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1. ABSTRACT 
  

Targeted gene delivery via selective cellular 
receptors has been realized as a crucial strategy for 
successful gene therapy by maximizing therapeutic 
efficiency in target cells and minimizing systemic toxicity. 
The membrane carbohydrate-binding proteins (membrane 
lectins) with different carbohydrate specificities are 
differentially expressed on the cellular and intracellular 
membranes of a number of cells. Their multiplicity, high 
affinity, and effective endocytosis after receptor binding as 
well as the biocompatibility of carbohydrate ligands endow 
them as potential ligands for glycosylated carriers in cell-
selective delivery of nucleic acids. To achieve the in vivo 
application, glycosylated carriers/nucleic acid complexes 
have to fulfill certain conditions, including having a 
suitable size, minimal nonspecific interactions, low 
immunogenicity, and high uptake in target cells. 
Accordingly, the effective nuclear delivery of nucleic acids 
is the paramount important step for efficient gene transfer. 
This review summarizes the recent progress regarding 
application of glycosylated carriers for cell-selective and 
nuclear delivery of nucleic acids and their critical factors 
for efficient gene transfer. In addition, the development of 
new materials, such as carbon nanotubes, carbon 
nanospheres, and gold nanoparticles, as innovative carriers 
will be discussed with regards to glycosylation-mediated 
delivery of nucleic acids. 

 
 
2. INTRODUCTION 
  

Gene therapy represents a potentially important 
therapeutic advance for many refractory diseases. The 
evolution of treatment is based on the manipulation of 
specific genes encoding diseased-associated proteins by 
enhancing or inhibiting the expression of foreign or host 
genes, respectively. The drug-like genes or nucleic acids 
that have been investigated in various forms include 
plasmid DNA (pDNA), synthetic DNA, antisense or decoy 
oligonucleotide (ODN), aptamers, and siRNA. The clinical 
application of these nucleic acid drugs in the naked form 
faces many difficulties including enzyme degradation and 
low cellular uptake. In the past few decades, a vast number 
of attempts have been directly paid to develop carriers for 
nucleic acid drugs for sufficient therapeutic outcomes in 
vivo, which can be classified into viral and non-viral 
vectors. Although viral vectors can improve the therapeutic 
efficacy by high gene transfection in clinical trials, their 
safety concerns, including immunogenicity, host genome 
integration, and oncogenesis, are still major drawbacks. 
Alternatively, the non-viral vectors (i.e. cationic liposomes, 
polymers, and proteins) are potentially less immunogenic; 
however, their lower transfection efficiency and 
nonspecific interaction remain issues. To overcome these 
hurdles, a fabrication of non-viral vectors using cell-
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selective ligands has been extensively developed to obtain 
effective targeted delivery of nucleic acids with high 
transfection efficiency comparable to viral vectors. 
 

Among the possible targeting ligands, the 
membrane carbohydrate-binding proteins or membrane lectins 
(1) are of great interest. In mammalian cells, membrane lectins 
with different carbohydrate specificities are differentially 
expressed on the cellular membrane (2) as well as on the 
nuclear membrane (nuclear lectins) (3). The multiplicity, high 
affinity, and effective endocytosis after binding as well as 
biocompatibility of carbohydrate ligands endow them as a 
potential receptor-ligand pair for targeting delivery using 
glycosylated carriers (4, 5). Beyond the emerging applications 
of membrane lectins in targeted drug delivery reported by 
Brownlee and Monsigny groups in the 1980s (5, 6), their 
applications for delivering nucleic acids to specific cells has 
been recognized by many groups (7−9) and was later termed as 
“glycotargeting” (10, 11). 

 
In this approach, carbohydrate or sugar moieties are 

either conjugated to nucleic acids or carriers by glycosylation. 
The latter involves a non-covalent complex with nucleic acids. 
Because glycosylated carriers are chemically flexible and can 
be tailored without changes in DNA function (12, 13), they 
provide a versatile application for various types of nucleic 
acids (14, 15). This glycosylation strategy exploits a highly 
selective delivery of nucleic acids to the target cells after 
receptor-mediated endocytosis. Recently, some sugar moieties 
in glycosylated carriers have been reported to be involved in 
the nuclear delivery of nucleic acids (16). In this review, recent 
applications and viewpoints of glycosylated carriers for cell-
selective and nuclear delivery of nucleic acids are discussed. 
 
3. NON-TARGETED DELIVERY OF NUCLEIC 
ACIDS 
 

To achieve the in vivo 
gene transfer, nucleic acids must be delivered to the target 
cells, especially the nucleus, for them to be functional. This 
process has many reasons for concern including their 
stability in biological milieu, distribution or uptake in target 
cells, and nuclear delivery. Nucleic acids are negatively 
charged macromolecules which are biologically unstable 
due to nuclease degradation. Based on the electrostatic 
repulsion of nucleic acids to the cellular membrane, their 
cellular uptake is extremely low. Nucleic acids or pDNA 
are rapidly eliminated from the blood circulation with high 
clearance in the reticuloendothelial system after 
intravenous administration of (32P)-labeled pDNA in mice 
(17, 18). The accumulated pDNA was gradually decreased 
over time in accordance with very low gene expression 
suggesting degradation by nuclease enzymes (18, 19). 

 
Many delivery strategies 

have been developed to improve the bioavailability of 
nucleic acids. For practical use in the in vivo 
administration, nucleic acids can be simply condensed with 
cationic carriers via electrostatic interaction to protect 
themselves from nuclease degradation and increase cellular 
uptake. Due to the positive potentials of complexes, the 
nonspecific tissue accumulation of intravenously injected 

cationic carriers/pDNA complexes can be observed in the 
lung, liver, and spleen without tissue of preference (18, 20). 
In most cases, the highest gene expression is found in the 
lung where the first trap of complexes in pulmonary 
capillaries takes place. The uptake mechanisms of cationic 
carriers/pDNA complexes have been proposed to occur by 
endocytosis and non-endocytosis. In endocytotic pathways, 
especially receptor-mediated mechanisms, cationic 
carriers/pDNA complexes are routed to the endosomal and 
sometimes to lysosomal compartments where enzymatic 
degradation occurs. Therefore, the endosomal escape is an 
essential step to release pDNA for nuclear delivery. Finally, 
pDNA must transport across the nuclear membrane to gain 
access for transcription or function. In the quiescent state, 
the nuclear membrane excludes a diffusible nuclear access 
of macromolecules with MW > 45 kDa or 250−310 bp 
including pDNA unless they possess transporting signals 
(21). The nuclear import of pDNA is the most substantial 
step for successful gene transfer. With this premise, 
targeted gene delivery systems with effective nuclear 
import are of paramount importance to improve 
biodistribution to targeted cells and enhance nuclear 
translocation for gene expression. 

 
4. THE RATIONALE OF GLYCOSYLATION FOR 
TARGETED DELIVERY OF NUCLEIC ACIDS 
 

The membrane lectins are differentially 
expressed in normal and malignant cells and classified into 
cellular and intracellular lectins. Table 1 shows the 
membrane lectins related to the targeted delivery of nucleic 
acids. The cellular membrane lectins are well-characterized 
in liver and monocytic lineage cells and partly function in 
the host defense mechanism (22), for example, 
asialoglycoprotein receptors on hepatocytes (23), mannose 
receptors on macrophages (24), and fucose receptors on 
Kupffer cells (25). Generally, the membrane lectins recognize 
their corresponding carbohydrate ligands with high affinity. 
Thereafter, these bound structures are taken up into cells via 
endocytosis depending on the type of ligand-receptor and 
ligand binding specificity (2, 26, 27). The lectin receptor-
mediated endocytosis induces endosome-lysosome trafficking 
of various glycosylated carriers, such as mannosylated 
emulsions (28, 29), mannosylated liposomes (30, 31), 
mannosylated chitosan (Man−chitosan) (32, 33), and 
mannosylated polyethyleneimine (Man−PEI) (34). This 
suggests that the lectin-binding and endocytosis may be 
less affected by the conjugated carriers or cargoes. The 
high targeting efficiency can be achieved when a 
multivalency or high density called “cluster effect” of 
carbohydrated ligands is applied (35, 36). It is noteworthy that 
carbohydrate ligands, such as galactose residues, can be 
recognized by several lectin receptors; asialoglycoprotein 
receptors on hepatocytes and putative galactose-particle 
receptors on Kupffer cells. However, the latter receptors seem 
to be predominant for uptake of larger-size (> 12 nm) 
galactosylated carriers but with somewhat less selectivity 
and affinity (37, 38). On the other hand, carbohydrate 
ligands with structural similarity, such as L-fucose and D-
mannose, may be accommodated in the same binding site 
as shown by the uptake inhibition of each other (28, 39).
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Table 1. The known and putative cellular membrane lectins and their ligands 
Lectin receptors Ligands Expression References 
Asialoglycoprotein Galactose, 

asialoglycoprotein, 
N-acetylgalactosamine 

Hepatocytes 
 

 (23) 

Mannose Mannose, fucose, 
N-acetylglucosamine 

Macrophages, monocytes, 
Kupffer cells, hepatic endothelial 
cells, dendritic cells 

 (24, 27, 144) 

Cationic-independent mannose-6-phosphate/insulin 
like growth factor II (CI-M6P/IGF-II) 

Mannose-6-phosphate Macrophages, hepatic stellate 
cells, cancer cells 

 (78, 145, 146) 

Fucose Fucose Kupffer cells  (25) 
Galactose particle Galactose, fucose, N-acetylgalactosamine Kupffer cells  (37, 38) 
Selectin Sialyl Lewis x Inflamed or activated endothelial 

cells, cancer cells 
 (147) 

Galectin Galactose Cancer cells  (95) 
 

The nuclear lectins play an essential role in 
regulation of nuclear transport of glycoproteins in cell 
homeostasis (Table 1). The nuclear transport of glycoproteins 
via nuclear lectins has been characterized to be involve a) 
sugar-specific binding, b) energy-dependent, c) 
unsynchronized cell-dependent, d) cell type-dependent nuclear 
lectin expression, and e) nuclear localization signal (NLS) 
peptide-independent pathway (40−42). Although there is a 
slight disparity in nuclear lectin expression and their nuclear 
transporting capacity in various cells, their potential for nuclear 
import of nucleic acids has been proposed using glycosylated 
carriers as will be discussed later. The selection of suitable 
carbohydrate ligands in glycosylated carriers may allow 
selective cellular uptake and effective intracellular trafficking 
of nucleic acids for efficient delivery in target cells. 

 
5. GLYCOSYLATED CARRIERS FOR CELL-
SELECTIVE DELIVERY OF NUCLEIC ACIDS 

Glycosylated carriers 
have been extensively developed based on glycosylation 
with carbohydrate residues on the structure of cationic 
polymers, liposomes, chitosan and nanoparticles. The 
summary of carbohydrate ligands and various glycosylated 
carriers used for cell-selective delivery of nucleic acids is 
shown in Figures 1 and 2, respectively. 

 
5.1. Hepatocytes 

Hepatocytes associate with the pathology of 
many diseases including chronic hepatitis and hepatobiliary 
disease. The early attempts for hepatocyte-targeted gene 
delivery were reported using natural ligands of 
asialoorosomucoid-linked poly-L-lysine (PLL) (7) and 
asialofetuin-modified liposomes (43). The synthetic 
galactose ligands were extensively applied in 
galactosylated lipopolyamine (44), galactose residues-
modified PLL (Gal−PLL) (8, 45, 46), and galactosylated 
PEI (Gal−PEI) (47, 48) due to better stability, 
reproducibility and low immunogenicity. The stable 
complexation, transfection efficiency, and cytotoxicity of 
these Gal−polymers seemed to be affected by the molecular 
weight of polymer (45, 48). 

 
As for targeted lipid nanoparticles, we synthesized a 

galactose-modified cholesterol, cholesten-5-yloxy-N- (4-        ( 
(1-imino-2-β-d-thiogalactosylethyl)amino)alkyl)formamide 
(Gal−C4−Chol) as a ligand of asialoglycoprotein receptors 
(14). Gal−C4−Chol can be stably anchored in the lipid

 
structure of cationic liposomes to form galactosylated 
cationic liposomes (Gal-cationic liposomes) which were 
relatively low cytotoxic (14). By optimizing galactose 
density and physicochemical properties, Gal-cationic 
liposomes were extensively and selectively accumulated in 
the hepatocytes after intravenous and intraperitoneal 
administration in mice (49). The high gene expression was 
generated via an asialoglycoprotein receptor-mediated 
fashion. These Gal-cationic liposomes were used to deliver 
siRNA with a corresponding sequence to the endogenous 
Ubc13 hepatic gene by intravenous administration (15). 
The silencing effect of these hepatocytes-targeted Ubc13 
siRNA occurred in a concentration-dependent manner. An 
Ubc13 siRNA at a dose of 0.29 nmol/g suppressed more 
than 80% of Ubc13 mRNA expression. These findings are 
coincident with a report by Park et al. for galactosylated 
chitosan with a polyethylene glycol (PEG) modification 
(Gal−chitosan−graft−PEG). Gal−chitosan−graft−PEG was 
able to enhance the solubility of chitosan and stability of its 
complex with a decoy ODN against the YB-1 transcription 
factor (50). The significant inhibition of YB-1 function was 
observed in HepG2 hepatoma cells, despite a lower effect 
than the control cationic liposomes. 

 
Recently, hepatocyte-targeted gene transfer has 

been reported using a variety of galactose-containing 
carriers including galactosylated water soluble chitosan 
derivatives (51), DNA-encapsulating galactosylated lipid 
nanocapsules (52), and Gal−chitosan−graft−PEI (53). 
However, galactosylated polyamidoamine (PAMAM) 
dendrimer/α-cyclodextrin conjugates (Gal−α-CDE) exhibited 
high gene expression without cell-selective delivery to 
hepatocytes which was suggested by a shorter spacer of phenyl 
isothiocyanate (54). The efficient delivery of nucleic acids to 
hepatocytes was accomplished by the successful binding of 
galactose residues to asialoglycoprotein receptors using 
galactosylated carriers with a proper spacer. For instance, using 
four carbon atoms or higher between the galactose residues 
and carrier backbone in Gal−PEI (47) and Gal−C4−Chol (14) 
were required for high gene transfection. For this reason, 
Arima et al. developed lactosylated PAMAM dendrimer/α-
cyclodextrin conjugates (Lac−α-CDE) containing galactose 
residues with a longer spacer and demonstrated a successful 
delivery of pDNA to HepG2 hepatoma cells in a cell-
selective manner through asialoglycoprotein receptors (55). 
It is noteworthy to emphasize the importance of the spacer 
in addition to the design of the carbohydrate ligands 
themselves for cell-selective delivery of nucleic acids.
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Figure 1. The carbohydrate ligands used in the targeted gene delivery. 
 

5.2. Macrophages 
There are many types of macrophages localized 

in various organs including the liver and lung, and their 
localization is related to their functions in host immune 
defense against infection, immune imbalance and 
inflammation. By employing a mannose receptor-targeting 
approach, mannosylated PLL (Man−PLL) was used to 
introduce pDNA and antisense ODN into human blood 
monocyte-derived macrophages (56) and alveolar 
macrophages (57), respectively. After intravenous 
administration in mice, these complexes exhibited a 
markedly high gene expression due to high affinity to 

mannose receptors on macrophages compared to other 
glycosylated counterparts (58, 59). We developed 
mannosylated cationic liposomes (Man-cationic liposomes) 
containing a mannosylated cholesterol derivative 
(Man−C4−Chol), cationic lipids, and helper lipids for 
complexation with pDNA (60) or CpG ODN (61). These 
complexes were selectively delivered to the liver 
nonparenchymal cells (NPC) consisting of Kupffer and 
hepatic endothelial cells with less nonspecific accumulation 
in the lung after intravenous and intraperitoneal 
administration (60−62). Subsequently, CpG triggered an 
immune response in the macrophages for suppression of a 
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Figure 2. The structure of glycosylated carriers for targeted gene delivery. (A) Glycosylated polymers, (B) Glycosylated lipids in 
liposome formulations, and (C) Glycosylated carbon nanotubes. Hexagonal symbols represent carbohydrate ligands. 

 
hepatic metastatic tumor (61). In addition, the 

more effective delivery of decoy ODN against NFκB 
(NFκB decoy) to Kupffer cells was observed in fucosylated 

cationic liposomes using Fuc−C4−Chol in a  fucose 
receptor-mediated fashion (63). These led to the sufficient 
inhibition of cytokines and NFκB activity in a hepatitis 
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mouse model. Besides systemic application, pulmonary 
delivery of Man-cationic liposomes/NFκB decoy 
complexes exhibited low toxicity and good success in 
targeting to alveolar macrophages for sufficient anti-
inflammatory therapy in a lung inflammation rat model 
(64). Recently, similar results were reported for high gene 
expression in alveolar macrophages using mannan-
modified solid lipid nanoparticles after intratracheal 
instillation in rats (65). More recently, we have developed 
ultrasound responsive Man−PEG-cationic liposomes 
containing Man−PEG−DSPE lipid by incorporating 
perfluoropropane gas in the liposomes (66). A much higher 
amount of gene expression in liver NPC cells was triggered 
by external ultrasound exposure to the liver after 
intravenous injection of Man−PEG-cationic 
liposomes/pDNA complexes. The mechanism was 
proposed to be mannose receptor- and ultrasound-mediated. 

 
The other macrophage-targeting systems were 

reported using Man−PEI (34), Man−chitosan derivatives 
(32, 33), mannosylated PAMAM dendrimer/α-cyclodextrin 
conjugates (Man−α-CDE) (67, 68) and cationized 
glucomannan-containing polysaccharides (69). Similar to 
Gal−α-CDE, Man−α-CDE with a short spacer was reported 
useful for high gene transfection in various cells without 
restriction to the expression of mannose receptors (67, 68). 
Based on the results of Lac−α-CDE (55), a longer spacer of 
Man−α-CDE may improve the recognition of mannose 
residues by mannose receptors for macrophage-selective 
delivery of nucleic acids. In the light of these findings, 
mannosylated carriers can deliver nucleic acids to resident 
macrophages by varied administration routes. Therefore, 
they are considered to be promising systems for 
macrophage-targeted gene delivery. 

 
5.3. Dendritic cells 

Dendritic cells (DC) are professional antigen-
presenting cells that are localized in the spleen and 
peripheral organs, like skin, for capturing and processing 
antigens to T cells for immune response. Due to a high 
expression of mannose receptors on DC, Man−PEI was 
first employed by Diebold et al. for effective high gene 
expression in cultured-human DC derived from peripheral 
blood mononuclear cells (34). Based on these findings, a 
DNA vaccine has been extensively developed using 
mannosylated carriers for the treatment of cancer in vivo. 
We earlier demonstrated a DNA vaccine against ovalbumin 
(OVA)-expressing tumors by delivery of OVA-encoding 
pDNA (OVA-pDNA) using Man-cationic liposomes (70) 
and ultrasound responsive Man−PEG-cationic liposomes 
(71). The intravenously injected complexes significantly 
increased OVA expression in splenic CD11+c cells (71, 
72). Thereafter, a MHC class I-restricted antigen 
presentation on these cells triggered Th1-cytokine release 
from CD8OVA1.3 T cells. Importantly, their more 
effective gene transfer in the liver, spleen, and peritoneal 
lymphoid tissues was observed after intraperitoneal 
administration compared to conventional vaccination routes 
(i.e. subcutaneous and intradermal) due to direct 
accessibility (62, 70). The intraperitoneally injected Man-
cationic liposome/OVA-pDNA complexes exhibited high 

cytotoxic T cell activity against OVA-expressing tumors 
and prolonged survival of solid tumor-bearing mice (70). 
Similarly, Man-cationic liposomes were successfully 
extended to targeting of melanoma-associated antigen 
encoding pDNA for melanoma vaccination in mice (73). 
 

The DC-targeting DNA vaccine using 
mannosylated carriers, including Man−PLL (74), 
Man−chitosan (75), mannosamine-coated poly (anhydride) 
nanoparticles (76), and mannose-mimicking quinic acid 
and shikimic acid-liposomes (77), have been reported for 
successful vaccination via conventional and oral routes. 
Man−chitosan/IL-12-encoding pDNA complexes 
efficiently suppressed tumor growth and promoted tumor 
apoptosis after intratumor injection in colon carcinoma-
bearing mice (32). This effective immunotherapy was 
suggested by the sufficient gene transfer to DC in the tumor 
environment. Taking these findings into consideration, the 
efficient gene transfer to DC via local and systemic 
administrations of mannosylated carriers may allow their 
use for cancer immunotherapy and DNA vaccination. 

 
5.4. Hepatic stellate cells 

Hepatic stellate cells (HSC) comprising 5−15% 
of the liver cell population are key effector cells used to 
release cytokines and collagen type I for intrahepatic 
connective tissue formation in liver fibrosis (78). In this 
pathological condition, mannose-6-phosphate/insulin-like 
growth factor II (M6P/IGF-II) receptors are up-regulated 
for high expression at the cellular membrane of these cells. 
HSC targeting using M6P ligands has been focused on the 
delivery of antifibrotic drugs but is rarely used for nucleic 
acids. Recently, Mahato and colleagues have developed 
HSC targeting of triplex-forming antisense ODN (TFO) 
using M6P-modified bovine serum albumin (M6P−BSA) 
via the use of reducible disulfide bonding (79, 80) and 
M6P−N- (2-hydroxypropyl)methacrylamide (HPMA) 
polymer via use of lysosomal enzyme-trigger cleavable 
GFLG peptide linker (81). While stable in rat serum, 
conjugated TFO was cleaved under certain conditions 
which allowed TFO to form a triplex with the target DNA 
in the rat α1 (I) collagen promoter resulting in inhibition of 
transcription of the collagen gene. M6P-targeting TFO 
conjugates exhibited a significant accumulation in hepatic 
stellate cells and liver NPC after intravenous administration 
in normal rats (79). Interestingly, the selective uptake in 
HSC became dominant in fibrotic rats (80). The uptake of 
M6P-targeting TFO conjugates was characterized by M6P 
density-dependent and M6P/IGF-II-mediated mechanisms 
(80, 81). In addition, the effective nuclear delivery of M6P-
targeting TFO conjugates in HSC-T6 cells resulted in 
sufficient inhibition of collagen expression. These 
observations suggested that M6P-modified carriers are 
promising delivery systems of nucleic acid drugs to HSC 
for the treatment of liver fibrosis. 

 
5.5. Lung epithelial cells 

Gene delivery to epithelial cells has been mainly 
focused on gene therapy for cystic fibrosis (CF) and is 
ongoing in clinical trials. CF is the most common lethal 
autosomal recessive disorder for progressive respiratory 
failure in the Caucasian population. It is caused by the 
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mutations of the CF transmembrane conductance regulator 
(CFTR) gene in airway epithelial cells. The epithelial cell-
targeted delivery of nucleic acids has been demonstrated by 
the Monsigny and Fajac groups. The lactosylated PLL 
(Lac−PLL) was an effective vector for pDNA delivery by 
offering high expression of a reporter gene in CF cell lines 
(82) and primary cultured CF and non-CF airway epithelial 
cells (83). In addition, the gene expression was increased in 
the presence of chloroquine indicating the endosomal 
escape of trapped Lac−PLL/pDNA complexes for enhanced 
gene transcription. The high transfection efficiency was 
also obtained by the use of lactosylated polyethyleneimine 
(Lac−PEI) (82, 84), cationic-lactosylated liposomes (85), 
β-D-acetylglucosamine substituted β-gluconoylated PLL 
(GlcNAc−GlcA−PLL) (82), and GlcNAc−GlcNAc−Man 
trisaccharide−graft−chitosan (86) compared to other 
glycosylated or unmodified counterparts. The function of 
lactose residues in Lac−PLL on transfection efficiency was 
demonstrated by the increased cellular uptake via a lactose 
binding receptor-mediated mechanism and the enhanced 
nuclear localization of pDNA (87). The successful gene 
delivery of lactosylated carriers indicates their potential for 
development of targeted gene therapy in airway epithelial-
related diseases such as CF. 
 
5.6. Inflamed or activated endothelial cells 

Endothelial cells in various organs possess 
anatomically unique structures and different lectin 
expression depending upon their physiological function and 
pathological conditions (Table 1). For example, selectin 
receptors are greatly expressed on inflamed or activated 
vascular endothelial cells in the inflammation and tumor 
regions (88). The sugar chains called “sialyl Lewis X” 
(sLex) on the surface of leukocytes are recognized and 
bound to these endothelial cells for leukocyte attachment in 
a “rolling” manner. They have been suggested as potential 
target molecules for drug and gene delivery for the 
treatment of cardiovascular, inflammatory and cancer 
diseases. Recently, Yamazaki and Tano groups 
demonstrated that sLex-modified liposomes were highly 
accumulated in inflamed and tumor tissues after adhesion 
to blood vessels via selectin-mediated fashion (89, 90). 
These findings correspond to the ability of sLex-modified 
liposomes to inhibit the accumulation of leukocytes at 
inflamed endothelial cells in ischemic-reperfusion mice 
(91). Stahn et al. employed this approach to deliver 
antisense ODN against the adhesion molecule ICAM-1 to 
the IL-1β-activated endothelial HUVEC cells (92). The 
targeted antisense ICAM-1 ODN inhibited ICAM-1 protein 
expression, not mRNA, in a concentration-dependent 
manner. The inhibition mechanism was assumed to be 
resulted from the hybridization of antisense DNA to their 
corresponding mRNA to interrupt protein synthesis. These 
findings indicate the feasibility of sLex-modified liposomes 
for targeted delivery of nucleic acid drugs to activated 
endothelial cells in several diseases as aforementioned. 

 
5.7. Cancer cells 

Various membrane lectins or glycans are 
significantly expressed on a number of cancer cells 
associated with poor prognosis and tumor progression via 
adhesion, proliferation, migration, inhibition of apoptosis, 

and metastasis. These membrane lectins and glycans have 
been extensively studied for cancer targeting of drugs but 
few have been used to target nucleic acids. Recent studies 
have been reported using galactose-binding lectins 
(Galectins) (93) and β1-6 branching N-GlcNAc (94) as 
targeted receptors. 

 
Galectins have been characterized into 15 

subtypes expressed on the surface of many cancer cells, 
including prostate, lung and breast carcinomas (95). Based 
on high specific binding to galectins via galactose residues, 
modified citrus pectin (MCP) was used as a ligand and 
derivatized with different amine groups for pDNA 
complexation (93). The quaternized MCP/pDNA 
complexes exhibited high transfection efficiency in 
HEK293 cells through galactose residue-mediated 
targeting. The modified pectin was suggested for targeted 
gene delivery to cancer cells expressing galectins on their 
surface. 

 
The overexpression of GlcNAc is closely 

related to the activity of N-acetylglucosaminyltransferase V 
(GnT-V) in metastatic cancer cells of colon, breast, 
melanoma, and kidney carcinomas (96). The kidney bean-
derived lectin, Phaseolus vulgaris agglutinin-L4 (L4-PHA), 
was used for cancer diagnosis of GlcNAc-expressing 
malignant cancer cells (97). Kuroda and colleagues 
reported that L4-PHA-modified bionanocapsules (L4-
PHA−BNC) were effectively accumulated in GlcNAc-
expressing malignant tumors after intravenous injection in 
solid tumor-bearing mice model (94). The L4-PHA−BNCs 
were able to deliver pDNA to these targeted cancer cells for 
gene expression, suggesting their potential use as a 
targeting gene vector for GlcNAc-expressing cancers. 

 
6.GLYCOSYLATED CARRIERS FOR ENDOSOMAL 
ESCAPE AND NUCLEAR DELIVERY OF NUCLEIC 
ACIDS 
 
 The cellular uptake and intracellular trafficking 
of nucleic acid-containing glycosylated carriers is shown 
in Figure 3. Glycosylated carrier/nucleic acid complexes 
are taken up in the cells via endocytosis pathway and 
trapped in the endosome/lysosome vesicles. As stated, 
the release of nucleic acids from endosomes is a crucial 
step for trafficking to the intracellular site of action, 
such as pDNA-based vectors to the nucleus and siRNA, 
antisense and decoy ODN to the cytosol. Many 
polymers, including PEI and PAMAM dendrimers, have 
high endosomal escape capacity via proton-mediated 
osmolysis of the endosomal membrane called the 
“proton-sponge effect” (98, 99). As for targeting gene 
delivery to airway epithelial cells, Lac−PEI still retained 
a proton-sponge effect, albeit somewhat reduced, and 
was minimally toxic, thus, a high gene expression was 
observed (84, 100). In addition, the endosomolytic 
property of glycosylated PLL seems to be sugar-
dependent since Lac−PLL/pDNA complexes are more 
efficient endosomal escape than Man−PLL/pDNA 
complexes (82, 101). The delayed endosomal escape is 
believed to be a rate limiting step resulting in low gene 
transfer.
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Figure 3. Schematic representation of cellular uptake and intracellular trafficking pathway of nucleic acids using glycosylated 
carriers. Nucleic acid-containing glycosylated carriers bind to their corresponding lectins for cellular uptake (1). These carries are 
sorted to the endosomes (2). The endosomal escaping of glycosylated carriers (3) triggers the release of nucleic acids, including 
(A) pDNA-based vector, (B) siRNA and antisense ODN, and (C) decoy ODN for their intracellular site of action. (A) The pDNA 
can enter the nucleus (6) by passive (4a) or nuclear protein-mediated mechanisms (4b, 5) for gene transcription (7, 8) and protein 
production (9). (B) The short hairpin RNA (shRNA)-expressing pDNA follows the same step as pDNA to produce shRNA (10). 
After cytosolic translocation, shRNA is processed to be siRNA (11, 12). The siRNA is then loaded into Ago/RISC protein 
complex (13). The binding of siRNA (14) or antisense ODN (16) mediates mRNA cleavage (15) or inactivation (16) leading to 
inhibition of protein translation (17). (C) Decoy ODN binds to activated transcription factor protein (18a) or directly enters the 
nucleus before binding (18b). The transcription factor protein-bound decoy ODN in the nucleus (19) inhibits gene transcription 
(20). 
 

To increase the endosomolytic property, a 
histidine moiety that has a pKa value for protonation at the 
endolysosomal pH, has been attached to glycosylated 
carriers using histidylated conjugates, such as 
Lac−His−PLL (102), Gal−His−C4−Chol (103) and 
Man−His−C4−Chol (104). Similar to Lac−His−PLL/pDNA 
complexes, Gal−  and Man−His−liposomes/pDNA 
complexes exhibited a more efficient gene transfer than 
their unmodified counterparts via asialoglycoprotein 
receptor- and mannose receptor-mediated mechanisms in 
HepG2 hepatoma cells and peritoneal macrophages, 
respectively. The enhanced gene transfection was triggered 
by the sufficient pH-buffering capacity of these histidylated 
carriers leading to efficient endosomal escape. Fusogenic 

peptides having endosomolytic properties, such as 
influenza HA-2 (8, 57, 105), influenza E5 derivatives (87, 
106), GALA (106) as well as pH-sensitive 
dioleoylphosphatidylethanolamine (DOPE) lipid (107), 
have been reported for endosomal escape of glycosylated 
PLL and liposomes. 

 
Based on the emerging knowledge of the 

carbohydrates in nuclear transport using glycoproteins, 
glycosylation strategies have been employed for nuclear 
delivery of enhanced gene transfer. Fajac et al. 
demonstrated that Lac−PLL/pDNA complexes are the most 
efficient vectors for gene transfer in airway epithelial cells 
(82). While most complexes were trapped in the 
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endolysosomal compartments, 8% of the complexes were 
localized in the nucleus within 6 h as determined by dual 
labeling of the carriers and pDNA (101). However, the 
nuclear localized complexes remained intact with no 
dissociation of pDNA. They have also reported the nuclear 
import of Lac−PEI/pDNA complexes via NLS- and 
lactose-independent mechanisms in digitonin-
permeabilized cells (108). 

 
Surprisingly, the nuclear localization of 

complex-dissociating Lac−PEI was evidenced in airway 
epithelial cells after nasal instillation in mice (109). In 
addition, Klink et al. reported that β-D-Lac−PLL/pDNA 
complexes effectively accumulated in the nucleus and 
perinuclear regions more efficiently in the presence of 
chloroquine, peptide, and glycerol (87, 110). The nuclear 
accumulation was markedly inhibited by wheat germ 
agglutinin. This suggested mechanism of nuclear entry was 
via the recognition of lactose residues of a putative 
galactose/lactose-specific lectin at the nuclear membrane. 
This hypothesis, nevertheless, is not in agreement with the 
observation that there was no nuclear import of lactosylated 
BSA after cytosolic microinjection in Hela cells (42). 
Instead, it might be explained by the difference in 
expression of nuclear lectins in various cells and unknown 
factors. 

 
A more direct comparison has been demonstrated 

using glycosylation of a multifunctional envelope type 
nano device (MEND) with β-GlcNAc, α-mannose, and β-
galactose residues for gene transfection in Hela cells (111). 
In this system, pDNA was condensed with polycations, 
followed by encapsulation in glycosylated MEND. 
Although the cellular uptakes were similar, glycosylated 
MEND showed higher transfection efficiency than 
unmodified MEND in normal (10−25-fold) and 
synchronized (14−58-fold) Hela cells. The confocal image 
analysis revealed larger nuclear localization of glycosylated 
MEND suggesting sugar residue-mediated nuclear delivery 
for improved gene transfer. This agrees with the 
enhancement of nuclear entry of Man−α-CDE in various 
cell lines (67, 68). Although the precise mechanism needs 
further investigation, evidence of glycosylated-mediated 
nuclear localization may make it a potential route for the 
nuclear delivery of nucleic acids. 

 
7.FACTORS AFFECTING TARGETED DELIVERY 
OF NUCLEIC ACIDS USING GLYCOSYLATED 
CARRIERS 

 
The processes of access to target cells, 

intracellular trafficking, and gene transcription, dictate the 
efficiency of in vivo gene transfer. To achieve therapeutic 
effects of nucleic acids using glycosylated carriers, many 
factors have to be optimized besides the design of the 
carbohydrate ligands. Under in vivo conditions, 
glycosylated carriers/nucleic acid complexes may 
nonspecifically interact with many biological molecules, 
such as proteins and blood cells, due to their positive 
charges. The accessibility to the target cells for binding is 
another factor to consider. After uptake, the endosomal 
escape for nuclear translocation of pDNA is an important 

step as described previously. The factors related to targeted 
delivery using glycosylated carriers are discussed in this 
section. 

 
7.1.Size 
 Generally, pDNA is complexed with cationic 
carriers via electrostatic interactions in low ionic strength 
buffer such as 5% dextrose. The higher the amount of 
cationic carriers, the smaller the complex size and the more 
stable the pDNA condensation (112). The size of 
glycosylated complexes designates their accessibility to the 
target cells after administration. Under physiological or 
high salt conditions, complexes with positive charge have 
the tendency to aggregate by neutralization resulting in 
increased size or precipitation (113). These may limit their 
use in vivo, especially for hepatocyte targeting (114, 115). 
 
 Hepatocytes are anatomically localized beyond 
the fenestraes with 100−150 nm in size of hepatic 
endothelial cells. It is important to prepare complexes that 
are smaller than this cut-off. The reduced size of Gal−PLL 
(45) or Gal−PEI/pDNA (48, 112) complexes made them 
effective for accumulation in hepatocytes. More 
importantly, very large size complexes trended to be 
exclusively trapped in the lung capillary before reaching 
the target cells leading to failure of targeted gene delivery. 
For cancer gene therapy, complexes have to penetrate 
through leaky tumor vasculature which is permeable to 
liposomes of less than 400 nm in diameter (116). Hence, a 
controlled size of complex is one of the crucial factors for 
effective delivery of nucleic acids to target cells. 
 
7.2.Surface potential 
 The neutralization of cationic complexes by 
biological milieu, such as proteins and blood cells, may 
affect not only complex size but also cellular uptake. Low 
cellular uptake due to neutralization by endogenous 
proteins (117) or PEG modification (118) leads to low 
transfection efficiency. However, increasing the cationic 
charge ratio of complexes does not alleviate this problem. 
Upon intravenous administration, cationic complexes 
immediately bind to blood cells and then are 
nonspecifically trapped in the lung (119). We demonstrated 
this factor on gene targeting using Gal- (120) and Man- 
(121) cationic liposomes. The efficient gene transfer at the 
optimal charge ratio of these complexes in the target cells 
was dramatically reduced at a higher cationic charge ratio 
due to high trapping in the lung. In order to obtain a better 
understanding, we evaluated the effects of blood 
components on asialoglycoprotein receptor-mediated gene 
transfer of Gal-cationic liposomes after intraportal 
administration in mice (122). Pre-incubation with serum 
increased the tissue binding affinity of these complexes and 
thus, the gene transfection in the liver was enhanced by 
reducing lung entrapment. On the other hand, blood cells 
could competitively bind to Gal-cationic liposomes for 
dissociation of pDNA leading to low transfection 
efficiency. 
 
 There are many methods, such as modification 
with PEG, for reducing the surface charge to lower the 
nonspecific interaction. Recet 
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ly, we developed a new vector system called surface charge 
regulated (SCR) liposomes which forms a more stable 
complex with pDNA for in vivo applications (123). 
Complexes were prepared in ionic buffer containing 5−10 
mM sodium chloride which is a much lower concentration 
than isotonic saline (150 mM sodium chloride) as in 
physiological conditions. Gal-SCR liposome/pDNA 
complexes delayed aggregation in saline compared to Gal-
cationic liposome/pDNA complexes. Overall, 10- to 20-
fold higher gene expression was observed in HepG2 
hepatoma cells. It was suggested by an accelerating release 
of pDNA from Gal-SCR liposomes. These findings 
emphasize the need to control the surface charge for 
sufficient cellular uptake, pDNA condensation, targeting, 
efficiency, and ultimately gene expression. 
 
7.3. State of target cells 
 The expression of membrane lectins depends on 
whether the cells are in differentiated or activated states. 
This dynamic phenomenon is prominent in monocytic 
lineage cells which have high differentiating capacity 
(Table. 1). Monocytes and macrophages express mannose 
and M6P receptors while differentiated macrophages, 
Kupffer cells, have additional lectins of fucose and 
galactose-particle receptors on their cellular membrane. In 
addition, Lac−PEI using the proton-sponge effect for 
endosomal escape of pDNA was more efficient for gene 
transfer than unsubstituted PEI and Lac−PLL (100). 
However, the transfection efficiency was lower in 
differentiated airway epithelial cells compared to poorly-
differentiated epithelial cells. The low uptake due to 
absence of expression of lactose-binding lectins was 
suggested for the low gene expression of Lac−PLL in 
differentiated airway epithelial cells. In contrast, this was 
unlikely in the case of Lac−PEI since similar uptake to 
undifferentiated cells was observed. An unknown factor 
was suggested for the results of Lac−PEI. 
 
 Furthermore, many molecules, such as 
dexamethasone (124) and interleukin-4 (125), have been 
reported for up-regulation of mannose receptors on 
macrophages which may augment the targeting efficiency 
using mannosylated carriers. On the other hand, the down-
regulation of mannose receptors is mediated by various 
stimuli, including lipopolysaccharide/phorbol ester (126) 
and interferon-γ (127), as well as HIV-1 infection (128), all 
of which may hamper the success of macrophage-targeted 
delivery of nucleic acids using mannosylated carriers. It is 
noteworthy that the alteration in expression of membrane 
lectins and intracellular trafficking or function in different 
cell states are critically important to achieve cell-selective 
delivery of nucleic acids using glycosylated carriers. 
 
8. PERSPECTIVES 
 

From advances in material technology, an 
emerging class of nanomaterials, including carbon 
nanotubes, carbon nanospheres, and gold nanoparticles are 
receiving enormous attention in many fields including 
biomedicine and nanotechnology. Although they possess 
unique characteristics of mechanical strength, electrical and 
cell penetrating properties, their application as biomaterials 

still faces many challenges due to their water 
insolubility, cytotoxicity, and nonspecific uptake (129, 
130). 

 
Recently, a modification with a cationic 

glycopolymer (glucose and lactose residues) at the 
surface structure of carbon nanotubes (131) has been 
reported for improving water dispersity and reducing the 
cytotoxicity. The cationic nature of carbon nanotubes 
(132) and gold nanoparticles (133, 134) exhibited a 
stable complex formation with fluorescent-labeled ODN 
and pDNA. On the other hand, glucose-derived carbon 
nanospheres with negative surface potential had to be 
coated with polycationic molecules before DNA 
complexation (135). These cationic glycosylated carbon 
nanotubes and gold nanoparticles effectively delivered 
fluorescent-labeled ODN to the cytosol and perinuclear 
region in Hela cells (132, 134) corresponding to the 
nuclear localization of glucose-derived carbon 
nanospheres (135). Their uptake mechanisms were 
speculated to occur via a lectin-mediated manner (136, 
137). As a result, the high transfection efficiency was 
observed as an increased amount of these cationic 
glycosylated carbon nanotubes and gold nanoparticles 
was used. Interestingly, the intravenous injection of 
glucose-modified carbon nanotubes showed a high 
accumulation in the lung (138) while the intraperitoneal 
injection of glucose-derived carbon nanospheres showed 
a high accumulation in the spleen, liver and brain (135). 
However, data on their safety, targeting mechanisms, 
and in vivo studies need to be investigated although the 
early indications of these glycosylated biomaterials may 
be proposed cell-selective delivery of nucleic acids. 

 
Although the efficient gene transfer can be 

improved by glycosylated carriers, a transient expression 
due to methylated silencing of the transgene may be one of 
limitations for clinical gene therapy. To overcome this 
hurdle, Roy-Chowdhury and colleages developed an 
excellent glycoproteo-liposome to deliver transposon 
pDNA for long-term reduction of jaundice in UGT1A1-
deficient hyperbilirubinemic Gunn rats (139). The Sleeping 
Beauty (SB) transposon system, containing a donor plasmid 
of the therapeutic gene and a helper plasmid of a 
transposase, has been reported to promote transposition of 
the transgene through transposase activity into the host 
genome, thereby prolonging the expression of the transgene 
(140). Interestingly, a human UGT1A1 therapeutic gene 
and transposase gene was constructed in the same SB 
plasmid (139). The glycoproteo-liposomes containing a 
fusogenic galactose-terminated F-glycoprotein selectively 
delivered the encapsulated transposon pDNA to 
hepatocytes via asialoglycoprotein receptor-mediated 
mechanism after intravenous administration. Thereafter, the 
fusogenic protein triggered cytosol deposition bypassing 
the endolysosomal pathway for sufficient gene expression. 
The therapeutic efficiency by reduction of serum bilirubin 
level was 30% in 2 weeks and remained throughout the 7-
month period without immunogenic side-effects. The 
combination of efficient hepatocyte-targeted gene delivery 
and designed gene construct suggests a new platform for 
successful gene therapy with possible clinical applications. 
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Table 2. The known and putative nuclear lectins and their ligands 
Lectin receptors Ligands Expression References 
CBP35 β-galactose, β-lactose, β-N-

acetylgalactosamine 
NIH/3T3 fibroblasts  (148) 

CBP67 α-glucose Rat liver cells  (149) 
CBP70 α-glucose, β-N-acetylglucosamine Hela cells  (150) 

Adapted with permission from (16) 
 
While gene therapy using a viral vector holds much 
promise, it has been intensely criticized for clinical 
applications due to serious adverse effects including death 
and cancer development during clinical trials. Based on a 
2007 survey, safety concerns lead to increases of trials 
using naked DNA and non-viral systems to be 18 and 8%, 
respectively (141). Most of the non-viral vectors used in 
clinical trials (Phase I and II) are lipid nanoparticles and 
cationic liposomes which incorporate or form a complex 
with antisense ODN (e.g. EGFR) and pDNA (e.g. CFTR, 
IL-2). These formulations have been suggested for 
administration by intravenous infusion or intratumor, and 
nasal instillation for the treatment of cancer and CF, 
respectively (142, 143). The targeted gene delivery using 
glycosylated carriers seems to show therapeutic 
advantages; however, many issues including lectin 
specificity (Table 1 and 2) and toxicity are needed to be 
carefully evaluated before clinical study (144-150). 
Although there is currently no targeted gene therapy using 
a non-viral system in clinical trials, the success of 
liposomal DNA formulations may guide the potential of 
targeted gene therapy for entering clinical trials in the near 
future. 

 
9. CONCLUDING REMARKS 
 
 Glycosylated carriers represent an avenue for 
cell-selective and nuclear delivery of nucleic acids. This 
strategy allows the improved bioavailability of nucleic 
acids by increasing accumulation and nuclear import in the 
target cells. By employing a design approach in 
combination with functional molecules, such as fusogenic 
peptides or other endosomolytic agents, the targeting 
efficiency using these glycosylated derivatives can be 
augmented. According to the multiplicity of membrane 
lectins in a variety of mammalian cells and their ligand 
specificity, targeted delivery of nucleic acids using 
glycosylated carriers can be extended to wide applications 
in many diseases including chronic hepatic diseases, 
infectious diseases, Gaucher’s disease, CF, and cancers. 
Nevertheless, it is ultimately important to define the 
specificity of glycosylated carriers to targeted cells under 
certain disease conditions as well as reduce the carrier-
associated toxicity to ensure clinically therapeutic 
outcomes. Based on their relative safety, cell-selective 
delivery, and desired pharmacokinetic behavior, 
glycosylated carriers can be one of most promising delivery 
systems for nucleic acid drugs towards a large panel of 
refractory diseases. 
 
10. ACKNOWLEDGMENT 
 
 We are grateful for financial support to W. 
Wijagkanalan from the Japan Society for the Promotion of 

Sciences (JSPS) through a JSPS Research Fellowship for 
Young Scientists. 
 
11. REFERENCES 
 
1. I. Goldstein, R. Hugues, M. Monsigny, T. Osawa and N. 
Sharon: What should be called a lectin? Nature 285, 66 
(1980) 
 
2. D. Kilpatrick: Animal lectins: a historical introduction 
and overview. Biochim Biophys Acta 1572, 187−197 
(2002) 
 
3. J. Hubert, A. Sève, P. Facy and M. Monsigny: Are 
nuclear lectins and nuclear glycoproteins involved in the 
modulation of nuclear functions? Cell Differ Dev 27, 69-81 
(1989) 
 
4. N. Sharon and H. Lis: Lectins: cell-agglutinating and sugar-
specific proteins. Science 177, 949−959 (1972) 
 
5. M. Monsigny, A. Roche and P. Midoux: Endogenous lectins 
and drug targeting. Ann N Y Acad Sci 551, 399−413 (1988) 
 
6. M. Brownlee and A. Cerami: A glucose-controlled insulin-
delivery system: semisynthetic insulin bound to lectin. Science 
206, 1190−1191 (1979) 
 
7. G. Wu and C. Wu: Receptor-mediated in vitro gene 
transformation by a soluble DNA carrier system. J Biol Chem 
262, 4429−4432 (1987) 
 
8. P. Midoux, C. Mendes, A. Legrand, J. Raimond, R. Mayer, 
M. Monsigny and A. Roche: Specific gene transfer mediated 
by lactosylated poly-L-lysine into hepatoma cells. Nucleic 
Acids Res 21, 871−878 (1993) 
 
9. R. Mahato, S. Takemura, K. Akamatsu, M. Nishikawa, Y. 
Takakura and M. Hashida: Physicochemical and disposition 
characteristics of antisense oligonucleotides complexed with 
glycosylated poly(L-lysine). Biochem Pharmacol 53, 887−895 
(1997) 
 
10. M. Wadhwa and K. Rice: Receptor mediated 
glycotargeting. J Drug Target 3, 111−127 (1995) 
 
11. M. Monsigny, P. Midoux, R. Mayer and A. Roche: 
Glycotargeting: influence of the sugar moiety on both the 
uptake and the intracellular trafficking of nucleic acid carried 
by glycosylated polymers. Biosci Rep 19, 125−132 (1999) 
 
12. S. Kawakami, J. Wong, A. Sato, Y. Hattori, F. 
Yamashita and M. Hashida: Biodistribution characteristics 



Glycosylated carriers for targeted delivery of nucleic acids 

2981 

of mannosylated, fucosylated, and galactosylated liposomes 
in mice. Biochim Biophys Acta 1524, 258−265 (2000) 
 
13. H. Yan and K. Tram: Glycotargeting to improve 
cellular delivery efficiency of nucleic acids. Glycoconj J 
24, 107−123 (2007) 
 
14. S. Kawakami, F. Yamashita, M. Nishikawa, Y. 
Takakura and M. Hashida: Asialoglycoprotein receptor-
mediated gene transfer using novel galactosylated cationic 
liposomes. Biochem Biophys Res Commun 252, 78−83 
(1998) 
 
15. A. Sato, M. Takagi, A. Shimamoto, S. Kawakami and 
M. Hashida: Small interfering RNA delivery to the liver by 
intravenous administration of galactosylated cationic 
liposomes in mice. Biomaterials 28, 1434−1442 (2007) 
 
16. M. Monsigny, C. Rondanino, E. Duverger, I. Fajac and 
A. Roche: Glyco-dependent nuclear import of 
glycoproteins, glycoplexes and glycosylated plasmids. 
Biochim Biophys Acta 1673, 94−103 (2004) 
 
17. K. Kawabata, Y. Takakura and M. Hashida: The fate of 
plasmid DNA after intravenous injection in mice: 
involvement of scavenger receptors in its hepatic uptake. 
Pharm Res 12, 825−830 (1995) 
 
18. R. Mahato, K. Kawabata, Y. Takakura and M. Hashida: 
In vivo disposition characteristics of plasmid DNA 
complexed with cationic liposomes. J Drug Target 3, 
149−157 (1995) 
 
19. Y. Oh, J. Kim, H. Yoon, J. Kim, J. Yang and C. Kim: 
Prolonged organ retention and safety of plasmid DNA 
administered in polyethylenimine complexes. Gene Ther 8, 
1587−1592 (2001) 
 
20. W. Yeeprae, S. Kawakami, S. Suzuki, F. Yamashita 
and M. Hashida: Physicochemical and pharmacokinetic 
characteristics of cationic liposomes. Pharmazie 61, 
102−105 (2006) 
 
21. K. Wagstaff and D. Jans: Nucleocytoplasmic transport 
of DNA: enhancing non-viral gene transfer. Biochem J 406, 
185−202 (2007) 
 
22. W. Weis, M. Taylor and K. Drickamer: The C-type 
lectin superfamily in the immune system. Immunol Rev 
163, 19−34 (1998) 
 
23. G. Ashwell and J. Harford: Carbohydrate-specific 
receptors of the liver. Annu Rev Biochem 51, 531−554 
(1982) 
 
24. P. Stahl, J. Rodman, M. Miller and P. Schlesinger: 
Evidence for receptor-mediated binding of glycoproteins, 
glycoconjugates, and lysosomal glycosidases by alveolar 
macrophages. Proc Natl Acad Sci U S A 75, 1399−1403 
(1978) 
 

25. R. Haltiwanger, M. Lehrman, A. Eckhardt and R. Hill: 
The distribution and localization of the fucose-binding 
lectin in rat tissues and the identification of a high affinity 
form of the mannose/N-acetylglucosamine-binding lectin in 
rat liver. J Biol Chem 261, 7433−7439 (1986) 
 
26. P. Crocker and S. Gordon: Mouse macrophage 
hemagglutinin (sheep erythrocyte receptor) with specificity 
for sialylated glycoconjugates characterized by a 
monoclonal antibody. J Exp Med 169, 1333−1346 (1989) 
 
27. K. Drickamer: Clearing up glycoprotein hormones. Cell, 
67, 1029−1032 (1991) 
 
28. W. Yeeprae, S. Kawakami, Y. Higuchi, F. Yamashita and 
M. Hashida: Biodistribution characteristics of mannosylated 
and fucosylated O/W emulsions in mice. J Drug Target 13, 
479−487 (2005) 
 
29. W. Yeeprae, S. Kawakami, F. Yamashita and M. Hashida: 
Effect of mannose density on mannose receptor-mediated 
cellular uptake of mannosylated O/W emulsions by 
macrophages. J Control Release 114, 193−201 (2006) 
 
30. W. Wijagkanalan, S. Kawakami, M. Takenaga, R. Igarashi, 
F. Yamashita and M. Hashida: Efficient targeting to alveolar 
macrophages by intratracheal administration of mannosylated 
liposomes in rats. J Control Release 125, 121−130 (2008) 
 
31. W. Wijagkanalan, Y. Higuchi, S. Kawakami, M. Teshima, 
H. Sasaki and M. Hashida: Enhanced anti-inflammation of 
inhaled dexamethasone palmitate using mannosylated 
liposomes in an endotoxin-induced lung inflammation model. 
Mol Pharmacol 74, 1183−1192 (2008) 
 
32. T. Kim, H. Jin, H. Kim, M. Cho and C. Cho: Mannosylated 
chitosan nanoparticle-based cytokine gene therapy suppressed 
cancer growth in BALB/c mice bearing CT-26 carcinoma 
cells. Mol Cancer Ther 5, 1723−1732 (2006) 
 
33. M. Hashimoto, M. Morimoto, H. Saimoto, Y. Shigemasa, 
H. Yanagie, M. Eriguchi and T. Sato: Gene transfer by 
DNA/mannosylated chitosan complexes into mouse peritoneal 
macrophages. Biotechnol Lett, 28(11), 815-21 (2006) 
doi:10.1007/s10529-006-9006-x 
 
34. S. Diebold, M. Kursa, E. Wagner, M. Cotten and M. 
Zenke: Mannose polyethylenimine conjugates for targeted 
DNA delivery into dendritic cells. J Biol Chem 274, 
19087−19094 (1999) 
 
35. Y. Lee, R. Townsend, M. Hardy, J. Lönngren, J. Arnarp, 
M. Haraldsson and H. Lönn: Binding of synthetic 
oligosaccharides to the hepatic Gal/GalNAc lectin. 
Dependence on fine structural features. J Biol Chem 258, 
199−202 (1983) 
 
36. E. Biessen, D. Beuting, H. Roelen, G. van de Marel, J. 
van Boom and T. van Berkel: Synthesis of cluster 
galactosides with high affinity for the hepatic 



Glycosylated carriers for targeted delivery of nucleic acids 

2982 

asialoglycoprotein receptor. J Med Chem 38, 1538−1546 
(1995) 
 
37. J. Kuiper, H. Bakkeren, E. Biessen and T. Van Berkel: 
Characterization of the interaction of galactose-exposing 
particles with rat Kupffer cells. Biochem J 299, 285−290 
(1994) 
 
38. A. Fadden, O. Holt and K. Drickamer: Molecular 
characterization of the rat Kupffer cell glycoprotein 
receptor. Glycobiology 13, 529−537 (2003) 
 
39. M. Monsigny, C. Kieda and A. Roche: Membrane 
glycoproteins, glycolipids and membrane lectins as 
recognition signals in normal and malignant cells. Biol Cell 
47, 95−110 (1983) 
 
40. P. Facy, A. Seve, M. Hubert, M. Monsigny and J. 
Hubert: Analysis of nuclear sugar-binding components in 
undifferentiated and in vitro differentiated human 
promyelocytic leukemia cells (HL60). Exp Cell Res 190, 
151−160 (1990) 
 
41. E. Duverger, C. Pellerin-Mendes, R. Mayer, A. Roche 
and M. Monsigny: Nuclear import of glycoconjugates is 
distinct from the classical NLS pathway. J Cell Sci 108, 
1325−1332 (1995) 
 
42. C. Rondanino, M. Bousser, M. Monsigny and A. 
Roche: Sugar-dependent nuclear import of glycosylated 
proteins in living cells. Glycobiology 13, 509−519 (2003) 
 
43. T. Hara, Y. Aramaki, S. Takada, K. Koike and S. 
Tsuchiya: Receptor-mediated transfer of pSV2CAT DNA 
to mouse liver cells using asialofetuin-labeled liposomes. 
Gene Ther 2), 784−788 (1995) 
 
44. J. Remy, A. Kichler, V. Mordvinov, F. Schuber and J. 
Behr: Targeted gene transfer into hepatoma cells with 
lipopolyamine-condensed DNA particles presenting 
galactose ligands: a stage toward artificial viruses. Proc 
Natl Acad Sci U S A 92, 1744−1748 (1995) 
 
45. M. Nishikawa, S. Takemura, Y. Takakura and M. 
Hashida: Targeted delivery of plasmid DNA to hepatocytes 
in vivo: optimization of the pharmacokinetics of plasmid 
DNA/galactosylated poly(L-lysine) complexes by 
controlling their physicochemical properties. J Pharmacol 
Exp Ther 287, 408−415 (1998) 
 
46. J. Han and Y. Il Yeom: Specific gene transfer mediated 
by galactosylated poly-L-lysine into hepatoma cells. Int J 
Pharm 202, 151−160 (2000) 
 
47. M. Zanta, O. Boussif, A. Adib and J. Behr: In vitro 
gene delivery to hepatocytes with galactosylated 
polyethylenimine. Bioconjug Chem 8, 839−844 (1997) 
 
48. K. Morimoto, M. Nishikawa, S. Kawakami, T. Nakano, 
Y. Hattori, S. Fumoto, F. Yamashita and M. Hashida: 
Molecular weight-dependent gene transfection activity of 

unmodified and galactosylated polyethyleneimine on 
hepatoma cells and mouse liver. Mol Ther 7, 254−261 
(2003) 
 
49. S. Kawakami, S. Fumoto, M. Nishikawa, F. Yamashita 
and M. Hashida: In vivo gene delivery to the liver using 
novel galactosylated cationic liposomes. Pharm Res 17, 
306−313 (2000) 
 
50. I. Park, T. Kim, Y. Park, B. Shin, E. Choi, E. 
Chowdhury, T. Akaike and C. Cho: Galactosylated 
chitosan-graft-poly(ethylene glycol) as hepatocyte-
targeting DNA carrier. J Control Release 76, 349−362 
(2001) 
 
51. S. Gao, J. Chen, X. Xu, Z. Ding, Y. Yang, Z. Hua 
and J. Zhang: Galactosylated low molecular weight 
chitosan as DNA carrier for hepatocyte-targeting. Int J 
Pharm 255, 57−68 (2003) 
 
52. M. Morille, C. Passirani, E. Letrou-Bonneval, J. 
Benoit and B. Pitard: Galactosylated DNA lipid 
nanocapsules for efficient hepatocyte targeting. Int J 
Pharm 379, 293−300 (2009) 
 
53. H. Jiang, J. Kwon, Y. Kim, E. Kim, R. Arote, H. 
Jeong, J. Nah, Y. Choi, T. Akaike, M. Cho and C. Cho: 
Galactosylated chitosan-graft-polyethylenimine as a 
gene carrier for hepatocyte targeting. Gene Ther 14, 
1389−1398 (2007) 
 
54. K. Wada, H. Arima, T. Tsutsumi, F. Hirayama and 
K. Uekama: Enhancing effects of galactosylated 
dendrimer/alpha-cyclodextrin conjugates on gene 
transfer efficiency. Biol Pharm Bull 28, 500−505 (2005) 
 
55. H. Arima, S. Yamashita, Y. Mori, Y. Hayashi, K. 
Motoyama, K. Hattori, T. Takeuchi, H. Jono, Y. Ando, 
F. Hirayama and K. Uekama: In vitro and in vivo gene 
delivery mediated by Lactosylated dendrimer/alpha-
cyclodextrin conjugates (G2) into hepatocytes. J Control 
Release 146, 106−117 (2010) 
 
56. P. Erbacher, M. Bousser, J. Raimond, M. Monsigny, 
P. Midoux and A. Roche: Gene transfer by 
DNA/glycosylated polylysine complexes into human 
blood monocyte-derived macrophages. Hum Gene Ther 
7, 721−729 (1996) 
 
57. W. Liang, X. Shi, D. Deshpande, C. Malanga and Y. 
Rojanasakul: Oligonucleotide targeting to alveolar 
macrophages by mannose receptor-mediated endocytosis. 
Biochim Biophys Acta 1279, 227−234 (1996) 
 
58. T. Ferkol, J. Perales, F. Mularo and R. Hanson: 
Receptor-mediated gene transfer into macrophages. Proc 
Natl Acad Sci U S A 93, 101−105 (1996) 
 
59. M. Nishikawa, S. Takemura, F. Yamashita, Y. 
Takakura, D. Meijer, M. Hashida and P. Swart: 
Pharmacokinetics and in vivo gene transfer of plasmid 



Glycosylated carriers for targeted delivery of nucleic acids 

2983 

DNA complexed with mannosylated poly(L-lysine) in 
mice. J Drug Target 8, 29−38 (2000) 
 
60. S. Kawakami, A. Sato, M. Nishikawa, F. Yamashita 
and M. Hashida: Mannose receptor-mediated gene transfer 
into macrophages using novel mannosylated cationic 
liposomes. Gene Ther 7, 292−299 (2000) 
 
61. Y. Kuramoto, S. Kawakami, S. Zhou, K. Fukuda, F. 
Yamashita and M. Hashida: Mannosylated cationic 
liposomes/CpG DNA complex for the treatment of hepatic 
metastasis after intravenous administration in mice. J Pharm 
Sci 98, 1193−1197 (2009) 
 
62. Y. Hattori, S. Kawakami, K. Nakamura, F. Yamashita and 
M. Hashida: Efficient gene transfer into macrophages and 
dendritic cells by in vivo gene delivery with mannosylated 
lipoplex via the intraperitoneal route. J Pharmacol Exp Ther 
318, 828−834 (2006) 
 
63. Y. Higuchi, S. Kawakami, F. Yamashita and M. Hashida: 
The potential role of fucosylated cationic liposome/NFkappaB 
decoy complexes in the treatment of cytokine-related liver 
disease. Biomaterials 28, 532−539 (2007) 
 
64. Wassana Wijagkanalan, Shigeru Kawakami, Yuriko 
Higuchi, Fumiyoshi Yamashita, and Mitsuru Hashida: 
Intratracheally instilled mannosylated cationic 
liposome/NFκB decoy complexes for effective 
prevention of LPS-induced lung inflammation,  J 
Control Release, 149 (1), 42-50 (2011) 
 
65. W. Yu, C. Liu, Y. Liu, N. Zhang and W. Xu: 
Mannan-modified solid lipid nanoparticles for targeted 
gene delivery to alveolar macrophages. Pharm Res 27, 
1584−1596 (2010) 
 
66. K. Un, S. Kawakami, R. Suzuki, K. Maruyama, F. 
Yamashita and M. Hashida: Enhanced transfection 
efficiency into macrophages and dendritic cells by a 
combination method using mannosylated lipoplexes and 
bubble liposomes with ultrasound exposure. Hum Gene 
Ther 21, 65−74 (2010) 
 
67. K. Wada, H. Arima, T. Tsutsumi, Y. Chihara, K. 
Hattori, F. Hirayama and K. Uekama: Improvement of 
gene delivery mediated by mannosylated 
dendrimer/alpha-cyclodextrin conjugates. J Control 
Release 104, 397−413 (2005) 
 
68. H. Arima, Y. Chihara, M. Arizono, S. Yamashita, K. 
Wada, F. Hirayama and K. Uekama: Enhancement of 
gene transfer activity mediated by mannosylated 
dendrimer/alpha-cyclodextrin conjugate (generation 3, 
G3). J Control Release 116, 64−74 (2006) 
 
69. L. Dong, S. Xia, Y. Luo, H. Diao, J. Zhang and J. 
Chen: Targeting delivery oligonucleotide into 
macrophages by cationic polysaccharide from Bletilla 
striata successfully inhibited the expression of TNF-
alpha. J Control Release 134, 214−220 (2009) 

70. Y. Hattori, S. Kawakami, Y. Lu, K. Nakamura, F. 
Yamashita and M. Hashida: Enhanced DNA vaccine 
potency by mannosylated lipoplex after intraperitoneal 
administration. J Gene Med 8, 824−834 (2006) 
 
71. K. Un, S. Kawakami, R. Suzuki, K. Maruyama, F. 
Yamashita and M. Hashida: Development of an ultrasound-
responsive and mannose-modified gene carrier for DNA 
vaccine therapy. Biomaterials 31, 7813−7826 (2010) 
 
72. Y. Hattori, S. Kawakami, S. Suzuki, F. Yamashita and 
M. Hashida: Enhancement of immune responses by DNA 
vaccination through targeted gene delivery using 
mannosylated cationic liposome formulations following 
intravenous administration in mice. Biochem Biophys Res 
Commun 317, 992−999 (2004) 
 
73. Y. Lu, S. Kawakami, F. Yamashita and M. Hashida: 
Development of an antigen-presenting cell-targeted DNA 
vaccine against melanoma by mannosylated liposomes. 
Biomaterials 28, 3255−3262 (2007) 
 
74. C. Tang, J. Lodding, G. Minigo, D. Pouniotis, M. 
Plebanski, A. Scholzen, I. McKenzie, G. Pietersz and V. 
Apostolopoulos: Mannan-mediated gene delivery for 
cancer immunotherapy. Immunology 120, 325−335 (2007) 
 
75. X. Zhou, B. Liu, X. Yu, X. Zha, X. Zhang, Y. Chen, X. 
Wang, Y. Jin, Y. Wu, Y. Shan, J. Liu, W. Kong and J. 
Shen: Controlled release of PEI/DNA complexes from 
mannose-bearing chitosan microspheres as a potent 
delivery system to enhance immune response to HBV DNA 
vaccine. J Control Release 121, 200−207 (2007) 
 
76. H. Salman, J. Irache and C. Gamazo: Immunoadjuvant 
capacity of flagellin and mannosamine-coated 
poly(anhydride) nanoparticles in oral vaccination. Vaccine 
27, 4784−4790 (2009) 
 
77. R. Srinivas, P. Karmali, D. Pramanik, A. Garu, Y. 
Mahidhar, B. Majeti, S. Ramakrishna, G. Srinivas and A. 
Chaudhuri: Cationic amphiphile with shikimic acid 
headgroup shows more systemic promise than its mannosyl 
analogue as DNA vaccine carrier in dendritic cell based 
genetic immunization. J Med Chem 53, 1387−1391 (2010) 
 
78. P. de Bleser, P. Jannes, S. van Buul-Offers, C. 
Hoogerbrugge, C. van Schravendijk, T. Niki, V. Rogiers, J. 
van den Brande, E. Wisse and A. Geerts: Insulinlike growth 
factor-II/mannose 6-phosphate receptor is expressed on 
CCl4-exposed rat fat-storing cells and facilitates activation 
of latent transforming growth factor-beta in cocultures with 
sinusoidal endothelial cells. Hepatology 21, 1429−1437 
(1995) 
 
79. Z. Ye, K. Cheng, R. Guntaka and R. Mahato: Targeted 
delivery of a triplex-forming oligonucleotide to hepatic 
stellate cells. Biochemistry 44, 4466−4476 (2005) 
 
80. Z. Ye, K. Cheng, R. Guntaka and R. Mahato: Receptor-
mediated hepatic uptake of M6P-BSA-conjugated triplex-



Glycosylated carriers for targeted delivery of nucleic acids 

2984 

forming oligonucleotides in rats. Bioconjug Chem 17, 
823−830 (2006) 
 
81. N. Yang, Z. Ye, F. Li and R. Mahato: HPMA polymer-
based site-specific delivery of oligonucleotides to hepatic 
stellate cells. Bioconjug Chem 20, 213−221 (2009) 
 
82. I. Fajac, P. Briand, M. Monsigny and P. Midoux: 
Sugar-mediated uptake of glycosylated polylysines and 
gene transfer into normal and cystic fibrosis airway 
epithelial cells. Hum Gene Ther 10, 395−406 (1999) 
 
83. W. Kollen, P. Midoux, P. Erbacher, A. Yip, A. Roche, 
M. Monsigny, M. Glick and T. Scanlin: Gluconoylated and 
glycosylated polylysines as vectors for gene transfer into 
cystic fibrosis airway epithelial cells. Hum Gene Ther 7, 
1577−1586 (1996) 
 
84. S. Grosse, Y. Aron, I. Honoré, G. Thévenot, C. Danel, 
A. Roche, M. Monsigny and I. Fajac: Lactosylated 
polyethylenimine for gene transfer into airway epithelial 
cells: role of the sugar moiety in cell delivery and 
intracellular trafficking of the complexes. J Gene Med 6, 
345−356 (2004) 
 
85. T. Montier, P. Delépine, T. Benvegnu, V. Ferrières, M. 
Miramon, S. Dagorn, C. Guillaume, D. Plusquellec and C. 
Férec: Efficient gene transfer into human epithelial cell 
lines using glycosylated cationic carriers and neutral 
glycosylated co-lipids. Blood Cells Mol Dis 32, 271−282 
(2004) 
 
86. M. Issa, M. Köping-Höggård, K. Tømmeraas, K. 
Vårum, B. Christensen, S. Strand and P. Artursson: 
Targeted gene delivery with trisaccharide-substituted 
chitosan oligomers in vitro and after lung administration in 
vivo. J Control Release 115, 103−112 (2006) 
 
87. D. Klink, S. Chao, M. Glick and T. Scanlin: Nuclear 
translocation of lactosylated poly-L-lysine/cDNA complex 
in cystic fibrosis airway epithelial cells. Mol Ther 3, 
831−841 (2001) 
 
88. H. Gabius: Animal lectins. Eur J Biochem 243, 
543−576 (1997) 
 
89. M. Hirai, H. Minematsu, N. Kondo, K. Oie, K. Igarashi 
and N. Yamazaki: Accumulation of liposome with Sialyl 
Lewis X to inflammation and tumor region: application to 
in vivo bio-imaging. Biochem Biophys Res Commun 353, 
553−558 (2007) 
 
90. N. Hashida, N. Ohguro, N. Yamazaki, Y. Arakawa, E. 
Oiki, H. Mashimo, N. Kurokawa and Y. Tano: High-
efficacy site-directed drug delivery system using sialyl-
Lewis X conjugated liposome. Exp Eye Res 86, 138−149 
(2008) 
 
91. T. Murohara, J. Margiotta, L. Phillips, J. Paulson, S. 
DeFrees, S. Zalipsky, L. Guo and A. Lefer: 
Cardioprotection by liposome-conjugated sialyl Lewisx-

oligosaccharide in myocardial ischaemia and reperfusion 
injury. Cardiovasc Res 30, 965−974 (1995) 
 
92. R. Stahn, C. Grittner, R. Zeisig, U. Karsten, S. Felix 
and K. Wenzel: Sialyl Lewis(x)-liposomes as vehicles for 
site-directed, E-selectin-mediated drug transfer into 
activated endothelial cells. Cell Mol Life Sci 58, 141−147 
(2001) 
 
93. T. Katav, L. Liu, T. Traitel, R. Goldbart, M. Wolfson 
and J. Kost: Modified pectin-based carrier for gene 
delivery: cellular barriers in gene delivery course. J Control 
Release 130, 183−191 (2008) 
 
94. T. Kasuya, J. Jung, H. Kadoya, T. Matsuzaki, K. 
Tatemastu, T. Okajima, E. Miyoshi, K. Tanizawa and S. 
Kuroda: In vivo delivery of bio-nanocapsules displaying 
L4-PHA isolectin to malignant tumors overexpressing N-
acetylglucosaminyltransferase V. Hum Gene Ther 19, 
887−895 (2008) 
 
95. F. van den Brûle, S. Califice and V. Castronovo: 
Expression of galectins in cancer: a critical review. 
Glycoconj J 19, 537−542 (2004) 
 
96. T. Handerson and J. Pawelek: Beta1,6-branched 
oligosaccharides and coarse vesicles: a common, pervasive 
phenotype in melanoma and other human cancers. Cancer 
Res 63, 5363−5369 (2003) 
 
97. R. Cummings, I. Trowbridge and S. Kornfeld: A mouse 
lymphoma cell line resistant to the leukoagglutinating 
lectin from Phaseolus vulgaris is deficient in UDP-
GlcNAc: alpha-D-mannoside beta 1,6 N-
acetylglucosaminyltransferase. J Biol Chem 257, 
13421−13427 (1982) 
 
98. A. Kichler, C. Leborgne, E. Coeytaux and O. Danos: 
Polyethylenimine-mediated gene delivery: a mechanistic 
study. J Gene Med 3, 135−144 (2001) 
 
99. D. Pack, A. Hoffman, S. Pun and P. Stayton: Design 
and development of polymers for gene delivery. Nat Rev 
Drug Discov 4, 581−593 (2005) 
 
100. I. Fajac, G. Thévenot, L. Bédouet, C. Danel, M. 
Riquet, M. Merten, C. Figarella, J. Dall'Ava-Santucci, M. 
Monsigny and P. Briand: Uptake of plasmid/glycosylated 
polymer complexes and gene transfer efficiency in 
differentiated airway epithelial cells. J Gene Med 5, 38−48 
(2003) 
 
101. S. Grosse, A. Tremeau-Bravard, Y. Aron, P. Briand 
and I. Fajac: Intracellular rate-limiting steps of gene 
transfer using glycosylated polylysines in cystic fibrosis 
airway epithelial cells. Gene Ther 9, 1000−1007 (2002) 
 
102. C. Gonçalves, C. Pichon, B. Guérin and P. Midoux: 
Intracellular processing and stability of DNA complexed 
with histidylated polylysine conjugates. J Gene Med 4, 
271−281 (2002) 



Glycosylated carriers for targeted delivery of nucleic acids 

2985 

103. K. Shigeta, S. Kawakami, Y. Higuchi, T. Okuda, H. 
Yagi, F. Yamashita and M. Hashida: Novel histidine-
conjugated galactosylated cationic liposomes for efficient 
hepatocyte-selective gene transfer in human hepatoma 
HepG2 cells. J Control Release 118, 262−270 (2007) 
 
104. K. Nakamura, Y. Kuramoto, H. Mukai, S. 
Kawakami, Y. Higuchi and M. Hashida: Enhanced gene 
transfection in macrophages by histidine-conjugated 
mannosylated cationic liposomes. Biol Pharm Bull 32, 
1628−1631 (2009) 
 
105. M. Nishikawa, M. Yamauchi, K. Morimoto, E. 
Ishida, Y. Takakura and M. Hashida: Hepatocyte-
targeted in vivo gene expression by intravenous 
injection of plasmid DNA complexed with synthetic 
multi-functional gene delivery system. Gene Ther 7, 
548−555 (2000) 
 
106. A. Kichler, I. Freulon, V. Boutin, R. Mayer, M. 
Monsigny and P. Midoux: Glycofection in the presence 
of anionic fusogenic peptides: a study of the parameters 
affecting the peptide-mediated enhancement of the 
transfection efficiency. J Gene Med 1, 134−143 (1999) 
 
107. Y. Hattori, S. Suzuki, S. Kawakami, F. Yamashita 
and M. Hashida: The role of 
dioleoylphosphatidylethanolamine (DOPE) in targeted 
gene delivery with mannosylated cationic liposomes via 
intravenous route. J Control Release 108, 484−495 
(2005) 
 
108. S. Grosse, G. Thévenot, M. Monsigny and I. Fajac: 
Which mechanism for nuclear import of plasmid DNA 
complexed with polyethylenimine derivatives? J Gene 
Med 8, 845−851 (2006) 
 
109. S. Grosse, G. Thévenot, Y. Aron, E. Duverger, M. 
Abdelkarim, A. Roche, M. Monsigny and I. Fajac: In 
vivo gene delivery in the mouse lung with lactosylated 
polyethylenimine, questioning the relevance of in vitro 
experiments. J Control Release 132, 105−112 (2008) 
 
110. D. Klink, Q. Yu, M. Glick and T. Scanlin: 
Lactosylated poly-L-lysine targets a potential lactose 
receptor in cystic fibrosis and non-cystic fibrosis airway 
epithelial cells. Mol Ther 7, 73−80 (2003) 
 
111. T. Masuda, H. Akita, T. Nishio, K. Niikura, K. 
Kogure, K. Ijiro and H. Harashima: Development of 
lipid particles targeted via sugar-lipid conjugates as 
novel nuclear gene delivery system. Biomaterials 29, 
709−723 (2008) 
 
112. T. Bettinger, J. Remy and P. Erbacher: Size 
reduction of galactosylated PEI/DNA complexes 
improves lectin-mediated gene transfer into hepatocytes. 
Bioconjug Chem 10, 558−561 (1999) 
 
113. M. Ogris, P. Steinlein, M. Kursa, K. Mechtler, R. 
Kircheis and E. Wagner: The size of DNA/transferrin-

PEI complexes is an important factor for gene 
expression in cultured cells. Gene Ther 5, 1425−1433 
(1998) 
 
114. Y. Rahman, E. Cerny, K. Patel, E. Lau and B. Wright: 
Differential uptake of liposomes varying in size and lipid 
composition by parenchymal and kupffer cells of mouse 
liver. Life Sci 31, 2061−2071 (1982) 
 
115. K. Ogawara, M. Yoshida, K. Higaki, T. Kimura, K. 
Shiraishi, M. Nishikawa, Y. Takakura and M. Hashida: 
Hepatic uptake of polystyrene microspheres in rats: effect of 
particle size on intrahepatic distribution. J Control Release 59, 
15−22 (1999) 
 
116. F. Yuan, M. Dellian, D. Fukumura, M. Leunig, D. Berk, 
V. Torchilin and R. Jain: Vascular permeability in a human 
tumor xenograft: molecular size dependence and cutoff size. 
Cancer Res 55, 3752−3756 (1995) 
 
117. J. Yang and L. Huang: Overcoming the inhibitory effect 
of serum on lipofection by increasing the charge ratio of 
cationic liposome to DNA. Gene Ther 4, 950−960 (1997) 
 
118. M. Ogris, S. Brunner, S. Schüller, R. Kircheis and E. 
Wagner: PEGylated DNA/transferrin-PEI complexes: reduced 
interaction with blood components, extended circulation in 
blood and potential for systemic gene delivery. Gene Ther 6, 
595−605 (1999) 
 
119. F. Sakurai, T. Nishioka, F. Yamashita, Y. Takakura and 
M. Hashida: Effects of erythrocytes and serum proteins on 
lung accumulation of lipoplexes containing cholesterol or 
DOPE as a helper lipid in the single-pass rat lung perfusion 
system. Eur J Pharm Biopharm 52, 165−172 (2001) 
 
120. S. Fumoto, F. Nakadori, S. Kawakami, M. Nishikawa, F. 
Yamashita and M. Hashida: Analysis of hepatic disposition of 
galactosylated cationic liposome/plasmid DNA complexes in 
perfused rat liver. Pharm Res 20, 1452−1459 (2003) 
 
121. S. Kawakami, Y. Hattori, Y. Lu, Y. Higuchi, F. 
Yamashita and M. Hashida: Effect of cationic charge on 
receptor-mediated transfection using mannosylated cationic 
liposome/plasmid DNA complexes following the intravenous 
administration in mice. Pharmazie 59, 405−408 (2004) 
 
122. S. Fumoto, S. Kawakami, K. Shigeta, Y. Higuchi, F. 
Yamashita and M. Hashida: Interaction with blood 
components plays a crucial role in asialoglycoprotein receptor-
mediated in vivo gene transfer by galactosylated lipoplex. J 
Pharmacol Exp Ther 315, 484−493 (2005) 
 
123. S. Fumoto, S. Kawakami, Y. Ito, K. Shigeta, F. 
Yamashita and M. Hashida: Enhanced hepatocyte-selective 
in vivo gene expression by stabilized galactosylated 
liposome/plasmid DNA complex using sodium chloride for 
complex formation. Mol Ther 10, 719−729 (2004) 
 
124. V. Shepherd, M. Konish and P. Stahl: Dexamethasone 
increases expression of mannose receptors and decreases 



Glycosylated carriers for targeted delivery of nucleic acids 

2986 

extracellular lysosomal enzyme accumulation in 
macrophages. J Biol Chem 260, 160−164 (1985) 
 
125. M. Stein, S. Keshav, N. Harris and S. Gordon: 
Interleukin 4 potently enhances murine macrophage 
mannose receptor activity: a marker of alternative 
immunologic macrophage activation. J Exp Med 176, 
287−292 (1992) 
 
126. V. Shepherd, R. Abdolrasulnia, M. Garrett and H. 
Cowan: Down-regulation of mannose receptor activity in 
macrophages after treatment with lipopolysaccharide and 
phorbol esters. J Immunol 145, 1530−1536 (1990) 
 
127. N. Harris, M. Super, M. Rits, G. Chang and R. 
Ezekowitz: Characterization of the murine macrophage 
mannose receptor: demonstration that the downregulation 
of receptor expression mediated by interferon-gamma 
occurs at the level of transcription. Blood, 80, 2363−2373 
(1992) 
 
128. H. Koziel, Q. Eichbaum, B. Kruskal, P. Pinkston, R. 
Rogers, M. Armstrong, F. Richards, R. Rose and R. 
Ezekowitz: Reduced binding and phagocytosis of 
Pneumocystis carinii by alveolar macrophages from 
persons infected with HIV-1 correlates with mannose 
receptor downregulation. J Clin Invest 102, 1332−1344 
(1998) 
 
129. S. Manna, S. Sarkar, J. Barr, K. Wise, E. Barrera, O. 
Jejelowo, A. Rice-Ficht and G. Ramesh: Single-walled 
carbon nanotube induces oxidative stress and activates 
nuclear transcription factor-kappaB in human 
keratinocytes. Nano Lett 5, 1676−1684 (2005) 
 
130. N. Kam and H. Dai: Carbon nanotubes as intracellular 
protein transporters: generality and biological functionality. 
J Am Chem Soc 127, 6021−6026 (2005) 
 
131. C. Gao, S. Muthukrishnan, W. Li, J. Yuan, Y. Xu and 
A. Muller: Linear and hyperbranched glycopolymer-
functionalized carbon nanotubes: Synthesis, Kinetics, and 
Characterization. Macromolecules 40, 1803−1815 (2007) 
 
132. M. Ahmed, X. Jiang, Z. Deng and R. Narain: Cationic 
glyco-functionalized single-walled carbon nanotubes as 
efficient gene delivery vehicles. Bioconjug Chem 20, 
2017−2022 (2009) 
 
133. P. Eaton, A. Ragusa, C. Clavel, C. Rojas, P. Graham, 
R. Durán and S. Penadés: Glyconanoparticle-DNA 
interactions: an atomic force microscopy study. IEEE Trans 
Nanobioscience 6, 309−318 (2007) 
 
134. M. Ahmed, Z. Deng, S. Liu, R. Lafrenie, A. Kumar 
and R. Narain: Cationic glyconanoparticles: their 
complexation with DNA, cellular uptake, and transfection 
efficiencies. Bioconjug Chem 20, 2169−2176 (2009) 
 
135. B. Selvi, D. Jagadeesan, B. Suma, G. Nagashankar, M. 
Arif, K. Balasubramanyam, M. Eswaramoorthy and T. 

Kundu: Intrinsically fluorescent carbon nanospheres as a 
nuclear targeting vector: delivery of membrane-impermeable 
molecule to modulate gene expression in vivo. Nano Lett 8, 
3182−3188 (2008) 
 
136. X. Chen, U. Tam, J. Czlapinski, G. Lee, D. Rabuka, A. 
Zettl and C. Bertozzi: Interfacing carbon nanotubes with living 
cells. J Am Chem Soc 128, 6292−6293 (2006) 
 
137. H. Sudibya, J. Ma, X. Dong, S. Ng, L. Li, X. Liu and P. 
Chen: Interfacing glycosylated carbon-nanotube-network 
devices with living cells to detect dynamic secretion of 
biomolecules. Angew Chem Int Ed Engl 48, 2723−2726 (2009) 
 
138. S. Hong, G. Tobias, K. Al-Jamal, B. Ballesteros, H. Ali-
Boucetta, S. Lozano-Perez, P. Nellist, R. Sim, C. Finucane, S. 
Mather, M. Green, K. Kostarelos and B. Davis: Filled and 
glycosylated carbon nanotubes for in vivo radioemitter 
localization and imaging. Nat Mater 9, 485−490 (2010) 
 
139. X. Wang, D. Sarkar, P. Mani, C. Steer, Y. Chen, C. Guha, 
V. Chandrasekhar, A. Chaudhuri, N. Roy-Chowdhury, B. 
Kren and J. Roy-Chowdhury: Long-term reduction of jaundice 
in Gunn rats by nonviral liver-targeted delivery of Sleeping 
Beauty transposon. Hepatology 50, 815−824 (2009) 
 
140. Z. Izsvák and Z. Ivics: Sleeping beauty transposition: 
biology and applications for molecular therapy. Mol Ther 9, 
147−156 (2004) 
 
141. M. Edelstein, M. Abedi and J. Wixon: Gene therapy 
clinical trials worldwide to 2007--an update. J Gene Med 9, 
833−842 (2007) 
 
142. W. Anderson: Human gene therapy. Nature 392, 25−30 
(1998) 
 
143. U. S. National Institutes of Health: Clinical Trials 
Database. Available: http://clinicaltrials.gov/ 
 
144. A. Avraméas, D. McIlroy, A. Hosmalin, B. Autran, P. 
Debré, M. Monsigny, A. Roche and P. Midoux: Expression of 
a mannose/fucose membrane lectin on human dendritic cells. 
Eur J Immunol 26, 394−400 (1996) 
 
145. V. Shepherd, H. Freeze, A. Miller and P. Stahl: 
Identification of mannose 6-phosphate receptors in 
rabbit alveolar macrophages. J Biol Chem 259, 
2257−2261 (1984) 
 
146. M. Stein, J. Zijderhand-Bleekemolen, H. Geuze, A. 
Hasilik and K. von Figura: Mr 46,000 mannose 6-
phosphate specific receptor: its role in targeting of 
lysosomal enzymes. EMBO J 6, 2677−2681 (1987) 
 
147. B. Brandley, S. Swiedler and P. Robbins: 
Carbohydrate ligands of the LEC cell adhesion 
molecules. Cell 63, 861−863 (1990) 
 
148. I. Moutsatsos, M. Wade, M. Schindler and J. Wang: 
Endogenous lectins from cultured cells: nuclear localization 



Glycosylated carriers for targeted delivery of nucleic acids 

2987 

of carbohydrate-binding protein 35 in proliferating 3T3 
fibroblasts. Proc Natl Acad Sci U S A 84, 6452−6456 
(1987) 
 
149. H. Schröder, P. Facy, M. Monsigny, K. Pfeifer, A. 
Bek and W. Müller: Purification of a glucose-binding 
protein from rat liver nuclei. Evidence for a role in 
targeting of nuclear mRNP to nuclear pore complex. Eur J 
Biochem 205, 1017−1025 (1992) 
 
150. C. Rousseau, M. Felin, M. Doyennette-Moyne and A. 
Sève: CBP70, a glycosylated nuclear lectin. J Cell Biochem 
66, 370−385 (1997) 
 
Abbreviations: siRNA: Small interfering RNA, 
Man−C4−Chol: Cholesten-5-yloxy-N- (4- ( (1-imino-2-β-D-
thiomannosylethyl)amino)alkyl)formamide, NFκB: Nuclear 
factor kappa B, Fuc−C4−Chol: Cholesten-5-yloxy-N- (4- ( 
(1-imino-2-β-L-thiofucosylethyl)amino)alkyl)formamide, 
Man-PEG-DSPE: mannose-modified 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N- (poly (ethylene 
glycol)2000, IL-12: Interleukin 12, ICAM-1: Inter-cellular 
adhesion molecule 1, IL-1β, Interleukin-1 beta, Influenza 
HA-2: Influenza hemagglutinin 2, GALA: a synthetic, 
amphiphilic 30-amino acid peptide containing a glutamine-
alanine-leucine-alanine repeat, HIV-1: Human 
immunodeficiency virus 1. 
 
Key Words: Carbohydrate, Gene delivery, Glycosylated 
carrier, Glycotargeting, Lectin, Nuclear import, Nucleic 
acids, Review 
 
Send correspondence to: Shigeru Kawakami, Department 
of Drug Delivery Research, Graduate School of 
Pharmaceutical Sciences, Kyoto University, 46-29, 
Yoshida Shimoadachi-cho, Sakyo-ku, Kyoto, 606-8501, 
Japan, Tel: 81-75-753-4525, Fax: 81-75-753-4575, E-mail: 
kawakami@pharm.kyoto-u.ac.jp   
 
http://www.bioscience.org/current/vol16.htm 


