polymer for Nanoparticle-Mediated Delivery of Docetaxel. Macromol. Biosci. 2012, 12,
184–194.
175. Li, L.; Kim, J.K.; Huh, K.M.; Lee, Y.-K.; Kim, S.Y. Targeted delivery of paclitaxel
using folate-conjugated heparin-poly(β-benzyl-L-aspartate) self-assembled nanoparticles.
Carbohydr. Polym. 2012, 87, 2120–2128.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

