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Abstract: For the purposes of obtaining a hepatocyte-selective drug delivery system, a novel 

tetravalent galactosylated diethylenetriaminepentaacetic acid-distearoyl phosphatidyletha-

nolamine (4Gal-DTPA-DSPE) was synthesized. The chemical structure of 4Gal-DTPA-DSPE 

was confirmed by proton nuclear magnetic resonance and mass spectrometry. The four 

galactose-modified liposomes (4Gal-liposomes) were prepared by thin-film hydration method, 

then doxorubicin (DOX) was encapsulated into liposomes using an ammonium sulfate gradient 

loading method. The liposomal formulations with 4Gal-DTPA-DSPE were characterized by laser 

confocal scanning microscopy and flow cytometry analysis, and the results demonstrated that 

the 4Gal-liposomes facilitated the intracellular uptake of DOX into HepG2 cells via asialogly-

coprotein receptor-mediated endocytosis. Cytotoxicity assay showed that the cell proliferation 

inhibition effect of 4Gal-liposomes was higher than that of the conventional liposomes without 

the galactose. Additionally, pharmacokinetic experiments in rats revealed that the 4Gal-liposomes 

displayed slower clearance from the systemic circulation compared with conventional  liposomes. 

The organ distributions in mice and the study on frozen sections of liver implied that the 

4Gal-liposomes enhanced the intracellular uptake of DOX into hepatocytes and prolonged the 

circulation. Taken together, these results indicate that liposomes containing 4Gal-DTPA-DSPE 

have great potential as drug delivery carriers for hepatocyte-selective targeting.

Keywords: targeted drug delivery, liposomes, pharmacokinetics, galactose, ASGP-R, 

doxorubicin

Introduction
Liver diseases, including virus infections, liver cirrhosis, and hepatocellular carcinoma, 

have become a significant health challenge around the world, due to the lack of curative 

treatment options besides liver resections and transplantation.1

Hepatocytes, the liver parenchymal cells, constitute 60%–80% of the mass of the 

liver tissue, and liver diseases mainly develop from the hepatocytes.2 Although hepa-

tocytes are the main functional cells of the liver, high uptake of compounds into other 

liver cell types, such as Kupffer cells, often leads to serious degradation of them,3 which 

in some cases destroys their therapeutic activity. However, hepatocyte targeting is often 

equated with liver targeting, and total liver uptake of a compound is measured without 

proper identification of the cell type. This has induced the necessity of the develop-

ment of cell-specific delivery carriers, through surface modification, which are usually 

transferred via a receptor-mediated endocytosis system. Asialoglycoprotein receptors 

(ASGP-Rs) are exclusively expressed on the membranes of hepatocytes, providing 

active membrane-bound sites, and have been used as the target receptors for drug 
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delivery to the hepatocytes.4,5 ASGP-Rs contain 1–5 × 105 

binding sites per cell, and their main function is to recognize, 

bind, and internalize ASGPs that contain terminal galactose 

(Gal) or N-acetylgalactosamine (GalNAc) residues.6,7

Many studies have proved that both natural and synthetic 

carbohydrates can establish the structure–affinity relationship 

for the ASGP-R. Baenziger and Maynard8 and Baenziger and 

Fiete9 have shown that the human receptor exhibits specificity 

for terminal Gal and GalNAc on desialylated glycoproteins. 

Lee et al10 have also demonstrated that the affinity and 

specificity of the ASGP-R is a consequence of oligovalent 

interactions with its physiological ligands, a process termed 

“cluster glycoside effect.” Synthetic oligosaccharides tested 

on rabbit hepatocytes by Lee et al further strengthened the 

binding hierarchy of polyvalent ligands: tetra-antennary . 

triantennary .. biantennary .. monoantennary as a 

cluster glycoside effect.

Hepatocyte-selective targeting can be achieved through 

introduction of cells recognizing ligands on the liposomal 

surface. As many studies have proved that Gal-modified 

liposomes can be recognized by the ASGP-R on the liver 

parenchymal cells and incorporated into the cells by endocy-

tosis, Gal was used as a liver-targeting moiety. Many studies 

have verified that liposomes modified with galactosylated 

lipid achieves effective targets to hepatocytes.11–14 Moreover, 

the half maximal inhibitory concentration values for mono-, 

bi-, tri-, and tetra-antennary oligosaccharides were found to 

be approximately 1 × 10−3, 1 × 10−6, 5 × 10−9, and 10−9 M, 

respectively. In other words, although the number of Gal 

residues/mol of ligand increased only four-fold, the inhibitory 

potency increased 1,000,000-fold.15

Most studies have focused on cholesterol (Chol) as 

a lipophilic anchor moiety, because galactosylated Chol 

derivatives can be easily synthesized, where Chol and Gal 

ligands are linked by an ether bond.16 However, it is very 

easy for Chol to fall out from the liposome membrane if the 

hydrophilic head group is too large, whereas distearoylphos-

phatidylethanolamine (DSPE) anchor may be located deeper 

in the liposome membrane with its two long aliphatic chains 

(2 × 17-CH
2
−), thus steadily inserting into the walls of lipid 

bilayer structures.17,18 In addition, Yeagle19 reported that red 

cell membrane sodium–potassium adenosine triphosphatase 

activity gradually decreased with elevated Chol levels. 

 Furthermore, the proportion of Chol in the cell membrane 

limited the amount of Chol in liposomes,20 thus limiting the 

quantity of ligands in liposomes. In contrast, DSPE is a natural 

body component with good biocompatibility, and the maxi-

mum amount of phospholipid in liposomes can reach 80%.21 

Therefore, the quantity of ligands in liposome can be greatly 

increased when DSPE serves as a lipophilic anchor moiety. 

Hence, DSPE was employed to connect Gal ligands in our 

study. Although multivalent Gal ligands have been previously 

reported,22 few articles describe ligands beyond three Gal 

units. As we mentioned, targeting efficiency increases from 

monoantennary to tetra-antennary as a cluster glycoside effect. 

Therefore, in our study, four Gals were firstly connected to a 

DSPE simultaneously to improve the targeting efficiency.

In the present study, we designed and synthesized a novel 

multifunctional liposomal material, tetravalent galactosylated 

diethylenetriaminepentaacetic acid-distearoylphosphati-

dylethanolamine (4Gal-DTPA-DSPE), containing (1) a 

lipophilic anchor moiety (DSPE) for stable incorporation 

into liposomes, (2) a DTPA for connection of DSPE and 

ligands, and (3) four Gal moieties for the cell surface recep-

tors in hepatocytes.

Doxorubicin (DOX) was selected as a model drug, as it can 

be efficiently encapsulated in liposomes via transmembrane 

sulfate ammonium gradients and form a stable drug–sulfate 

gel in the liposome interior, which results in a greater stability 

of DOX liposomes in plasma and during storage. Additionally, 

DOX is a cancer chemotherapeutic agent, and its fluorescence 

allows it to be identified within tissues and cells.

This study aimed to develop a Gal-modified liposomal 

formulation for DOX delivery and evaluate its effect of target-

ing to the liver. 4Gal-liposomes were composed of 1,2-dis-

tearoyl-sn-glycero-3-phosphocholine (DSPC), Chol, and 

4Gal-DTPA-DSPE. To evaluate the liver-targeting delivery 

property of 4Gal-liposomes, in vitro cellular uptake of DOX-

loaded 4Gal-liposomes was visualized by confocal scanning 

microscopy and measured by flow cytometry. The cytotoxicity 

study was conducted to evaluate the safety of 4Gal-liposomes 

by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay. Furthermore, pharmacokinetics of 4Gal-

liposomes studied in rat and tissue distribution was carried out 

by in vivo imaging. Finally, the analysis of frozen sections of 

liver was carried out in order to study the mechanism of the 

targeting ability of 4Gal-liposomes to liver tissue.

The results suggest that the compound described in this 

work could serve as a valuable tool for studying hepatic 

endocytosis, and is a suitable carrier for site-specific drug 

delivery to the liver.

Materials and methods
Materials
DTPA was purchased from Aladdin Chemistry Co Ltd 

(Shanghai, People’s Republic of China). DSPE and DSPC 
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were purchased from Genzyme Corporation (Cambridge, 

MA, USA). Anhydrous pyridine was purchased from 

Sigma  Chemical Co (St Louis, MO, USA). 2,3,4,6-Tetra-

O-acetyl-β-D-galactopyranosyl bromide was purchased 

from J&K Scientific Co Ltd (Shanghai, People’s Republic 

of China). HepG2 cells and Hela cells were purchased from 

the  Laboratory Animal Center of Sun Yat-sen  University 

 (Guangzhou, People’s Republic of China). Cells were 

cultured in Dulbecco’s Modified Eagle’s medium supple-

mented with 10% fetal bovine serum and antibiotics 

(streptomycin 100 U/mL, penicillin 100 U/mL) at 37°C in 

humidified air with 2% carbon dioxide. All other chemicals 

were of reagent grade.

Experimental animals
Male Kunming mice (18–20 g) and male Sprague  Dawley 

rats (220–250 g) were purchased from the Laboratory  Animal 

Center of Sun Yat-sen University. All  experimental  procedures 

were approved and supervised by the  Institutional Animal 

Care and Use Committee of Sun Yat-sen University.

Synthesis of 4Gal-DTPA-DSPE conjugates
4Gal-DTPA-DSPE was synthesized by the following proce-

dure (shown in Figure 1): (1) activation of DTPA, (2) connec-

tion of DTPA and DSPE, (3) galactosylation of DTPA-DSPE, 

and (4) removal of protection from hydroxyl groups. In the 

synthetic process, the carboxyl groups of DTPA were firstly 
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Figure 1 The synthetic routes of tetravalent galactosylated diethylenetriaminepentaacetic acid-distearoylphosphatidylethanolamine (4Gal-DTPA-DSPE) conjugates.
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activated by the acetic anhydride dissolved in anhydrous pyri-

dine.23 Then the amino group of DSPE was covalently linked 

to a carboxyl group of DTPA.17 The next step was to connect 

the remaining carboxyl groups of DTPA and 1-hydroxyl group 

of Gals (other hydroxyl groups were protected by acetyla-

tion).24 Finally, the protecting groups of hydroxyl groups 

were removed selectively.25 The detailed synthetic routes of 

the compound are depicted in Supplementary material. The 

structure of 4Gal-DTPA-DSPE and intermediate products was 

characterized by 1H-NMR (1H-Nuclear Magnetic Resonance) 

and mass spectrometry (Figures S1–S4).

Preparation and characterization  
of liposomes
DSPC, Chol, and 4Gal-DTPA-DSPE (molar ratio is shown 

in Table 1) were dissolved in CHCl
3
 and dried under an N

2
 

stream. A trace amount of CHCl
3
 was removed by keeping the 

lipid film under a vacuum. The lipid film was hydrated with 

250 mM (NH
4
)

2
SO

4
 to obtain a blank liposome suspension. 

The liposome suspension was then sequentially extruded 

through polycarbonate membranes (Avanti® Mini-Extruder; 

Avanti Polar Lipids, Inc, Alabaster, AL, USA) with a pore size 

of 200 nm and 100 nm. The resulting liposomes were dialyzed 

(molecular weight cutoff size 14,000) against phosphate-

buffered saline (PBS) (pH 7.4) at 37°C. For drug loading, 

DOX was dissolved in a small volume of  deionized water and 

added to the liposomes to achieve a drug:lipid ratio of 1:10 

(mol/mol). The loading process was carried out at 65°C for 

30 —minutes, and DOX liposomes were obtained. The particle 

size and zeta potential of the DOX liposomes were analyzed 

using a Malvern Zetasizer Nano ZS90 (Malvern Instruments 

Ltd, Malvern, UK). DOX-loaded 4Gal-liposomes were stained 

with phosphotungstic acid and observed by transmission elec-

tron microscopy (FEI Tecnai G2 F30, FEI company, Hillsboro, 

OR, USA). To determine the encapsulation efficiency (EE), 

unencapsulated DOX was separated from liposomes by size 

exclusion chromatography using a Sephadex G-50 column 

(Pharmacia Company, Uppsala, Sweden). PBS (pH 7.4) was 

used as the eluent. The eluted liposomes were collected and 

lysed with Triton X-100 (1%, v/v). The DOX concentration 

was determined by ultraviolet spectrophotometry (233 nm). 

The EE of DOX was calculated based on the ratio of liposomal 

drug to total drug.

Cellular internalization
Confocal laser scanning microscopy
HepG2 cells and Hela cells were used for the cell internaliza-

tion study. HepG2 cells expressing ASGP-Rs were derived 

from a human hepatocellular carcinoma. Hela cells without 

ASGP-Rs served as the control.26–32 Cells were seeded on a 

cover glass in a 24-well culture plate at a density of 7 × 104 cells 

per well. The cells were incubated for 24 hours to 50% con-

fluence and then treated with free DOX and a variety of lipo-

somal DOX formulations for 2 hours. All groups were given 

a DOX equivalent dose of 30 µg/mL. The cells were washed 

three times with cold PBS, fixed with 4% paraformaldehyde 

at room temperature, and permeabilized with 0.5% Triton 

X-100 in PBS. The cells were stained with 4′,6-diamidino-2-

phenylindole (DAPI) (1 µg/mL) in order to visualize the nuclei. 

A Zeiss LSM710 laser scanning confocal microscope (Carl 

Zeiss Meditec AG, Jena, Germany) was used to investigate 

the intracellular uptake and subcellular distribution of DOX 

(excitation/emission wavelength: 488 nm/560 nm).

Flow cytometry analysis
Cell suspension (8 × 105 cells/well) was seeded in a 24-well 

culture plate and incubated for 24 hours until 80% confluence. 

The cells were then treated with free DOX and a variety of 

liposomal DOX formulations for 2 hours. All groups were 

given a DOX equivalent dose of 30 µg/mL. The cells were 

harvested and washed three times with cold PBS. The drug-

free cells served as a reference sample. The cellular uptake 

of DOX was measured by using a flow cytometer EPICS XL 

(Beckman Coulter, Inc, Fullerton, CA, USA). The intracel-

lular DOX was excited with an argon laser at a wavelength 

of 488 nm, and the fluorescence was detected at 575 nm. 

Data were analyzed with FlowJo software (Tree Star, Inc, 

Ashland, OR, USA).

Table 1 Composition and physicochemical properties of the prepared liposomes

DOX-liposomes Molar ratio (DSPC/ 
Chol/4Gal-DTPA-DSPE)

Particle  
size (nm)

PDI Zeta  
potential (mV)

EE (%)

Conventional liposomes 55:45:0 159.1 ± 1.3 0.083 ± 0.060 −22.5 ± 2.3 94.6 ± 5.8
4Gal-liposomes (5%) 50:45:5 168.8 ± 2.6 0.079 ± 0.038 −28.1 ± 1.6 92.7 ± 7.2
4Gal-liposomes (10%) 50:40:10 164.4 ± 1.5 0.084 ± 0.027 −33.2 ± 3.5 90.4 ± 4.9

Note: (Mean ± SD, n = 3).
Abbreviations: Chol, cholesterol; DOX,  doxorubicin; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; 4Gal-DTPA-DSPE, tetravalent galactosylated 
diethylenetriaminepentaacetic acid-distearoyl phosphatidylethanolamine; PDI, polydispersity index; EE, encapsulation efficiency.
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Competition assay
Free Gal was used as a competitive inhibitor to study whether 

the cellular uptake of the 4Gal-liposomes was via ASGP-Rs. 

HepG2 cells and Hela cells were seeded in 24-well plates at a 

density of 7 × 104 cells (in 500 µL culture media) per well and 

incubated for 24 hours until 50% confluence, to which 200 µL 

of Gal solution (100 mM) was added, and then 37 µL of 4Gal-

liposomes (DOX concentration of 600 µg/mL) was added to 

incubate for 2 hours. The total volume of culture media was 

approximately 700 µL. The treatment samples were the same 

as those in “Confocal laser scanning microscopy.”

Cell cytotoxicity assay
The cytotoxicity of free DOX and various liposomes (conven-

tional liposomes, 4Gal-liposomes, and blank 4Gal-liposomes) 

on HepG2 cells and Hela cells was examined via MTT assay. 

Briefly, cells were seeded in 96-well plates at a density of 

1 × 104 cells per well and incubated for 24 hours. Then the 

cells were treated with serial concentrations of free DOX or a 

variety of liposomal DOX formulations. The drug-free cells 

served as a reference sample, and the cell-free culture medium 

served as a blank control. After 24 hours incubation, 10 µL of 

MTT solution (5 mg/mL) was added to each well and incubated 

for a further 4 hours. Finally, the medium was replaced with 

150 µL dimethyl sulfoxide (DMSO), and the optical density 

(OD) was determined with a microplate reader at a wavelength 

of 570 nm in triplicate. Relative inhibition was calculated by 

the following formula. Experiments were repeated three times, 

and data were presented as mean ± standard deviation.

 Relative viability
OD reference OD blank

OD sample OD blank
=

−
−

 Relative inhibition = 1 − relative viability.

Pharmacokinetic studies in rats
To obtain preliminary parameters about the pharmacokinetic 

properties of the 4Gal-liposomes, 15 Sprague Dawley rats 

were divided into three groups at random and treated with free 

DOX, conventional liposomes, and 4Gal-liposomes (10%), 

respectively. All groups were given a DOX equivalent dose of 

10 mg/kg, and blood samples were collected at 10 minutes, 

30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, and 8 hours after 

drug administration from the jugular vein. Then the plasma 

was obtained by centrifuging immediately at 5,000 rpm for 

10 minutes. A total of 20 µL of internal standard (salicylic 

acid, 10.4 µg/mL in methanol) was added to 100 µL of plasma 

and mixed for 30 seconds. After adding 25 µL of perchloric 

acid (17.5%, v/v) and eddying for 1 minute, the plasma 

samples were centrifuged at 13,000 rpm for 10 minutes. 

Then an aliquot of 20 µL of the supernatant solution was 

injected into the high performance liquid chromatograph 

(HPLC) (Hitachi, Tokyo, Japan). Samples were separated by 

Luna-C18 column (150 × 4.6 mm, 5 µm; Phenomenex, Tor-

rance, CA, USA). The mobile phase consisting of NH
4
H

2
PO

4
 

(0.01 mol/L)-acetonitrile-acetic acid (76:24:0.4, v/v/v) was 

pumped at a flow rate of 1.0 mL/min. The column eluent was 

monitored at 233 nm at 40°C.

In vivo biodistribution study
For the purpose of investigating the targeting ability of 

4Gal-liposomes to liver, Kunming mice received a single 

intravenous injection of free DOX and a variety of DOX 

liposomes at a DOX equivalent dose of 5 mg/kg. At 3 hours 

postadministration, the mice were sacrificed and major 

organs such as hearts, livers, spleens, lungs, and kidneys 

were excised. The distribution of DOX (excitation/emission 

wavelength: 488 nm/560 nm) was detected using an in vivo 

imaging system (Night OWL II LB983; Berthold Technolo-

gies GmbH and Co KG, Bad Wildbad, Germany).

Study on frozen sections of liver
Free DOX and a variety of liposomal DOX formulations were 

injected intravenously into the tail vein of the mice at a DOX 

equivalent dose of 5 mg/kg. Mice were sacrificed at 3 hours 

postinjection. The liver was excised and frozen rapidly in dry 

ice, allowing the generation of 10 µm-thick cryosections. The 

tissue sections were fixed in cold acetone for 10 minutes, 

washed with PBS, blocked with bovine serum albumin for 

1 hour, stained with fluorescein isothiocyanate-phalloidin 

(Sigma Chemical Co), and mounted with the DAPI-containing 

medium (VECTASHIELD® with DAPI; Vector Laboratories, 

Inc, Burlingame, CA, USA). Images were captured using a 

Zeiss LSM710 laser scanning confocal microscope.

Statistical analysis
Pharmacokinetic analysis was carried out by a two-

 compartment model method using the 3P97 practical phar-

macokinetic program (edited by The Chinese Society of 

Mathematical Pharmacology New Edition 1997.11). Data 

were expressed as mean ± standard deviation, and the sta-

tistical differences between the groups were determined by 

one-way analysis of variance using SPSS 13.0 software (IBM 

Corporation, Armonk, NY, USA). Data were  considered 

significantly different at the level of P , 0.05 and very sig-

nificantly different at the level of P , 0.01.
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Results
Preparation and characteristics  
of liposomes
The characterization results of liposomes are listed in Table 1, 

and the transmission electron microscopy image of 4Gal-

liposomes is shown in Figure 2. The liposomes had a mean 

diameter of approximately 160 nm and relatively narrow 

distribution. The liposomes with or without Gal modification 

showed similar vesicle sizes, polydispersity indexes, and zeta 

potentials, indicating that the incorporation of 4Gal-DTPA-

DSPE into lipid membrane had no influence on the physical 

properties of liposomes. DOX proved to be an excellent 

tool compound for target validation studies of liposomes. It 

could be conveniently encapsulated into liposomes at high 

concentration. EE of DOX into liposomes was .90% at a 

drug:lipid ratio of 1:10.

Cellular internalization
The results of cellular uptake were displayed qualitatively by 

confocal images and quantitatively by flow cytometry analy-

sis (shown in Figures 3 and 4). Strong DOX  fluorescence 

intensity was observed in the nuclei of HepG2 cells treated 

with Gal-modified liposomes (Figure 3D1 and E1), which 

indicated that 4Gal-liposomes were internalized more 

efficiently by HepG2 cells than conventional liposomes 

 (Figure 3C1). Figure 3F1 shows that the uptake could be 

blocked by 100 mM free Gal, indicating that Gal-modified 

liposomes were internalized by HepG2 cells via the 

ASGP-R, which was frequently expressed on the surface of 

 hepatocytes. Similarly, flow cytometry results showed that 

the cellular uptake of Gal-modified liposomes was higher 

than that of unmodified liposomes and could be blocked by 

free Gal (shown in Figure 4A).

Hela cells, which lack ASGP-Rs, were selected to inves-

tigate whether the cellular uptake of Gal-modified liposomes 

was via the ASGP-R interaction. Figure 3D2 and E2 show 

that Gal-modified liposomes had a minor tendency to be 

internalized by Hela cells, and there was no significant 

difference between conventional liposomes (Figure 3C2) 

and Gal-modified liposomes. The fluorescence intensity of 

Gal-modified liposomes in Hela cells was weaker than that 

in HepG2 cells, and the results of flow cytometry (shown in 

Figure 4B) were in accordance with the confocal images.

Taken together, these results indicate that the liposomes 

that contained 4Gal-DTPA-DSPE could effectively target 

the HepG2 cells via the ASGP-R.

Cell cytotoxicity assay (MTT)
The cytotoxicity of free DOX and DOX liposomes at various 

concentrations is shown in Figure 5. We found that the cyto-

toxicity in HepG2 cells increased with increasing DOX and 

DOX liposome concentration shown in Figure 5A.  Compared 

with unmodified liposomes, the cellular uptake of Gal-

modified liposomes was greater because of the Gal-mediated 

endocytosis process, resulting in a higher cytotoxicity.

The cytotoxicity of free DOX and DOX liposomes in Hela 

cells is shown in Figure 5B. No significant difference in the 

cytotoxicity of Hela cells was shown between unmodified 

and Gal-modified liposomes, because there was no ASGP-R 

on the surface of Hela cells. Moreover, blank 4Gal-liposomes 

did not induce a visible cytotoxicity effect, indicating that the 

4Gal-DTPA-DSPE possessed good biocompatibility.

Pharmacokinetics of 4Gal-liposomes
To investigate the pharmacokinetics process in vivo, free 

DOX, conventional liposomes, and 4Gal-liposomes (10%) 

were administrated into three groups of rats. Then blood 

samples were collected at the designated time points, and 

DOX concentrations were measured by high-performance 

liquid chromatography with ultraviolet detection. The plasma 

clearance curves of free DOX, conventional liposomes, 

and 4Gal-liposomes (10%) in rats are shown in Figure 6. 

 Clearance of free DOX from the blood circulation was very 

rapid, and the DOX concentration decreased to 0.18 µg/mL 

at 4 hours. Compared with free DOX, conventional liposomes 

and 4Gal-liposomes displayed slower clearance from the cir-

culating system in vivo. The plasma concentrations of DOX 

in the conventional liposomes and 4Gal-liposomes groups 

were 0.76 µg/mL and 1.21 µg/mL at 4 hours postinjection, 

respectively. However, elimination rates in the plasma of 

the rats treated with 4Gal-liposomes were even slower than 
Figure 2 Negative stain (phosphotungstic acid) transmission electron microscopy 
image of four galactose-modified liposomes.
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Figure 3 Confocal scanning microscopy images of HepG2 cells (A) and Hela cells (B) incubated with blank medium (A1 and A2), free doxorubicin (B1 and B2), conventional 
liposomes (C1 and C2), four galactose-modified liposomes (4Gal-liposomes) (5%) (D1 and D2), 4Gal-liposomes (10%) (E1 and E2), and 100 mM galactose + 4Gal-liposomes 
(10%) (F1 and F2) for 2 hours at 37°C. Cells were fixed and then treated with 4′,6-diamidino-2-phenylindole for nuclei staining. Red: fluorescence of doxorubicin. Blue: 
fluorescence of 4′,6-diamidino-2-phenylindole. Pink: the merger fluorescence of blue and red.

conventional liposomes. It was assumed that the circulation 

time of 4Gal-liposomes was prolonged with the high density 

of hydrophilic Gals on the surface.

The key pharmacokinetic parameters are summarized in 

Table 2. The elimination half-life of 4Gal-liposomes was 

increased by 4.9-fold and 2.1-fold in comparison with that of 

free DOX and conventional liposomes, respectively. In addi-

tion, the value of the area under the concentration curve was 

found to be significantly increased for 4Gal-liposomes.

Tissue distribution in vivo  
of 4Gal-liposomes
To investigate the dynamic biodistribution of 4Gal-liposomes 

in mice, the fluorescence images of various organs at dif-

ferent time points were recorded by the in vivo imaging 

system. Representative fluorescence images of mice after 

 administration of free DOX and DOX liposomes are shown 

in Figure 7. The fluorescence of free DOX quickly decreased 

in liver (Group B), and the fluorescence was also observed in 

the heart, spleen, and kidney, which indicated the  toxicity of 

free DOX to other organs. Fluorescence of Group D (4Gal-

liposomes 5%) and Group E (4Gal-liposomes 10%) exhibited 

significantly enhanced accumulation of 4Gal-liposomes in 

liver in comparison with those injected with conventional 

liposomes (Group C) at 3 hours and 5 hours, confirming the 

in vivo targeting ability of 4Gal-liposomes toward liver tissue. 

We could assume that the fluorescence of 4Gal-liposomes 

increased after 3 hours because of the high density of aque-

ous layer on the surface of liposomes, which extended 

the mean residence time. For conventional liposomes, the 

fluorescence accumulated in liver might be attributed to the 

well-known passive effect of targeting. As shown in Group D 
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Figure 4 Flow cytometry analysis (A) of HepG2 cells (a) and Hela cells (b) after incubating with free doxorubicin (DOX) and DOX liposomes for 2 hours with 10% fetal 
bovine serum medium. The relative fluorescence intensity (B) of free DOX and DOX liposomes in HepG2 cells (a) and Hela cells (b) after incubating with 10% fetal bovine 
serum medium for 2 hours using flow cytometry analysis (n = 3), **P , 0.05.
Abbreviation: 4Gal-liposomes, four galactose-modified liposomes.

and Group E, almost no fluorescence was observed in other 

tissues, indicating few liposomes entering these organs. The 

organ distributions implied that the liver-targeting ability 

of DOX might be enhanced by the liver-targeting delivery 

system of 4Gal-liposomes.

Study on frozen sections of liver
The analysis of frozen sections of liver was carried out to study 

the mechanism of the targeting ability of 4Gal-liposomes to 

liver tissue. The fluorescence intensity images from DOX are 

shown in Figure 8. The figure reveals that some labeled nuclei 

were large and round (presumed hepatocyte) and brightly 

stained, whereas other nuclei were oblong, oval (presumed 

nonparenchymal), or, in some cases, indented.33,34 Thus, the 

nonparenchymal cells and hepatocytes could be distinguished 

by their distinct morphologies, as indicated by the arrow → 

(parenchymal cells) and arrow ← (nonparenchymal cells). 

Distribution of relatively strong DOX fluorescence could 
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be observed in the hepatocytes treated with Gal-modified 

liposomes, indicating that the liposomes incorporated with 

the 4Gal-DTPA-DSPE showed a remarkably specific effect 

of targeting to the hepatocytes.

Discussion
Synthesis and characterization  
of 4Gal-DTPA-DSPE conjugates
In this study, we focused on the potential ligands with 

higher affinity than monoantennary galactosides. DSPE as 

a lipophilic moiety was incorporated into the membrane of 

liposomes, and the amino group of DSPE was linked to the 

carboxyl group of DTPA. DTPA was employed to connect 

DSPE and Gals with its five modifiable carboxyl groups.

In the synthetic process (shown in Figure 1), DTPA 

was f irstly activated by the acetic anhydride to form 

DTPA anhydride. The amino group of DSPE was then cova-

lently linked to the free carboxyl group of DTPA anhydride. 

Coupling the carboxyl group of DTPA anhydride with the 

amino group of DSPE was performed by mixing a 10-fold 

molar excess (a 20-fold equivalent excess) of DTPA anhydride 

with the DSPE in anhydrous pyridine. The lipid solution should 

be dropwise added into the vigorously stirred DTPA anhydride 

solution. In this way, only one hydroxyl group of DTPA par-

ticipated in the reaction, preventing multisubstituted products. 

The remaining carboxyl groups could be further coupled to the 

galactosyl groups. Pyridine was used as a solvent and catalyst. 

It was important to ensure that the pyridine was absolutely 

anhydrous, because DTPA anhydride would be hydrolyzed 

when encountering even a trace amount of water.

The next step was to connect the carboxyl groups of DTPA 

and 1-hydroxyl group of Gals. Three methods have been 

studied. Firstly, thionyl chloride (SOCl
2
) was used to activate 

the carboxyl group of DTPA. However, DSPE was found to 

be unstable in the strong acidic environment of SOCl
2
. We 

presumed that the ester bond of DSPE was unstable under 

this condition. Secondly, dicyclohexylcarbodiimide was 

utilized as an activator, and 4-dimethylaminopyridine acted 

as a catalyst to attach Gals to the carboxyl group of DTPA by 

covalent binding. However, the target compound still could 

not be achieved by this strategy. Thirdly, we therefore tried 

to activate the hydroxyl groups of Gals instead of carboxyl 

groups of DTPA. Under the optimized phase-transfer-

catalyzed conditions (K
2
CO

3
, Bu

4
 NBr, CH

2
Cl

2
-H

2
O, reflux), 

DSPE-DTPA was coupled with 2,3,4,6-tetra-O-acetyl-β-D-

galactopyranosyl bromide, generating the desired product.

The final step was the deacetylation of the hydroxyl 

groups of galactosides. As two types of ester bonds, namely 

galactosylated ester bond and lecithin ester bond, should 

not be hydrolyzed (shown in Figure 1), it was very crucial 

to selectively break the ester bond of acetyl. Firstly, trieth-

ylamine was used to give a base solution to hydrolyze the 

ester bond of acetyl. However, a side product always existed 

through thin layer chromatography (TLC) analysis. We 

believed that in a strong base solution, the glycosidic bond 

was easily broken, leading to reaction with CH
3
OH to form 

the side product. Hence, dry gaseous ammonia was used in 

an ice water bath to form a mild base environment. We found 

that the reaction temperature had a significant influence on 

the ratio of the desired product to the side product. When the 

reaction temperature was 0°C approximately (in an ice water 

bath), the ratio was appropriate. Under these mild conditions, 

the reaction time was monitored by TLC and we obtained 

the desired compound.
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Figure 5 Relative inhibition of free doxorubicin (DOX) and DOX liposomes 
incubated in HepG2 cells (A) and Hela cells (B) with serum for 24 hours (n = 3). 
**P , 0.05, ***P , 0.01.
Abbreviation: 4Gal-liposomes, four galactose-modified liposomes.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3041

Synthesis of novel tetravalent galactosylated DTPA-DSPE

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2013:8

The surface hydration modification  
of 4Gal-liposomes
Surface modification has been achieved by incorporating 

hydrophilic moieties, such as polyethylene glycol (PEG), 

which were chemically conjugated to lipids in order to 

reduce immune recognition and rapid clearance.35 The sur-

face of the liposomal membrane was modified with dendritic 

hydrophilic Gals to reduce aggregation and avoid recognition 

by the reticuloendothelial system (RES). This strategy was 

similar to liposome PEGylation and is often referred to as 

surface hydration modification. In this work, four galactose 

were conjugated to the carboxyl groups of DTPA, which 

were linked to the terminal amino group of DSPE. This led 

to the presence of hydrophilic groups on the surface of the 

liposomal membrane, and a dense aqueous layer might be 

formed around the liposomes by interaction between the 

dendritic hydrophilic hydroxyl groups of Gals and water 

molecules, thus avoiding the RES uptake and prolonging 

circulation time.

Intracellular uptake of liposomes
DOX is a potent anticancer drug that is known to read-

ily intercalate into DNA strands,36 and many studies have 

shown that DOX preferentially accumulates into the nuclear 

compartment of cells.37,38 Free DOX is mainly located in the 

nucleus and shows the most intense intracellular fluorescence 

(shown in Figure A1 and B1) as the positive control in vitro, 

attributed to its direct and rapid partition into the membrane 
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Figure 6 Plasma concentrations of doxorubicin (DOX) in normal mice after intravenous injection of free DOX, conventional liposomes, and four galactose-modified 
liposomes (4Gal-liposomes) (10%). All groups were given a DOX equivalent dose of 10 mg/kg.

Table 2 DOX pharmacokinetics (mean ± SD) in plasma after intravenous injection of free DOX, conventional liposomes and 4Gal-
liposomes (10%)

Parameter Unit Free DOX Conventional liposomes 4Gal-liposomes (10%)

V (c) mL 810.39 ± 324.50 830.85 ± 141.33 844.63 ± 143.28
T 1/2α h 0.29 ± 0.03 0.45 ± 0.11 0.90 ± 0.21
T 1/2β h 2.91 ± 0.83 6.67 ± 6.75 14.26 ± 4.95
AUC (μg/mL)*h 3.22 ± 1.14 11.28 ± 0.47 32.38 ± 2.93
CL (s) mL/h 777.28 ± 426.50 221.58 ± 6.67 77.20 ± 5.81

Note: (n = 3).
Abbreviations: c, center compartment; s, systemic; h, hour; V, apparent volume of distribution;T 1/2α, the half-life of the distribution phase;T 1/2β, elimination half-life; 
AUC, area under concentration-time curve; CL, clearance.
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without release from liposomes and its highly nucleophilic 

nature.39 However, free DOX presents serious cardiotoxic-

ity, which limits clinical application.40 The administration 

of DOX in liposome-encapsulated form has been advocated 

as a means of changing the distribution of DOX in vivo and 

reducing the cardiac damage induced by DOX.41–44 Preclinical 

experiments with liposome-encapsulated DOX indicate that 

this form of delivery may be effective in decreasing the car-

diotoxic effect of the drug. In addition, drastic changes in 

the clinical pharmacokinetics of DOX have been observed 

using liposomal delivery.45,46 Currently, PEGylated liposomal 

DOX (Doxil®; Janssen Products, LP, Horsham, PA, USA) is a 

US Food and Drug Administration-approved marketed DOX 

formulation.47,48 However, liposomal DOX is less effective 

than free DOX.49,50 Therefore, our study aimed to develop a 

Gal-modified liposomal formulation for DOX delivery in 

order to reduce its cardiotoxicity and enhance its effect of 

targeting to hepatocyte by ASGP-R-mediated endocytosis.

To demonstrate the specific cell binding and internaliza-

tion of 4Gal-liposomes, ASGP-R-positive HepG2 cells were 

chosen as target cells, whereas ASGP-R-negative Hela cells 

were applied as negative cells. The confocal microscopy 

images and flow cytometry data demonstrated that 4Gal-

liposomes resulted in significantly higher cell association by 

ASGP-R-positive HepG2 cells compared with the negative 

control. But similar cellular behavior was found with the 

two liposomal formulations when they were incubated in 

ASGP-R-negative Hela cells. In the competition study, the 

HepG2 cells’ association of 4Gal-liposomes was suppressed 

to a lower level by the presence of excess free Gal, whereas 

no significant changes were found in Hela cells. All these 

phenomena suggest that 4Gal-liposomes could enhance 

specific cell binding and cellular uptake in HepG2 cells 

due to the mediating of Gal, and depending on the ASGP-R 

expression level on the cell surface as well.

Liposome uptake by liver in vivo
As hepatocytes represent most hepatic cells and liver 

diseases mainly develop from hepatocytes, it was very 

important to confirm that the drugs were not only con-

centrated in nonparenchymal cells but also internalized 

by hepatocytes. The frozen sections of liver that stained 

green (the cell membrane), blue (the nuclei of the cells), 

and red (the DOX) could distinguish the hepatocytes from 

nonparenchymal cells.  Figures 7 and 8 show that there 

was significant difference of distribution among free DOX 

and liposomal formulations, and Gal-modified liposomes 

showed a remarkably specific effect of targeting to the liver 

tissue after 3 hours.

The pharmacokinetic experiments and biodistribution 

studies revealed that the inclusion of 4Gal-DTPA-DSPE in 

the liposomal bilayer extended systemic circulation. There 

was a general consensus that serum proteins adsorbed on 

to the surface of conventional liposomes could mediate 

recognition of the liposomes by macrophages of the RES, 

and facilitate clearance of liposomes from the circulation. 

Coating liposomes with 4Gal-DTPA-DSPE decreased the 

blood clearance considerably, most likely due to reduced 

protein adsorption and liposome aggregation. We assumed 

that with 4Gal-DTPA-DSPE modification of the liposomal 

surface, a dense aqueous layer was formed around the lipo-

somes, thus avoiding the attraction of opsonins. As a result, 

4Gal-liposomes that escaped trapping by the cells of the RES 
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Figure 7 The fluorescence images of various organs of Kunming mice sacrificed at 
1 hour (h), 3 hours, and 5 hours after injection with phosphate-buffered saline (A), 
free doxorubicin (B), conventional liposomes (C), four galactose-modified liposomes 
(5%) (D), and four galactose-modified liposomes (10%) (E) in vivo imaging system.
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Figure 8 Confocal scanning microscopy images of liver sections of free doxorubicin (DOX) and DOX liposomes, blank (A), free DOX (B), conventional liposomes (C), 
four galactose-modified liposomes (5%) (D), and four galactose-modified liposomes (10%) (E). Nuclei were stained blue with 4′,6-diamidino-2-phenylindole, fluorescein 
isothiocyanate was shown as green fluorescence, DOX was shown as red fluorescence, and the merger image is on the bottom right.
Notes: Arrows with triangle head point to hepatocytes, and the others point to non-parenchymal cells.

had a prolonged circulation time and accumulated in the liver 

by active targeting.

Conclusion
In the present study, a hepatocyte-targeting drug delivery 

system was successfully constructed by incorporating 

synthetic 4Gal-DTPA-DSPE (5% and 10%, mol/mol) into 

liposomes, where Gal was used for active targeting to the 

liver and applying for prolonged circulation. DOX, as a drug 

model, was effectively encapsulated into the liposomes. The 

cellular uptake and cell cytotoxicity tests indicated that 4Gal-

liposomes had a significant targeting function toward human 
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hepatoma cells and could deliver DOX into HepG2 cells 

effectively. Furthermore, the results of pharmacokinetic 

and biodistribution experiments provided evidence that 

4Gal-liposomes possessed an enhanced plasma half-life and 

higher liver accumulation in vivo. Finally, the study of frozen 

sections of liver confirmed that the drugs were internalized 

by hepatocytes rather than concentrated in nonparenchymal 

cells. These results suggest that liposomes containing 4Gal-

DTPA-DSPE could be a potential drug carrier system for 

hepatocyte-selective targeting.

Future direction
The purpose of this study was to investigate whether content 

delivery of DOX could be targeted to the normal liver. The next 

step of this study is to explore the targeted delivery character-

istics of this formulation in liver tumors of animal models.
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Supplementary materials
Synthesis of 4Gal-DTPA-DSPE conjugates
Synthesis of DTPA anhydride (1)
Diethylenetriaminepentaacetic acid (DTPA) (19.75 g, 

0.05 mol) and acetic anhydride (37.8 mL, 0.4 mol) were 

added to anhydrous pyridine (25 mL), and the mixture was 

stirred for 24 hours at 65°C ± 5°C. Then the mixture was 

filtered and the solid was washed with acetic anhydride 

(20 mL) and anhydrous ether (20 mL) three times, respec-

tively, and the solvent was removed in a vacuum. Compound 

(1) was obtained as a white powder (87% yield). Proton 

nuclear  magnetic resonance (1H-NMR) (400 MHz, dimethyl 

sulfoxide), δ/ppm: 3.71 (s, 8H), 3.31 (s, 2H), 2.75 (t, 4H), 

2.60 (t, 4H).

Synthesis of DSPE-DTPA (2)
DTPA anhydride (5 g, 13.99 mmol) was added to anhy-

drous pyridine (100 mL). The mixture was heated until the 

lipid was dissolved to give a clear solution. In a separate 

flask, distearoylphosphatidylethanolamine (DSPE) (1 g, 

1.34 mmol) was warmed with anhydrous pyridine (100 mL) 

until dissolved. The lipid solution was added to the vigor-

ously stirred DTPA anhydride solution. After addition, the 

solution was heated to reflux for 70 minutes, during which 

time an orange tint appeared but the solution remained 

clear. H
2
O (50 mL) was then added to the reaction mixture, 

and refluxing was continued for 70 minutes to hydrolyze 

remaining anhydride linkages. The mixture was cooled to 

room temperature and rotary evaporated to dryness. The 

residue was purified by column chromatography on a silica 

gel eluted with CHCl
3
:CH

3
OH:H

2
O: formic acid (65:25:4:1). 

Compound (2) was obtained as a yellow powder (48% yield). 
1H-NMR (400 MHz,CDCl

3
), δ/ppm: 5.15 (s, 2H), 4.36 

(d, 1H), 4.09 (d, 3H), 3.95 (s, 2H), 3.70 (s, 8H), 3.44 (s, 2H), 

3.29 (s, 2H), 2.73 (t, 4H), 2.58 (t, 4H), 2.12 (t, 3H), 1.61 

(s, 8H), 1.27 (s, 52H), 0.89 (t, 6H). MS (ESI+) m/z: [M+H]+ 

calcd for C
55

H
103

 N
4
O

17
P [M+H]+1123.4, found 1123.90.

Synthesis of 4-Ac-galactose-DTPA-DSPE (3)
K

2
CO

3
 (199 mg, 1.2 equivalent), H

2
O (11.7 mL), and 

Bu
4
NBr (38.7 mg, 0.1 equiv) were added to a solution 

of DSPE-DTPA (333.6 mg, 0.3 mmol) and 2,3,4,6-tetra-

O-acetyl-β-D-galactopyranosyl bromide (639.6 mg, 5.2 

equiv) in CH
2
Cl

2
 (18 mL). The resulting mixture was 

refluxed for 6 hours at 40°C and was then diluted with 

CH
2
Cl

2
 (36 mL). The organic phase, after being washed 

with water and brine, respectively, was dried over Na
2
SO

4
 

and then concentrated in a vacuum. The residue was puri-

fied by column chromatography on a silica gel eluted with 

CHCl
3
:CH

3
OH (9:1).  Compound (3) was obtained as yel-

low oil (59% yield). 1H-NMR (400 MHz,CDCl
3
), δ/ppm: 

6.15 (d, 4H), 5.52 (d, 4H), 5.41 (t, 4H), 5.07 (t, 4H), 4.83 

(t, 1H), 4.75 (t, 3H), 4.49 (t, 4H), 4.16 (s, 8H), 3.70 (s, 8H), 

3.30 (s, 2H), 2.74 (t, 4H), 2.59 (t, 4H), 2.15 (s, 12H), 2.11 

(s, 13H), 2.06 (s, 12H), 2.01 (s, 12H), 1.60 (s, 7H), 1.28 

(s, 55H), 0.88 (t, 6H). MS (ESI+) m/z: [M+H]+ calcd for 

C
111

H
175

 N
4
O

53
P [M+H]+2444.55, found 2444.13.

Synthesis of 4Gal-DTPA-DSPE (4)
Compound (3) (253 mg, 0.1 mmol) was dissolved in a mix-

ture of anhydrous CHCl
3
 (3 mL) and anhydrous CH

3
OH 

(8 mL). Then the mixture was stirred for 5 minutes to form 

a homogenous phase, and dry gaseous ammonia was intro-

duced for 1 hour into the flask, which was kept in an ice–salt 

bath. Next, the solution was stirred in an ice water bath for 

3–4 hours (the reaction time was determined by TLC). After 

removal of the solvent, sticky yellow oil was recovered. The 

oil was purified by column chromatography on a silica gel 

eluted with CHCl
3
:CH

3
OH (2:1). Compound (4) was obtained 

as yellow oil (63% yield). 1H-NMR (400 MHz,CDCl
3
), 

δ/ppm: 6.10 (d, 4H), 5.21 (s, 1H), 4.92 (t, 4H), 4.47 (t, 4H), 

4.41 (d, 4H), 4.22 (d, 8H), 3.70 (s, 8H), 3.29 (s, 2H), 2.75 

(t, 4H), 2.60 (t, 4H), 2.31 (d, 4H), 1.88 (s, 6H), 1.58 (s, 4H), 

1.26 (s, 53H), 0.88 (t, 6H). MS (ESI+) m/z: [M+H]+ calcd for 

C
79

H
143

N
4
O

37
P [M+H]+1770.92, found 1770.94.
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Figure S1 Proton nuclear magnetic resonance (400 MHz) spectrum of diethylenetriaminepentaacetic acid anhydride.
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Figure S2 Proton nuclear magnetic resonance (400 MHz) spectrum of diethylenetriaminepentaacetic acid-distearoylphosphatidylethanolamine.
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Figure S3 Proton nuclear magnetic resonance (400 MHz) spectrum of tetravalent galactosylated diethylenetriaminepentaacetic acid-distearoylphosphatidylethanolamine.
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Figure S4 Proton nuclear magnetic resonance (400 MHz) spectrum (A) and mass spectrum (B) of galactosylated diethylenetriaminepentaacetic acid- 
distearoylphosphatidylethanolamine.
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