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Purpose: To further enhance the antitumor efficacy through targeted delivery, DTX loaded

lipid-based-nanosuspensions (DTX-LNS) were prepared and functionalized by PEGylation

or NGR modification to develop DSPE-PEG2000 modified DTX-LNS (P-DTX-LNS) or

DSPE-PEG2000-NGR modified DTX-LNS (N-DTX-LNS), respectively.

Methods: Based on our previous work, functionalized DTX-LNS including P-DTX-LNS

and N-DTX-LNS were prepared using thin-film hydration, and then characterized. Release

behavior, stability in vitro, cytotoxicity and cellular uptake of functionalized LNS were

observed. To demonstrate tumor targeting efficiency of functionalized DTX-LNS, in vivo

real-time and ex vivo imaging study were conducted. Furthermore, therapeutic efficacy in

vivo was evaluated in an H22-bearing mice model.

Results: Functionalized DTX-LNS 100–110 nm in diameter were successfully prepared and

exhibited good stability under various conditions. In vitro release studies demonstrated that

DTX was released from functionalized DTX-LNS steadily and reached approximately 95%

at 48 hrs. Functionalized DTX-LNS showed dose-dependent cytotoxicity and time-dependent

internalization in human hepatocellular liver carcinoma cells (HepG2) cells. In vivo real-time

and ex vivo imaging results indicated that tumor targeting efficiencies of P-DiR-LNS and N-

DiR-LNS were 29.9% and 34.3%, respectively. Moreover, evaluations of in vivo antitumor

efficacy indicated that functionalized DTX-LNS effectively inhibited tumor growth with low

toxicity.

Conclusion: The functionalized LNS exhibited suitable particle size, nearly spherical

structure, enough drug loading and great potentials for large-scale production. The results

in vitro and in vivo demonstrated that functionalized LNS could realize tumor targeting and

antitumor efficacy. Consequently, functionalized DTX-LNS could be expected to be used for

tumor targeting therapy.
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Introduction
Docetaxel (DTX) is a wide spectrum chemotherapeutic drug for treatment of

various cancers.1,2 However, due to poor water-solubility, commercial DTX injec-

tions, such as Duopafei® and Taxotere®, contain a large amount of the surfactant

Tween 80 and ethanol to improve delivery, often resulting in several side effects

after injection.3,4 Thus, there is an urgent need to develop efficient drug delivery

systems, which could improve dispersibility, solubility, absorption and accumula-

tion in tumors.5,6
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Nanocarriers are emerging as effective drug delivery

systems to enhance antitumor efficacy and reduce toxicity,

particularly for hydrophobic drugs. Various nanocarriers

such as liposomes, micelles, polymer–drug conjugates,

nanoparticles and nanosuspensions have been widely

studied.7–12 However, only very few nanocarrier formula-

tions have been approved by the Food and Drug

Administration (FDA) for clinical cancer treatment.13–16

Thus, it is necessary to develop nanocarriers that are easy

to prepare and show good stability, to achieve further

promotion and application of nanocarrier formulations.

In our previous studies, lipid-based-nanosuspensions

(LNS) exhibited good stability, high drug loading and

good biocompatibility, and the LNS preparation process

was simple.17–19 Most of LNS prepared in our previous

studies possessed passive targeting ability to tumor tis-

sues via the enhanced permeation and retention (EPR)

effect. However, the tumor targeting efficiency of non-

modified LNS was less than 10% which could be attrib-

uted to the clearance by the mononuclear phagocyte

system (MPS) during blood circulation.17–19 To further

improve retention of nanocarriers in tumors, polyethy-

lene glycol (PEG) has been widely used to modify the

surface of nanocarriers to decrease MPS clearance.20,21

Active targeting modifications have been widely applied

to improve drug concentration at tumor sites. A wide

variety of active targeting ligands including antibodies,

peptides, aptamers and others could be grafted to the

surface of nanocarriers.13,22–25 Asparagine-glycine-argi-

nine (NGR) peptides were among the most widely

investigated active targeting ligands for tumor vascula-

ture targeted delivery, and NGR-modified nanocarriers

conferred active tumor targeting ability via CD13 recep-

tor-mediated transcytosis.25–28 Therefore, PEG or NGR

modified LNS were proposed to improve the therapeutic

effects of DTX in this study.

In this study, DTX-LNS was functionalized by DSPE-

PEG2000 to prolong time in the blood circulation. To

further improve accumulation of DTX-LNS at tumor

sites, NGR was selected as the active targeting ligand.

Morphology, particle size, zeta potential and in vitro

release behaviors were studied. In vitro cytotoxicity and

cellular uptake were tested in human hepatocellular liver

carcinoma cells (HepG2). Furthermore, to demonstrate

targeting efficiency of functionalized LNS, in vivo real-

time and ex vivo imagings were carried out in an H22-

bearing liver cancer xenograft murine model. An in vivo

antitumor study was conducted to evaluate therapeutic

efficacy of functionalized DTX-LNS. Finally, a prelimin-

ary safety evaluation of the nanocarriers was carried out.

Passive targeting Active targeting

Tumor vessel

Tumor tissue

Trascytosis

EPR effect

P-DTX-LNS N-DTX-LNS

i.v.

H22 tumor-bearing mice

Scheme 1 (A) The structure representations of functionalized DTX-LNS. (B) The delivering mechanism of functionalized DTX-LNS. P-DTX-LNS were delivered into the

tumor sites by EPR effect. Besides, N-DTX-LNS were transferred into the tumor tissue via the receptor-mediated transcytosis.

Abbreviations: EPR effect, enhanced permeation and retention effect.
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Materials and methods
Materials
Docetaxel (DTX) and Duopafei® were kindly gifted by

Qilu Pharmaceutical Co., Ltd. (Jinan, China). Soybean

lecithin for injection was purchased from Toshisun

Biology & Technology Co., Ltd. (Shanghai, China). The

peptide GCNGRCGC-SH (NGR) was synthesized by

Shanghai Apeptide Co., Ltd. (Shanghai, China).

Coumarin 6 (CAS:38215-36-0, Aladdin) 0.1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethy-

leneglycol)-2000] (DSPE-PEG2000) was purchased from

Avanti Polar Lipids, Inc. (Shanghai, China)0.1,2-distear-

oyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-

ethyleneglycol)-2000]-NHS(DSPE-PEG2000-NHS) was

purchased from Xi’an Ruixi Biological Technology Co.,

Ltd.(Xi’an, China). The 1,1′-Dioctadecyl-3,3,3′,3′-tetra-

methylindotricarbocyanine iodide (DiR) was purchased

from Fanbo Biochemicals Co., Ltd. (Beijing, People’s

Republic of China). All reagents for HPLC analysis were

of HPLC grade. All other chemicals and reagents were of

analytical grade.

Synthesis of DSPE-PEG2000-NGR
The active targeting material DSPE-PEG2000-NGR was

synthesized by an amidation reaction between DSPE-

PEG2000-NHS and NGR at a 1:1 molar ratio in an ice

bath for 24 hrs. Excess NGR dissolved in distilled water

was added to DSPE-PEG2000-NHS in dimethylformamide

(DMF). Redundant NGR was removed by dialysis

(MW=1,000 Da). The product was obtained after freeze-

drying, and the structure was confirmed by 1H-nuclear

magnetic resonance (1H-NMR).

Preparation of DTX-LNS, P-DTX-LNS

and N-DTX-LNS
DTX-LNS was prepared using thin-film hydration. Lecithin,

glycerol and DTX (10:20:1, mass ratio) were dissolved in a

methanol-chloroform (2:1, V/V) mixture, dried using a

rotary evaporator at 50°C, and left overnight in a vacuum

desiccator. The dried film was hydrated with normal saline

(NS) at 50°C, for 10 mins by ultrasound. Based on the

primary formulation, DSPE-PEG2000 modified LNS (P-

DTX-LNS, lecithin: DSPE-PEG2000=95:5, molar ratio) and

active targeting materials DSPE-PEG2000-NGR modified

LNS (N-DTX-LNS, lecithin: DSPE-PEG2000: DSPE-

PEG2000-NGR=95:4.36:0.64, molar ratio) were prepared

using the same method mentioned above.20,22,27–30

Characterization of DTX-LNS, P-DTX-LNS

and N-DTX-LNS
Morphology was observed by transmission electron micro-

scopy (TEM) (HT7700, Japan). Particle size and zeta

potential were determined using a nano particle potential

analyzer (Zeta sizer Nano ZS-90, Malvern, UK). The ele-

ments of N-DTX-LNS (5 wt% mannitol, freeze-dried)

were detected by Energy Dispersive Spectrometer

(Bruker Quantax 200 XFlash 6I 100, EDS). The concen-

tration of DTX was determined by high performance

liquid chromatography (HPLC) (SHIMADZULC-20AT,

Japan). Drug loading efficiency (DL%) and entrapment

efficacy (EE%) were calculated using the following

equations:

Drug loading efficiency DL%ð Þ¼WD=WT � 100% (1)

where WD is the weight of drug analyzed, and WT is the

total weight of drug and carrier added to the system.

Entrapment efficacy EE%ð Þ¼WD=WTD � 100% (2)

where WD is the weight of drug analyzed, and WTD is total

weight of drug added to the system.

Stability of DTX-LNS, P-DTX-LNS and

N-DTX-LNS
Physical stability was evaluated at 4±2°C,. Particle size

was recorded over a period of 48 hrs. Phosphate buffer

(PB 7.4 containing 0.5% Tween 80), Dulbecco’s modified

eagle medium (DMEM) and 10% plasma were selected for

preliminary evaluation of stability at 37°C,. Particle size

was also recorded for 48 hrs.

In vitro drug release study of DTX-LNS,

P-DTX-LNS and N-DTX-LNS
Evaluation of in vitro release of DTX-LNS, P-DTX-LNS

and N-DTX-LNS was carried out by the dynamic mem-

brane dialysis method, and Duopafei® was selected as the

control group. Phosphate buffer (PB, 0.01M, pH7.4) con-

taining 0.5% (v/v) Tween 80 was used as the release

medium. A dialysis membrane bag (MW=8,000–14,000

Da) with 2 mL of sample (100 μg/mL) was immersed in

PB (15 mL) and oscillated horizontally at 37°C,. At

predetermined time points, the release medium was

removed and replaced with fresh buffer. The concentra-

tion of DTX was analyzed by HPLC and the cumulative

release rate of DTX (CR%) was calculated using the

following equation:
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CR %ð Þn ¼
∑n

i¼1 17Ci

Wo
� 100% (3)

where W0 (mg) is the primary weight of DTX in the

dialysis membrane bag, and Ci (mg/mL) is the concentra-

tion of DTX in the release medium at different time points.

Cell culture
HepG2 cells (human hepatocellular carcinoma, purchased

from ATCC) and H22 cells (murine hepatoma cell line,

obtained from the Shandong Academy of Medical

Sciences) were grown in DMEM supplemented with

10% fetal bovine serum, 100 IU/mL of penicillin and

100 μg/mL of streptomycin. HL-7702 cells (human normal

liver cells, purchased from the Cell Bank of Chinese

Academy of Sciences) were grown in the RPMI-1640

culture medium supplemented with 10% fetal bovine

serum and 100 IU/mL of penicillin and 100 μg/mL of

streptomycin. All of cell lines were maintained in a 5%

CO2 incubator at 37°C,.

In vitro cytotoxicity study
Cytotoxicity was examined in HepG2 cells using MTT

assay. The cells were seeded at 5×103 cells/well in 96

well plates and incubated overnight at 37°C,. The cells

were treated with different concentrations of LNS for

48 hrs. At the end of the incubation period, 20 μL of MTT

(5 mg/mL) were added to each well. The plates were incu-

bated for an additional 4 hrs. Dimethyl sulfoxide (DMSO)

(150 μL) was added to dissolve the formazan crystals, and

absorbance value was determined at 570 nm. Cell viability

was calculated according to the following formula:

Cell viability %ð Þ ¼ Abssample � Absblank
Abscontrol � Absblank

� 100% (4)

where Abs (control), Abs (sample), Abs (blank) repre-

sented the absorbance at 570 nm of the control, sample,

blank, respectively.

In vitro cellular uptake
Coumarin 6 (C6) was selected as the fluorescent dye to

label the LNS. C6-LNS, P-C6-LNS and N-C6-LNS were

prepared via the same method as above. HepG2 and HL-

7702 cells were seeded at a density of 1.5×105 cells/well

onto 12-well plates and incubated overnight at 37°C. Free

C6, C6-LNS, P-C6-LNS and N-C6-LNS (the concentra-

tion of C6 was 200 ng/mL) were added and incubated with

cells for 1 or 4 hrs at 37°C. After incubation, the cells were

washed with cold PBS and the cell nuclei were stained

with DAPI (2-(4-amidinophenyl)-6-indolecarbamidine

dihydrochloride) during a 15 mins incubation following

standard protocols. Then the cells were imaged by fluor-

escence microscopy (BX40; Olympus Corporation, Tokyo,

Japan). To quantify cellular uptake, the cells were trypsi-

nized, centrifuged and resuspended in 400 μL of PBS,

followed by fluorescence intensity detection using flow

cytometry (BD, FACS Aria Ⅲ, USA).

In vivo studies
Animals

All experiments were carried out in compliance with the

Animal Management Rules of the Ministry of Health of

the People’s Republic of China (document number 55,

2001) and the Animal Experiment Ethics Review of

Shandong University (Approval No. 18002). Male

Kunming mice (weight: 18–22 g, age: 6–8 weeks) were

supplied by the Medical Animal Test Center of Shandong

University (Jinan, China).

Establishment of tumor-bearing mouse model

H22 cells were resuscitated in 37°C, water bath and sub-

sequently injected into the abdominal cavity of the

Kunming mice. After one week, ascites was collected

and diluted to 2×107 cells/mL. For establishment of H22

hepatocellular carcinoma, 2×106 H22 tumor cells (0.1 mL/

mouse) were injected subcutaneously into the right flank

spaces of the mice.

In vivo real-time and ex vivo imaging study

The tumor-bearing mouse model was established as

described above. When the tumors grew to approximately

100 mm3, the mice were randomly divided into 4 groups

(three mice in each group) and given intravenous (iv.) injec-

tions of free DiR, DiR-LNS, P-DiR-LNS and N-DiR-LNS at

a dose of 50 μg/kg. After 1, 2, 4, 8, 12 and 24 hrs post-

injection, mice were anesthetized with 10% chloral hydrate

(intraperitoneally [ip.]) and then placed on their back in a

light-tight chamber. 24 hrs tail vein injection, the mice were

sacrificed. Tumors and major organs were excised, washed

and subjected to near-infrared fluorescence signal intensity

measurement. Images were observed using the in vivo real-

time fluorescence imaging system spectrum (Caliper

PerkinElmer, MA, USA) at the appropriate wavelengths

(excitation wavelength of 745 nm, emission wavelength of

835 nm). Tumor targeting efficiency was calculated accord-

ing to the following formula:
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Tumor targeting efficiency %ð Þ¼FItumor= FIheart þ FIliverð
þFIspleen þFIlung þFIkidney þ FItumorÞ�100% (5)

where FI was the fluorescence intensity of heart, liver,

spleen, lung, kidney and tumor, respectively.

In vivo antitumorefficacy evaluation

The tumor-bearing mouse model was established as

described above. When the tumors grew to approximately

100 mm3, the mice were randomly divided into 5 groups

(five mice in each group) and given intravenous (iv.)

injections of normal saline (NS), Duopafei®, DTX-LNS,

P-DTX-LNS and N-DTX-LNS at a dose of 5 mg/kg every

two days for three weeks. Body weights and tumor

volumes were recorded every other day. Tumor volumes

were measured using a vernier caliper every other day by

using the formula: (length × width2)/2,31 where length was

the longest dimension and width was the widest dimen-

sion. At day 21, the mice were sacrificed, and the tumors

were excised and weighed.

Histopathological study

To study the safety of the formulations, a histopathological

study (tissue toxicity study) was carried out. In brief,

major organs (heart, liver, spleen, lung and kidney) of

mice that were given intravenous of NS, DTX-LNS, P-

DTX-LNS and N-DTX-LNS seven times were fixed in 4%

PBS buffered paraformaldehyde and embedded in paraffin

wax. The paraffin-embedded 5-mm sections were stained

with hematoxylin and eosin to assess histology.

Statistical analysis
The data were presented as the mean ± standard deviation

(SD). One-way ANOVA was used to determine statistical

significance between two groups and differences were

considered to be statistically significant when the p-value

was less than 0.05.

Results and discussion
Results
Synthesis and characterization of DSPE-PEG2000-

NGR

To prepare N-DTX-LNS, the active targeting material

DSPE-PEG2000-NGR was synthesized by an amidation

reaction (Figure 1A). The 1H NMR spectra of DSPE-

PEG2000-NHS, NGR and DSPE-PEG2000-NGR were

shown in Figure 1B. The signals at approximately 2.8

ppm were presented in DSPE-PEG2000-NGR, which was

attributed to methylene groups close to the sulfur atom in

NGR. As a result, NGR was successfully connected with

DSPE-PEG2000-NHS and the NGR-modification rate was

around 5%. The active targeting material DSPE-PEG2000-

NGR was used in the following experiments.

Characterizations

DTX-LNS, P-DTX-LNS andN-DTX-LNSwere prepared by

thin-film hydration. The results in Figure 2A and Table 1

show that the particle sizes of DTX-LNS, P-DTX-LNS and

N-DTX-LNS were about 100 nm and zeta potential was

around –2.3 mV. The DL (%) and EE (%) was high. TEM

images of LNS were shown in Figure 2B, and LNS were

nearly spherical particles and PEG shell of P-DTX-LNS and

N-DTX-LNS could be clearly observed, which was in good

agreement with the results according to the references.32 The

elements of N-DTX-LNS were detected by EDS due to that

sulfur (S) was the specific element in NGR. The results

(Figure 2C) indicated that there existed the signal of elemen-

tal sulfur (S) in N-DTX-LNS, which demonstrated that NGR

has been successfully modified on the surface of DTX-LNS.

Stability of DTX-LNS, P-DTX-LNS and N-DTX-LNS

Stability of DTX-LNS, P-DTX-LNS and N-DTX-LNS was

studied by determination of particle size alteration under

different conditions. As shown in Figure 3A, the particle

size of three formulations has been kept in 100–150 nm

range at different conditions. These results suggested that

DTX-LNS, P-DTX-LNS and N-DTX-LNS could be stored

at 4±2°C, for 2 days and were stable in the PB 7.4 contain-

ing 0.5% Tween 80, DMEM and 10% plasma.

In vitro drug release study

Accumulation release of DTX in different formulations was

shown in Figure 3B. Approximately 100% of DTX in

Duopafei® was released within 24 hrs. However, the accu-

mulation release of DTX in functionalized LNS reached to

95% within 48 hrs. Release behaviors of DTX in both DTX-

LNS and functionalized DTX-LNS were similar, which indi-

cated that DSPE-PEG2000 and DSPE-PEG2000-NGR did not

affect the release profiles of DTX from LNS.

In vitro cytotoxicity study

Cytotoxicity of blank LNS, free DTX, DTX-LNS, P-DTX-

LNS and N-DTX-LNS was evaluated in HepG2 cells by

MTT assay. As shown in Figure 4, cell viability was around

100% in the blank LNS group. It could be clearly found that

the cell viability (%) decreased with the increase of DTX

concentrations for functionalized DTX-LNS (five concen-

trations of one solution/suspension analyzed by one-way
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ANOVA). Thus, functionalized DTX-LNS could exhibit a

dose-dependent cytotoxicity. There were no significant

differences in half maximal inhibitory concentration

(IC50) values between functionalized DTX-LNS and

Table 1 Characterization of LNS formulations (n=3)

Formulations DTX-LNS P-DTX-LNS N-DTX-LNS

Mean SD Mean SD Mean SD

Size (nm) 108.43 7.46 107.15 7.12 109.43 5.13

PDI 0.340 0.057 0.302 0.012 0.277 0.018

Zeta potential (mV) −2.24 0.184 −2.34 0.313 −2.39 0.378

Drug loading (%) 9.63 0.64 7.35 0.30 8.22 0.012

Entrapment efficacy (%) 96.86 12.17 95.62 8.01 93.96 8.12

Note: SD referred to the standard deviation of three results.

Abbreviations: nm, nanometer; PDI, polydispersity index; mV, millivolt.
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Abbreviation: SD, standard deviation.
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DTX-LNS (Table 2), which indicated that functionalized

modifications on LNS did not affect cytotoxicity of DTX in

vitro.

In vitro cellular uptake

To investigate uptake ability of free C6, C6-LNS, P-C6-LNS

and N-C6-LNS, in vitro cellular uptake studies were con-

ducted in HepG2 cells after 1 or 4 hrs of incubation. To

further characterize the tumor-targeting ability of LNS pre-

pared in this study, human normal liver cells HL-7702 was

performed simultaneously. As depicted in Figure 5, the inter-

nalization of C6-LNS was higher than that of P-C6-LNS and

N-C6-LNS after 1 hr incubation in HepG2 cells (***p<0.001

for P-C6-LNS and **p<0.01 for N-C6-LNS, respectively).

However, internalization of all groups in HL-7702 cells was

fewer than that in HepG2 cells at 4 hrs incubation

(***p<0.001 for Free C6, *p<0.05 for C6-LNS, **p<0.01

for P-C6-LNS and ***p<0.001 for N-C6-LNS, respectively).

Fluorescence microscopy images were consistent with flow

cytometry analysis results.

In vivo real-time and ex vivo imaging study

In vivo real-time biodistribution and tumor-targeting ability

of free DiR, DiR-LNS, P-DiR-LNS and N-DiR-LNS were

observed in H22 tumor-bearing mice following intravenous

injection (as shown in Figure 6). As shown in Figure 6A, the

signal of free DiR group was nearly invisible in the tumor

area. However, the tumor fluorescent signals of the LNS
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Figure 4 In vitro cytotoxicity of various concentrations of blank LNS, free DTX, DTX-LNS, P-DTX-LNS and N-DTX-LNS in HepG2 cells at 48 hrs (n=3). Data were given

as mean ± SD (n=3), *p<0.05, **p< 0.01, ***p<0.001 (From top to bottom indicated the differences of blank LNS, free DTX, DTX-LNS, P-DTX-LNS and N-DTX-LNS, “-”

represented that there was no significant difference).

Abbreviation: HepG2 cells, human hepatocellular liver carcinoma cells.

Table 2 IC50 of different DTX formulations (n=3)

Formulations Free DTX DTX-LNS P-DTX-LNS N-DTX-LNS

Mean SD Mean SD Mean SD Mean SD

IC50(µg/mL) 1.57 0.40 1.32 0.15 1.48 0.16 1.47 0.15

Note: SD referred to the standard deviation of three results.

Abbreviations: IC50, half maximal inhibitory concentration; SD, standard deviation.
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groups could be easily discerned 2 hrs post-injection. In addi-

tion, the signal intensity of LNS groups at the tumor site was

still very strong 24 hrs after injection. Ex vivo data illustrated

that dye accumulation in tumors was elevated by various

modifications. In addition, tumor targeting efficiency was

calculated at 24 hrs (Figure 6C), and nearly 12.9% of DiR-

LNS accumulated in tumors, while the percentages of P-DiR-

LNS and N-DiR-LNS that accumulated in tumors were 29.9%

and 34.3%, respectively.

In vivo antitumor efficacy evaluation

Antitumor efficacy of different formulations was evaluated

in H22 tumor-bearing mice. As shown in Figure 7A and B,

the tumor volumes in the DTX-LNS, P-DTX-LNS and N-

DTX-LNS were smaller than in those of the free DTX

group (each LNS group compared with free DTX group,

**p<0.01). Furthermore, tumor weight in the functiona-

lized DTX-LNS group were smaller than those in the

DTX-LNS groups (Figure 7C). Thus, functionalized mod-

ifications on DTX-LNS could improve antitumor efficacy

in vivo. Compared with the body weight of NS group, the

functionalized DTX-LNS group showed no changes; how-

ever, Duopafei® group decreased significantly

(Figure 7D).

Histological assays

To assess the safety in vivo following treatment, hematoxylin

and eosin staining of sections of major organs including heart,

liver, spleen, lung and kidney was performed at day 21 in mice

treated seven times with various drug formulations after injec-

tion (Figure 8). The organs of DTX-LNS, P-DTX-LNS andN-

DTX-LNS groups exhibited normal histological structures.
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Figure 5 (A) Fluorescence microscopy images of HepG2 cells and HL-7702 cells after incubation with various formulations of coumarin-6 (C6) for 1 or 4 hrs including free
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Discussion
Docetaxel (DTX) is a kind of hydrophobic drug, and the

applications of commercial DTX injections are often lim-

ited due to the use of a large amount of the

surfactant.1–3 Nanocarriers are emerging as effective drug

delivery systems for hydrophobic drugs to improve dis-

persibility, solubility, absorption and accumulation in

tumors.7–12 Functionalized DTX loaded lipid-based-nano-

suspensions (DTX-LNS) were successfully prepared by

thin-film hydration in this study and possessed the follow-

ing advantages. The preparation process was simple; thus,

large-scale production would be expected. The excipients

in the LNS formulations including soybean lecithin,

DSPE-PEG2000 and NGR, were biocompatible and safe,
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which were beneficial to reduce side

effects.33–35 The drug loading was enough to ensure the

therapeutic efficacy. The results of stability study informed

that the formulations of the functionalized DTX-LNS were

applicable for the further clinical use.

To evaluate the tumor targeting ability of functionalized

DTX-LNS, a series of experiments including in vitro and in

vivo were conducted. Cellular uptake experiments in human

hepatocellular carcinoma HepG2 cells and human normal

liver cells HL-7702 cells were studied simultaneously and

the internalization of functionalized C6-LNS in HepG2 cells

was significantly higher than that in HL-7702 cells after

4 hrs of incubation (***p<0.001 for Free C6, *p<0.05 for

C6-LNS, **p<0.01 for P-C6-LNS and ***p<0.001 for N-

C6-LNS, respectively). Moreover, in vivo real-time and ex

vivo imaging study was further carried out and the tumor

targeting efficiency at 24 hrs of P-DiR-LNS or N-DiR-LNS

was significantly higher than that of unfunctionalized DiR-

LNS (**p<0.01). Although it was just a preliminary evalua-

tion and cannot entirely substitute for real drug biodistribu-

tion due to the differences between fluorescent dye and

drug, it indicated the tumor accumulation capacity to a

certain extent. These results demonstrated that functiona-

lized LNS prepared in this study possess preferable tumor

targeting ability.

The antitumor efficacy of functionalized DTX-LNS was

also investigated both in vitro and in vivo. There were no

significant differences in the in vitro cytotoxicity between

functionalized DTX-LNS and unfunctionalized DTX-LNS,

which indicated that functionalized modifications on LNS

did not affect cytotoxicity of DTX in vitro. The functiona-

lized DTX-LNS including P-DTX-LNS or N-DTX-LNS

exhibited significantly superior antitumor efficacy in vivo

compared with unfunctionalized DTX-LNS (**p<0.01 for

P-DTX-LNS and ***p<0.001 for N- DTX-LNS in Figure7C,

respectively). It could be attributed that the PEG shell of P-

DTX-LNS and N-DTX-LNS were beneficial for circulation

stability in vivo andNGRmodification could further improve

the tumor targeting ability of N-DTX-LNS.

Over all, functionalized DTX-LNS prepared in this study

would be the desired carrier for hydrophobic DTX delivery

and possess great potentials for clinical application.
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Conclusion
In the present study, we successfully prepared two kinds of

functionalized LNS including P-DTX-LNS and N-DTX-LNS.

The functionalized LNS exhibited suitable particle size, nearly

spherical structure, enough drug loading and great potentials

for large-scale production. The results in vitro and in vivo

demonstrated that functionalized LNS could realize tumor

targeting and antitumor efficacy. Consequently, functionalized

DTX-LNS could be expected to be used for tumor targeting

therapy.
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