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SUMMARY
1. Nanobiotechnologies have recently attracted significant
attention from chemists, biologists, engineers and pharmaceutical scientists. In particular, they have been widely applied
to improve drug, protein/peptide and gene delivery.
2. This review presents recent advances in the field of drug,
protein/peptide and gene delivery using natural and synthetic
polymer nanoparticles and explains how polymeric nanoparticles are specifically designed to suit the needs for targeted
delivery of small molecular drugs, proteins/peptides and genes.
In addition, some of the challenges and prospects for these
technologies are discussed.
Key words: cationic polymer nanoparticles, drug delivery,
gene delivery, peptide/protein delivery, polymer core-shell
nanoparticles, polymeric nanoparticles.

INTRODUCTION
According to the report by the Royal Society of London in July 2004,
nanotechnlogies are the design, characterization, production and
application of structures, devices and systems by controlling shape
and size at the nanometre scale.1 Nanotechnologies are not new and
they have been studied for many decades. However, only in recent
years have scientists gained an indepth understanding of nanostructured substances by using relatively new, sophisticated tools, such
as the atomic force microscope. The recent advances in nanotechnologies, especially in nanoparticles, make them very promising
in the delivery of therapeutics, drug discovery and diagnostics.
Nanoparticles, with a hydrophilic surface, are especially desirable
to transport the therapeutics to the target tissues or cells because
they can escape the uptake of mononuclear phagocytes, macrophages
and reticuloendothelial systems (RES) in the blood and organs. In
addition, a biological signal can be chemically conjugated onto the
surface to recognize specific tissues or cells. Although the nanoparticles as a drug carrier have their own disadvantages, such as low
drug-loading capacity and wide size distribution, they have attracted
increasing attention from chemists, biologists, engineers and
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pharmaceutical scientists because they provide the possibility of
transporting bioactive compounds to specific tissues, cells and cell
compartments. The nanoparticles can be made from inorganic and
polymer materials. Polymeric nanoparticles are more desirable
because they can be chemically designed to be biodegradable and
biocompatible. In the present paper, nanoparticles, made from
synthetic polymers or modified natural polymers, are reviewed for
the delivery of small molecular drugs, proteins /peptides and genes.
Figure 1 shows a schematic presentation of a polymer core-shell
nanoparticle incorporating bioactive molecules.

DELIVERY OF SMALL MOLECULAR DRUGS
Nanoparticles offer numerous advantages over conventional dosage
forms, including the ability to protect drugs from biodegradation,
target the drug to the site of action and reduce the side-effects of
chemotherapy. They are made by forming drug–polymer complexes
in which the drug is uniformly dispersed or by creating nanoscale
vesicles (such as liposomes and micelles) to entrap drug molecules.
The surface characteristics of nanoparticles are important in determining their susceptibility to uptake by RES. Modification of surface
properties affects both the circulation time and ultimate fate of the
nanoparticles. It has been reported that particles with more hydrophobic surfaces tend to be taken up rapidly by the liver, spleen and
lungs,2 whereas liposomes coated with hydrophilic polymers exhibit
significantly prolonged circulation times in vivo.3 It is believed
that the dense surface concentration of hydrated polymer chains
sterically hinders protein adsorption and opsonization of these liposomes.4 The synthetic hydrophilic polymer polyethylene glycol (PEG)
is the most common polymer used for nanoparticle coatings owing
to its ability to avoid or retard nanoparticle recognition by the RES.
Surface charge is another important parameter in determining
how nanoparticles interact with cells, whose membranes are usually
negatively charged.
The size of nanoparticles (typically smaller than 100 nm in diameter) allows drugs to accumulate in solid tumours, which are characterized by extensive angiogenesis, defective vascular architecture,
impaired lymphatic drainage and an increased production of permeability factors.5 This phenomenon is known as the enhanced permeability and retention (EPR) effect. It can be exploited to improve
drug delivery to tumours and other sites, including inflammations
and infarcts, which possess similar pathological characteristics. The
EPR effect is considered a passive targeting mechanism, but more
specific drug targeting can be achieved by binding targeting ligands
to the surface of nanoparticles, such as monoclonal antibodies
(mAbs), peptides and sugar moieties. Monoclonal antibodies were
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Fig. 1 A schematic presentation of a polymer core-shell nanoparticle.

first shown to bind to specific tumour antigens in 1975,6 but it is
only in the past decade that antibody targeted treatments for specific
cancers have become available.7 Torchilin et al. have reported a
relatively simple procedure for the attachment of specific ligands to
distal ends of liposome-grafted PEG chains.8 The method allows
the single-step binding of proteins and small molecules that contain
primary amino groups. Peptides have also been considered as pilot
molecules for drug delivery vehicles because they offer excellent
tissue penetration and can be easily synthesised and conjugated.
Shadidi and Sioud identified a novel cell-targeting peptide for the
SKBR3 breast cancer cell line.9 A modified luteinizing hormonereleasing hormone (LHRH) was conjugated to PEG–camptothecin
(an anticancer drug) for targeting camptothecin to human ovarian
tumour xenografts10 and arginine–glycine–aspartic acid (RGD)-4C
peptide was conjugated to doxorubicin, an anticancer drug, for drug
targeting to tumour vasculature.11 In addition, sugar moieties can
be used for site-specific drug delivery,12 although most reports have
so far been limited to delivery to liver tissue. Moreover, biotin13 and
small molecular compounds, such as folic acid,14 can be used for
anticancer drug targeting. The use of targeting signals improves the
drug concentration in tumours.13,14 Monoclonal antibodies provide
many advantages, including great targeting specificity and stability
in the blood circulation, over other targeting signals. Monoclonal
antibodies have been widely used in basic and clinical research. A
number of mAbs, which include murine, chimeric and humanized
antibodies, have been approved by the US Food and Drug Administration (FDA) for the treatment of cancer.15 Cytotoxic drugs, such
as doxorubicin, DM1, CC-1065, second-generation taxanes, monomethyl auristatin E and geldanamycin, have been conjugated onto
the antibodies to achieve direct killing of tumour cells and, thus,
minimize toxicities of cytotoxic drugs against normal tissues. The
drawbacks of using mAbs for targeting cytotoxic drugs include
immunogenicity and difficulty of penetration into solid tumours.
The replacement of murine and chimeric antibodies with human ones
may overcome the immunogenicity related problem. Conversely, there
are a number of barriers, including the vascular endothelium,
stromal and epithelial barriers, as well as high interstitial pressure,
for therapeutic agents to overcome before entering solid tumours.16
Therefore, it is difficult for the therapeutic agents, especially large
molecules, to be transported into the tumour. It was reported that
single-chain antibodies penetrated into the tumour with higher
efficacy than the parental antibodies.17 However, the single-chain
antibodies are not stable in the blood circulation and have short
half-lives. Targeting the endothelium of tumour blood vessels may
be a better approach because of its accessibility.18

Drug targeting can also be achieved by introducing stimulisensitive materials into nanoparticles.19 Temperature-20,21 and pHsensitive13,22 polymers have been used in drug targeting. Temperature- and pH-sensitive polymers have been investigated extensively
because many pathological processes are known to be accompanied
by local temperature increases and/or acidosis. Poly(N-isopropylacrylamide) (PNIPAAm) and its copolymers are the most extensively studied thermosensitive polymers. One of the drawbacks of
using thermosensitive nanoparticles is that heating is inaccessible
to deep tissues or organs. We have recently developed polymer coreshell nanoparticles that were both pH and temperature sensitive. The
temperature sensitivity was induced by pH changes.23 These nanocarriers were stable in the normal physiological environment, but
deformed and precipitated in acidic environments, such as the tumour
interstitium and intracellular compartments. These nanoparticles are
superior to carriers that are only thermosensitive and pH sensitive
because they can target deep tissues where it may not be possible
to trigger drug release by hyperthermia and their phase alternation
triggered by external pH changes is much more abrupt than that of
pH-sensitive nanoparticles.
Polymers used for the fabrication of nanoparticles include
polylactide (PLA),24 poly(lactide-coglydcolide) (PLGA),25 PLA/
PLGA-b-PEG,26 poly(b-amino ester),22 poly(l-histidine)-b-PEG,13
PNIPAAm-based copolymers,20,21,23,27 PEG–poly(b-benzyl-l-aspartate)
block copolymer,28 PEG–poly(e-caprolactone)–PEG29 and poly(trimethylene carbonate)–PEG–poly(trimethylene carbonate)30 triblock
copolymers. A drug can be loaded into the nanoparticles by various
methods, such as an oil-in-water emulsion method if the drug is
water insoluble22 or a water-in-oil-in-water double-emulsion process
if the drug is water soluble.24 Membrane dialysis is a widely used
process for the fabrication of drug-loaded micellar nanoparticles.13,14,20,21,23,26–30 The drug-loading capacity of the nanoparticles
depends on the properties of the drug, fabrication parameters and
the structural compatibility between the drug and the hydrophobic
segments of the amphiphilic polymers.31 It has always been a challenge to incorporate highly water-soluble drugs into polymeric
nanoparticles. Recently, ionic complexation was used to load drugs
such as doxorubicin and verapamil into dextran sulphate, an anionic
polymer with relatively high loading levels.32
In summary, polymeric nanoparticles provide a promising carrier
for the delivery of poorly water-soluble drugs. They not only improve
the water solubility and bioavailability of the drugs, but also allow
for drug targeting by conjugating biological signals on the surface
of the nanoparticles or using stimuli-sensitive polymers. Although
the introduction of targeting signals to the nanoparticles leads to a
higher concentration of the drug at target sites, such as tumours,
more drug molecules are still trapped in the liver,14 possibly due to
the leakage of the drug molecules from the nanoparticles or the
sophisticated liver structure rich in RES. Therefore, future research
efforts in the field of drug delivery may be focused on enhancing
drug stability in the nanoparticles before reaching the target site and
drug accumulation at the target sites by using stable polymer coreshell nanoparticles and specific targeting signals.

DELIVERY OF PROTEINS/PEPTIDES
Peptide- and protein-based therapeutics have recently received
increasing attention because of their high biological activity and
specificity.33,34 However, despite the advantages offered by these
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drugs, their application may suffer because of the high molecular
weight, hydrophilicity and low stability, which are reflected in poor
biopharmaceutical properties.35,36 In particular, peptides and proteins
undergo rapid clearance from the body, which takes place by a
combination of events, including proteolysis, renal ultrafiltration,
liver clearance and starvation by the immune system. Interaction
and accumulation within tissues can represent an additional pathway
for removal of peptides and proteins from the blood.36
Many approaches to enhancing protein/peptide delivery have
been proposed. Cyclosporine A (CsA), an immunosuppressive
agent, is very hydrophobic and water insoluble. The water solubility
and bioavailability of CsA can be significantly improved when it
is loaded into polymeric nanoparticles, such as stearic acid,37 chitosan,38 and poly(methacrylic acid-co-methacrylate)39 nanoparticles.
In addition, polyoxyethylene cetyl ether-grafted dextran and hydroxypropylcellulose have been developed to incorporate CsA into
micellar nanoparticles.40 The apical to basal permeability of CsA
across Caco-2 cells was higher when loaded in the micellar nanoparticles compared with free CsA. Recently, methoxy poly(ethylene
oxide)-b-poly(epsilon-caprolactone) micellar nanoparticles were
also used to deliver CsA.41 The release of CsA was well sustained
compared with the commercial formulation containing Cremophor
EL (BASF Aktiengesellschaft, Ludwigshafen, Germany), a low
molecular weight surfactant. The blood circulation was significantly
prolonged using the polymeric nanoparticle formulation.
Insulin is another peptide of great interest in pharmaceutical
applications. Protection of insulin against self-aggregation and
enzymatic degradation is an important issue for its in vivo delivery.
Insulin was encapsulated into poly(isobutylcyanoacrylate) nanocapsules. Although the nanocapsules increased the survival time of
insulin in the intestines, they did not give significant enhancement
of insulin adsorption.42 Insulin was also loaded into PLGA nanoparticles.43 The nanoparticles with fumaric anhydride oligimer
and iron oxide additives were able to control plasma glucose levels
after oral administration. In addition, water-soluble, amphiphilic
polyesters, poly[(vinyl-3-(diethylamino)-propylcarbamate-co(vinyl
acetate)-co(vinyl alcohol)]-graft-PLA, containing a positively charged
backbone, were synthesised to carry insulin by a self-assembly
process. A high loading level of insulin was achieved. These selfassembled nanocomplexes may offer the potential for mucosal
insulin delivery.44 More recently, chitosan–insulin nanoparticles
were prepared by ionotropic gelation and administered orally to
streptozotocin (STZ)-induced diabetic rats. The nanoparticles
sustained the serum glucose at prediabetic levels for at least 11 h
owing to the strong interaction between the rat intestinal epithelium
and the chitosan nanoparticles.45 Insulin-loaded poly(isobutylcyanoacrylate) nanoparticles were also fabricated and administered
subcutaneously or orally to STZ-diabetic rats. Both formulations
significantly prolonged the duration of the hypoglycemic effect
of insulin compared with free insulin.46
The delivery of other peptides/proteins has also been explored
using polymeric nanoparticles. For instance, CGP 57813, a peptidomimetic inhibitor of human immunodeficiency virus type 1 (HIV-1)
protease, was loaded into pH-sensitive methacrylic acid copolymer
nanoparticles.47 The nanoparticles provided sufficient plasma
levels of CGP 57813 following oral administration. Positively charged
salmon calcitonin was ion paired with sodium oleate to form salmon
calcitonin–oleate complexes, which were further formulated into
PLGA nanoparticles with a high loading efficiency. A greater amount
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of salmon calcitonin-loaded nanoparticles was delivered into Caco-2
cells compared with free salmon calcitonin and was readily taken
up in vivo following oral and intravenous administration.48 Surface
chemistry dominantly affects the permeability of the nanoparticles
through Caco-2 monolayers.49 Chitosan-coated salmon calcitoninloaded tripalmitin nanoparticles induced a significant and prolonged
reduction in the serum calcium levels compared with free salmon
calcitonin solution and PEG-coated nanoparticles loaded with salmon
calcitonin.
In summary, polymeric nanoparticles hold promise for peptide
and protein delivery. A few key factors need to be taken into consideration in the design of polymeric nanoparticles for successful
in vivo delivery of a specific peptide, including the surface chemistry
of the nanoparticles, the compatibility of the peptide or protein with
the polymer, the fabrication process of the nanoparticles and the
bioactivity of the peptide or protein after being formulated into the
nanoparticles. The surface chemistry should be designed to overcome various biological barriers for peptide or protein uptake and
to prolong its blood circulation. The choice of polymer and fabrication process of the nanoparticles must be based on the nature of the
peptide or protein so that a high loading level can be achieved and
the bioactivity of the peptide or protein remains intact during the
fabrication processes.

DELIVERY OF NUCLEIC ACIDS
Gene therapy refers to the transmission of DNA encoding a therapeutic gene of interest into the targeted cells or organs with consequent temporary or ‘permanent’ expression of the transgene. The
purpose of delivering transgene into the targeted cells or organs is
to treat the disease caused by genetic disorders, mutation or genetic
defects, such as leukaemia and tumours. Although gene therapy
has been extensively studied, the US FDA has not yet approved any
human gene therapy product for clinical application. Current gene
therapy is experimental and has not proven very successful in clinical
trials. Little progress has been made since the first gene therapy
clinical trial began in 1990. This is because there are limited safe
and efficient gene carriers available. Basically, there are two types
of gene delivery vectors, viral and non-viral vectors. Non-viral
vectors have recently received increasing attention because they are
easier to produce, transport and store and induce less of an immune
response. Many natural and synthetic materials have been explored
as non-viral gene vectors, including cationic liposomes,50,51 cationic
polymer nanoparticles52 and inorganic nanoparticles (e.g. silica
nanoparticles,53 carbon nanotubes54 and metal nanorods55). Of these
non-viral vectors, cationic polymer nanoparticles are the most
attractive because they can be easily tailored and synthesised to
suit the special requirements encountered by gene delivery. The
cationic polymers also include natural polymers carrying positive
charges. The cationic polymers most commonly used as gene vectors
include branched and linear polyethylenimine (PEI), copolymers
of PEI,56,57 poly(l-lysine) and its copolymers,58,59 chitosan60 and
dendrimers.61 Nanoscaled complexes of cationic polymer and DNA
can be fabricated by simply mixing these cationic polymer solutions
with DNA. Of these cationic polymers, PEI polymers are the most
popular gene vectors. In particular, branched PEI with a molecular
weight of 25 kDa is often used as a control to evaluate the gene
expression efficiency of other non-viral vectors because it provides
high gene transfection efficiency in various cell lines. The PEI
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polymers can effectively condense DNA molecules to form homogeneous spherical particles with a size of approximately 100 nm,
enabling efficient in vitro gene transfection.62,63 Conversely, PEI
offers significantly more efficient protection against nuclease
degradation than other cationic polymers, such as poly(l-lysine),
probably because of its high charge density and efficient complexation with DNA. The amino groups of PEI may also provide significant buffering capacity to the polymer over a wide range of pH
values.64 This property, known as ‘proton sponge’, is essential for
escape of the DNA complexes from the endosome.65
In addition to these commonly used cationic polymers, a variety
of other cationic polymers, such as polybrene,66 gelatin,67 tetraminofullerene,68 polyphosphoramidate (PPA) with a spermidine side chain,69
polysaccharide–oliguamine-based conjugates70 and linear b-cyclodextrinbased polycations,71 have been studied as vectors for efficient gene
delivery. Although many of these cationic polymers provide high in
vitro gene transfection levels, the stability of the cationic polymer/
DNA complexes, the ability of targeting to diseased tissues or cells
and sufficient in vivo gene transfection efficiency remain a challenge.
Hydrophilic polymers such as PEG have been grafted onto various
cationic polymers to improve the stability of the polymer/DNA
complexes in the blood.72 However, the introduction of PEG causes
a decrease in gene transfection efficiency, possibly due to the lower
endolysosomal escaping capacity and weaker DNA-binding ability
caused by the shielding effect of PEG.72,73 Conversely, although
cationic polymers have many advantages over viral vectors, their
gene transfection efficiency is much lower than that induced by viral
vectors, limiting their clinical application. Therefore, a fusogenic
peptide has been conjugated to PEG, which has been further coated
onto PEI/DNA complexes to improve gene transfection efficiency.73
A nuclear localization signal has also been introduced to DNA
to enhance its transport from the cytoplasm to the nuclei of target
cells.74 Targeting signals, such as transferrin, epidermal growth
factor,75 galactose76 and folate,77 have been chemically linked to
PEG-PEI for targeted gene delivery.
Small interfering RNA (siRNA) can be used as a method to
silence target genes, which has recently become a powerful tool in
drug development. However, in vivo siRNA delivery is typically
challenging and delivery methods effective for other nucleic acids
may not be suitable for siRNA. The commonly used method to
deliver siRNA in vivo is to incorporate siRNA into a viral vector.78,79
Recently, scientists have also attempted to deliver siRNA using
non-viral polymer-based nanoparticles. The siRNA with the target
sequence 5¢-AATGACATGCCGATCTACATG-3¢ for downregulating EphA2 was loaded into liposomes composed of neutral lipid
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine.80 The successful
delivery of siRNA decreased protein expression in the tumours
established in female athymic nude mice by i.p. injection of ovarian
cancer cells and significantly suppressed tumour growth when
combined with the anticancer drug paclitaxel. In addition, vascular
endothelial growth factor receptor (VEGFR) 2-targeted siRNA was
designed and complexed with PEGylated-PEI with an RGD peptide
ligand attached at the distal end of PEG, a signal to target tumour
neovasculature expressing integrins.81 The intravenous injection of
RGD-PEG-PEI/siRNA complexes into female nude mice bearing
N2A tumours induced sequence-specific inhibition of the target gene,
reduction in angiogenesis and inhibition of tumour growth. Block
amphiphilic copolymer-coated calcium phosphate/siRNA nanoparticles were also reported to deliver siRNA.82 The siRNA targeting

the GL3 luciferase gene was mixed with calcium and phosphate
solutions and the resulting complexes were then stabilized by PEGb-poly(aspartic acid) to form organic–inorganic hybrid nanoparticles
with a core-shell structure. The core was composed of calcium,
phosphate and siRNA, surrounded by a hydrophilic tethered layer
of PEG. The siRNA-incorporated nanoparticles successfully silenced
GL3 luciferase gene expression in HeLa cells.82 In addition, GL3 or
lamin A/C-targeted siRNA was delivered into HuH-7 cells by PEGb-poly(3-[(3-aminopropyl)amino]propylaspartamide) copolymer to
knockdown GL3 luciferase gene expression and lamin A/C mRNA
expression, respectively.83
In summary, cationic polymer nanoparticles provide a strong genebinding ability, high gene transfection efficiency in various cell lines
and relatively low toxicity. Successful in vivo gene transfection has
also been achieved, which may have potential for clinical immunization.84 However, for some diseases, such as cancers, gene transfection induced by cationic polymer nanoparticles is still not
efficient enough. Targeting signals may be conjugated to the nanoparticles or DNA to improve cell uptake and nucleus targeting.

REFERENCES
1.

2.
3.

4.

5.

6.
7.
8.

9.

10.

11.

12.

13.
14.

The Royal Society, London. Nanoscience and Nanotechnology: Opportunities and Uncertainties Document. http://www.nanotech.org.uk/
finalReport.htm (accessed October 2005).
Brigger I, Dubernet C, Couvreur P. Nanoparticles in cancer therapy
and diagnosis. Adv. Drug Deliv. Rev. 2002; 54: 631–51.
Klibanov AL, Maruyama K, Torchilin VP, Huang L. Amphipathic polyethyleneglycols effectively prolong the circulation time of liposomes.
FEBS Lett. 1990; 268: 235–8.
Lasic DD, Martin FJ, Gabizon A, Huang SK, Papahadjopoulos D.
Sterically stabilized liposomes: A hypothesis on the molecular origin
of the extended circulation times. Biochim. Biophys. Acta 1991; 1070:
187–92.
Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular permeability and the EPR effect in macromolecular therapeutics: A
review. J. Control. Rel. 2000; 65: 271–84.
Kohler G, Milstein C. Continuous cultures of fuse cells secreting antibody of predefined specificity. Nature 1975; 75: 381–94.
Abou-Jawde R, Choueiri T, Alemany C, Mekhail T. An overview
of targeted treatments in cancer. Clin. Ther. 2003; 25: 2121–37.
Torchilin VP, Levchenko TS, Lukyanov AN et al. p-Nitrophenylcarbonyl–PEG–PE–liposomes: Fast and simple attachment of specific
ligands, including monoclonal antibodies, to distal ends of PEG chains
via p-nitrophenyl carbonyl groups. Biochim. Biophys. Acta 2001;
1511: 397–411.
Shadidi M, Sioud M. Identification of novel carrier peptides for the
specific delivery of therapeutics into cancer cells. FASEB J. 2003; 17:
256–8.
Dharap SS, Wang Y, Chandna P et al. Tumor-specific targeting of an
anticancer drug delivery system by LHRH peptide. Proc Natl Acad
Sci USA 2005; 102: 12 962–7.
Arap W, Pasqualini R, Ruoslahti E. Cancer treatment by targeted drug
delivery to tumor vasculature in a mouse model. Science 1998; 279:
377–80.
Nishikawa M, Kamijo A, Fujta T, Takakura Y, Sezaki H, Hashida M.
Synthesis and pharmacokinetics of a new liver-specific carrier, glycosylated carboxymethyl-dextran, and its application to drug targeting.
Pharm. Res. 1993; 10: 1253–61.
Lee ES, Na K, Bae YH. Super pH-sensitive multifunctional polymeric
micelle. Nano Lett. 2005; 5: 325–9.
Yoo HS, Park TG. Folate-receptor-targeted delivery of doxorubicin
nano-aggregates stabilized by doxorubicin-PEG-folate conjugate. J. Control. Rel. 2004; 100: 247–56.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Asia Pty Ltd

Nanoparticles for therapeutics
15.
16.
17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

Schrama D, Reisfeld RA, Becker JC. Antibody targeted drugs as
cancer therapeutics. Nat. Rev. Drug Discov. 2006; 5: 147–59.
Stohrer M, Boucher Y, Stangassinger M, Jain RK. Oncotic pressure
in solid tumors is elevated. Cancer Res. 2000; 60: 4251–5.
Yokota T, Milenic DE, Whitlow M, Schlom J. Rapid tumor penetration
of a single-chain Fv and comparison with other immunoglobulin
forms. Cancer Res. 1992; 52: 3402–8.
Hofmeister V, Vetter C, Schrama D, Bröcker EB, Becker JC. Tumor
stroma-associated antigens for anti-cancer immunotherapy. Cancer
Immunol. Immunother. 2006; 55: 481–94.
Langer R. Perspectives: Drug delivery: Drugs on target. Science 2001;
293: 58–9.
Chaw CS, Chooi KW, Liu XM, Tan CW, Wang L, Yang YY. Thermally responsive core-shell nanoparticles self-assembled from cholesteryl end-capped and grafted polyacrylamides: Drug incorporation and
in vitro release. Biomaterials 2004; 25: 4297–308.
Liu SQ, Tong YW, Yang YY. Incorporation and in vitro release of
doxorubicin in thermally sensitive micelles made from poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide)-b-poly(d,l-lactide-coglycolide) with varying compositions. Biomaterials 2005; 26: 5064 –74.
Potineni A, Lynn DM, Langer R, Amiji MM. Poly(ethylene oxide)modified poly(b-amino ester) nanoparticles as a pH-sensitive biodegradable system for paclitaxel delivery. J. Control. Rel. 2003; 86: 223–
34.
Soppimath KS, Tan DCW, Yang YY. pH-Triggered thermally responsive polymer core-shell nanoparticles for drug delivery. Adv. Mater.
2005; 17: 318–23.
Zambaux MF, Bonneaux F, Gref R et al. Influence of experimental
parameters on the characteristics of poly(lactic acid) nanoparticles
prepared by double emulsion method. J. Control. Rel. 1998; 50: 31–40.
Dong Y, Feng SS. Poly(d,l-lactide-co-glycolide)/montmorillonite
nanoparticles for oral delivery of anticancer drugs. Biomaterials 2005;
26: 6068–76.
Yoo HS, Park TG. Folate receptor targeted biodegradable polymeric
doxorubicin micelles. J. Control. Rel. 2004; 96: 273 –83.
Wei JS, Zeng HB, Liu SQ, Wang XG, Tay EH, Yang YY. Temperatureand pH-sensitive core-shell nanoparticles self-assembled from poly(Nisopropylacrylamide-co-acrylic acid-co-cholesteryl acrylate) for intracellular delivery of anticancer drugs. Front. Biosci. 2005; 10: 3058–67.
Kataoka K, Matsumoto T, Yokoyama M et al. Doxorubicin-loaded
poly(ethylene glycol)-poly(beta-benzyl-l-aspartate) copolymer micelles:
Their pharmaceutical characteristics and biological significance. J.
Control. Rel. 2000; 64: 143–53.
Zhang Y, Zhuo RX. Synthesis and in vitro drug release behavior of
amphiphilic triblock copolymer nanoparticles based on poly(ethylene
glycol) and polycaprolactone. Biomaterials 2005; 26: 6736–42.
Zhang Y, Zhuo RX. Synthesis and drug release behavior of
poly(trimethylene carbonate)-poly(ethylene glycol)-poly(trimethylene carbonate) nanoparticles. Biomaterials 2005; 26: 2089–94.
Allen C, Maysinger D, Eisenberg A. Nano-engineering block copolymer
aggregates for drug delivery. Colloids Surf. B Biointerf. 1999; 16: 3–27.
Wong HL, Bendayan R, Rauth AM, Wu XY. Development of solid
lipid nanoparticles containing ionically complexed chemotherapeutic
drugs and chemosensitizers. J. Pharm. Sci. 2004; 93: 1993–2008.
Borghouts C, Kunz C, Groner B. Current strategies for the development of peptide-based anti-cancer therapeutics. J. Pept. Sci. 2005; 11:
713–26.
Pavlou AK, Reichert JM. Recombinant protein therapeutcs: Success
rates, market trends and values to 2010. Nat. Biotechnol. 2004; 22:
1513–19.
Kompella UB, Lee VHL. Pharmacokinetics of peptide and Protein
drugs. In: Lee VHL (ed.). Peptide and Protein Drug Delivery. Marcel
Dekker, New York. 1991; 391– 484.
Rabkin R, Dahl DC. Renal uptake and disposal of proteins and peptides. In: Audus KL, Raub TJ (eds). Biological Barriers in Protein
Delivery. Plenum Press, New York. 1993; 299–338.
Zhang Q, Yie G, Li Y, Yang Q, Nagai T. Studies on the cyclosporin
A loaded stearic acid nanoparticles. Int. J. Pharm. 2000; 200: 153–9.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.

48.

49.

50.
51.

52.
53.

54.

55.
56.

57.

58.

59.

561

De Campos AM, Sanchez A, Alonso MJ. 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: 159–68.
Dai J, Nagai T, Wang X, Zhang T, Meng M, Zhang Q. pH-Sensitive
nanoparticles for improving the oral bioavailability of cyclosporine
A. Int. J. Pharm. 2004; 280: 229–40.
Francis MF, Cristea M, Yang Y, Winnik FM. Engineering polysaccharidebased polymeric micelles to enhance permeability of cyclosporin A
across Caco-2 cells. Pharm. Res. 2005; 22: 209–19.
Aliabadi HM, Brocks DR, Lavasanifar A. Polymeric micelles for the
solubilization and delivery of cyclosporine A: Pharmacokinetics and
biodistribution. Biomaterials 2005; 26: 7251–9.
Low PJ, Temple CS. Calcitonin and insulin in isobutylcyanoacrylate
nanocapsules: Protection against proteases and effect on intestinal
absorption in rats. J. Pharm. Pharmacol. 1994; 46: 547–52.
Carino GP, Jacob JS, Mathiowitz E. Nanosphere based oral insulin
delivery. J. Control. Rel. 2000; 65: 261–9.
Simon M, Wittmar M, Bakowsky U, Kissel T. Self-assembling nanocomplexes from insulin and water-soluble branched polyesters,
poly[(vinyl-3-(diethylamino)-propylcarbamate-co-(vinyl acetate)co-(vinyl alcohol)]-graft-poly(l-lactic acid): A novel carrier for
transmucosal delivery of peptides. Bioconjug. Chem. 2004; 15: 841–9.
Ma Z, Lim TM, Lim LY. Pharmacological activity of peroral chitosaninsulin nanoparticles in diabetic rats. Int. J. Pharm. 2005; 293: 271–80.
Mesiha MS, Sidhom MB, Fasipe B. Oral and subcutaneous absorption
of insulin poly(isobutylcyanoacrylate) nanoparticles. Int. J. Pharm.
2005; 288: 289–93.
Leroux JC, Cozens R, Roesel JL et al. Pharmacokinetics of a novel
HIV-1 protease inhibitor incorporated into biodegradable or enteric
nanoparticles following intravenous and oral administration to mice.
J. Pharm. Sci. 1995; 84: 1387–91.
Yoo HS, Park TG. Biodegradable nanoparticles containing proteinfatty acid complexes for oral delivery of salmon calcitonin. J. Pharm.
Sci. 2004; 93: 488–95.
Garcia-Fuentes M, Prego C, Torres D, Alonso MJ. A comparative
study of the potential of solid triglyceride nanostructures coated with
chitosan or poly(ethylene glycol) as carriers for oral calcitonin delivery. Eur. J. Pharm. Sci. 2005; 25: 133–43.
Fraley R, Subramani S, Berg P, Papahadjopoulos D. Introduction of liposomeencapsulated SV40 DNA into cells. J. Biol. Chem. 1980; 255: 10 431–5.
Smisterová J, Wagenaar A, Stuart MCA et al. Molecular shape of the
cationic lipid controls the structure of cationic lipid/dioleylphosphatidylethanolamine–DNA complexes and the efficiency of gene delivery.
J. Biol. Chem. 2001; 276: 47 615–22.
Kakizawa Y, Kataoka K. Block copolymer micelles for delivery of
gene and related compounds. Adv. Drug Deliv. Rev. 2002; 54: 203–22.
Gemeinhart RA, Luo D, Saltzman WM. Cellular fate of a modular
DNA delivery system mediated by silica nanoparticles. Biotechnol.
Prog. 2005; 21: 532–7.
Singh R, Pantarotto D, McCarthy D et al. Binding and condensation
of plasmid DNA onto functionalized carbon nanotubes: Toward the
construction of nanotube-based gene delivery vectors. J. Am. Chem.
Soc. 2005; 127: 4388–96.
Salem AK, Searson PC, Leong KW. Multifunctional nanorods for
gene delivery. Nat. Mater. 2003; 2: 668–71.
Coll JL, Chollet P, Brambilla E, Desplanques D, Behr JP, Favorot M.
In vivo delivery to tumors of DNA complexed with linear polyethylenimine. Hum. Gene Ther. 1999; 10: 1659–66.
Kleemann E, Dailey LA, Abdelhady HG et al. Modified polyethylenimines as non-viral gene delivery systems for aerosol gene therapy:
Investigations of the complex structure and stability during air-jet and
ultrasonic nebulization. J. Control. Rel. 2004; 100: 437–50.
Fajac I, Allo JC, Souil E et al. Histidylated polylysine as a synthetic
vector for gene transfer into immortalized cystic fibrosis airway surface and airway gland serous cells. J. Gene Med. 2000; 2: 368–78.
Benns JM, Choi JS, Mahato RI, Park JS, Kim SW. pH-Sensitive cationic
polymer gene delivery vehicle: N-Ac-poly(l-histidine)-graft-poly(llysine) comb shaped polymer. Bioconjug. Chem. 2000; 11: 637– 45.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Asia Pty Ltd

562
60.

61.
62.
63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

Y-Y Yang et al.
Koping-Hoggard M, Tubulekas I, Guan H et al. Chitosan as a nonviral gene delivery system. Structure–property relationships and characteristics compared with polyethylenimine in vitro and after lung
administration in vivo. Gene Ther. 2001; 8: 1108 –21.
Tang MX, Redemann CT, Szoka FCJ. In vitro gene delivery by degraded
polyamidoamine dendrimers. Bioconjug. Chem. 1996; 7: 703–14.
Marschall P, Malik N, Larin Z. Transfer of YACs up to 2.3 Mb intact
into human cells with polyethylenimine. Gene Ther. 1999; 6: 1634–7.
Campeau P, Chapdelaine P, Seigneurin-Vemin S, Massie B, Tremblay
JP. Transfection of large plasmids in primary human myoblasts. Gene
Ther. 2001; 8: 1387–94.
Godbey WT, Wu KK, Hirasaki GJ, Mikos AG. Improved packing of
polyethylenimine/DNA complexes increases transfection efficiency.
Gene Ther. 1999; 6: 1380 –8.
Boussif O, Lezoualc’h F, Zanta MA et al. A versatile vector for gene
and ologomucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. Natl Acad. Sci. USA 1995; 92: 7297–301.
Mumper RJ, Duguid JG, Anwer K, Barron MK, Nitta H, Rolland AP.
Polyvinyl deirviatives as novel interactive polymers for controlled gene
delivery to muscle. Pharm. Res. 1996; 13: 701–9.
Leong KW, Mao HQ, Truong-Le VL, Roy K, Walsh SM, August JT.
DNA-polycation nanospheres as non-viral gene delivery vehicles. J.
Control. Rel 1998; 53: 183–93.
Isobe H, Sugiyama S, Fukui K, Iwasawa Y, Nakamura E. Atomic force
microscope studies on condensation of plasmid DNA with functionalized fullerenes. Angews Chem. Int. Ed. 2001; 40: 3364 –7.
Wang J, Zhang PC, Lu HF et al. New polyphophoramidate with a spermidine side chain as a gene carrier. J. Control. Rel. 2002; 83: 157–68.
Azzam T, Eliyahu H, Shapira L, Linial M, Barenholz Y, Domb AJ.
Polysaccharide–oligoamine based conjugates for gene delivery. J.
Med. Chem. 2002; 45: 1817–24.
Popielarski SR, Mishra S, Davis ME. Structural effects of carbohydrate-containing polycations on gene delivery: 3. Cyclodextrin type
and functionalization. Bioconjug. Chem. 2003; 14: 672–8.
Mao HQ, Roy K, Troung-Le VL et al. Chitosan–DNA nanoparticles
as gene carriers: Synthesis, characterization and transfection efficiency. J. Control. Rel. 2001; 70: 399– 421.

73.

74.

75.

76.

77.

78.
79.
80.

81.

82.

83.

84.

Lee H, Leong JH, Park TG. A new gene delivery formulation of
polyethylenimine–DNA complexes coated with PEG conjugated
fusogenic peptide. J. Control. Rel. 2001; 76: 183–92.
Mesika A, Kiss V, Brumfeld V, Ghosh G, Reich Z. Enhanced intracellular mobility and nuclear accumulation of DNA plasmids associated with a karyophilic protein. Hum. Gene Ther. 2005; 16: 200–8.
Ogris M, Walker G, Blessing T, Kircheis R, Wolschek M, Wagner E.
Tumor-targeted gene therapy: Strategies for the preparation of ligand–
polyethylene glycol–polyethylenimine/ DNA complexes. J. Control.
Rel. 2003; 91: 173–81.
Sagara K, Kim SW. A new synthesis of galactose-poly(ethylene glycol)-polyethylenimine for gene delivery to hepatocytes. J. Control. Rel.
2002; 79: 271–81.
Cho KC, Jeong JH, Chung HJ, Joe CO, Kim SW, Park TG. Folate
receptor-mediated intracellular delivery of recombinant caspase-3
for inducing apoptosis. J. Control. Rel. 2005; 108: 121–31.
Xia H, Mao Q, Paulson HL, Davidson BL. SiRNA-mediated gene
silencing in vitro and in vivo. Nat. Biotechnol. 2002; 20: 1006 –10.
Devroe E, Silver PA. Therapeutic potential of retroviral RNAi vectors.
Expert Opin. Biol. Ther. 2004; 4: 319–27.
Landen CN Jr, Chavez-Reyes A, Bucana C et al. Therapeutic EphA2
gene targeting in vivo using neutral liposomal small interfering RNA
delivery. Cancer Res. 2005; 65: 6910–18.
Schiffelers RM, Ansari A, Xu J et al. Cancer siRNA therapy by tumor
selective delivery with ligand-targeted sterically stabilized nanoparticle. Nucleic Acids Res. 2004; 32: E149.
Kakizawa Y, Furukawa S, Kataoka K. Block copolymer-coated calcium
phosphate nanoparticles sensing intracellular environment for oligodeoxynucleotide and siRNA delivery. J. Control. Rel. 2004; 97: 345 –56.
Itaka K, Kanayama N, Nishiyama N et al. Supramolecular nanocarrier
of siRNA from PEG-based block catiomer carrying diamine side chain
with distinctive pKa directed to enhance intracellular gene silencing.
J. Am. Chem. Soc. 2004; 126: 13 612–13.
Tan PH, Beutelspacher SC, Wang YH et al. Immunolipoplexes: An
efficient, nonviral alternative for transfection of human dendritic
cells with potential for clinical vaccination. Mol. Ther. 2005; 11:
790–800.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Asia Pty Ltd

