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Rational design of the physicochemical properties of nanocarriers can optimize their pharmacokinetics, bio-
distribution, intratumoral penetration and tumor bioavailability. In particular, particle shape is one of the crucial 
parameters that can impact the circulation time, tumor accumulation and tumor cell internalization of nano-
carrier. Biomimetic reconstituted high-density lipoprotein (rHDL), by mimicking the endogenous shape and 
structure of high-density lipoprotein, has been indicated as a promising tumor-targeting nanoparticulate drug 
delivery system whereas the effect of shape on tumor-targeting efficiency has not been fully evaluated. Herein, 
we constructed apolipoprotein E-based biomimetic rHDL in both discoidal form (d-rHDL) and spherical form 
(s-rHDL), and compared their efficiency in glioblastoma multiforme (GBM)-targeting delivery. s-rHDL showed 
higher cellular association in GBM cells especially at a high exposure dosage or after a long incubation time. 
Moreover, it exhibited deeper penetration in 3D GBM spheroids in vitro and higher accumulation at the GBM site 
in vivo with the GBM-targeting accumulation of s-rHDL increased by 73% when compared with that of d-rHDL 
at 24 h post-injection. The findings collectively indicated that s-rHDL might serve as a more efficient nanocarrier 
for glioblastoma-targeting drug delivery.

1. Introduction
Glioblastoma multiforme (GBM), the most lethal brain tumor 
in both children and adults, is still of poor prognosis despite the 
comprehensive treatments comprising surgical resection and 
chemo/radiation therapy (Siegel et al. 2013; Grossman et al. 2010). 
Although systemic chemotherapy plays a crucial role in clinical 
practice, the efficiency is still far from satisfaction due to the drug 
delivery problem, which is majorly ascribed to the existence of 
blood–brain barrier (BBB) and blood–brain tumor barrier (BBTB) 
(Hendricks et al. 2015; Oberoi et al. 2016).
The development of nanoparticulate drug delivery systems are making 
a significant contribution to the improvement of drug delivery in 
cancer and many of these technologies can be applied to anti-GBM 
drug delivery. The requirements for an ideal tumor-targeting delivery 
system include the following: efficient accumulation in the tumor, 
efficient penetration/diffusion within tumor regions, and efficient 
intracellular delivery. Biomimetic reconstituted high-density lipo-
protein (rHDL), by mimicking the endogenous shape and structure 
of high-density lipoprotein (HDL), is a promising tumor-targeting 
delivery system that may meet these requirements (Kuai et al. 2016). 
Firstly, rHDL can remain in circulation for an extended period of 
time (circulating half-life 12−24 h), allowing accumulation of rHDL 
in tumor regions by the enhanced permeability and retention (EPR) 
effect. Secondly, as the openings in the extracellular matrix of tumor 
cells are generally less than 40 nm (Ng et al. 2011), rHDL nanopar-
ticles which are typically within a diameter range of 10-20 nm, would 
penetrate and diffuse efficiently throughout tumor regions. And 
thirdly, as cancer cells often require cholesterol and other membrane 
components for rapid proliferation, the unique feature of transporting 
cholesterol, phospholipids, triglycerides, proteins, and vitamins made 
rHDL a promising nanocarrier to deliver cargo into specific tumor 
cells more efficiently (Li et al. 2006; Salloum et al. 2014; Foster 2013; 

Das 2011). Actually, rHDL containing recombinant apolipoprotein 
A proteins or apolipoprotein A mimetic peptides has been reported 
to efficiently deliver therapeutic agents to various types of cancer 
cells (Lin et al. 2012; Mooberry et al. 2010; Cho 2009). In the case 
of GBM-targeting drug delivery, due to the relatively high expression 
of the receptors of apolipoprotein E (ApoE) on the BBB, BBTB and 
GBM cells, we proposed that ApoE-based rHDL might represent an 
efficient GBM-targeting nanocarrier (Croy et al. 2004; Prevost and 
Raussens 2004; Zhang et al. 2013).
Naturally occurring high-density lipoprotein (HDL) exists in two 
distinct structures as discoidal and spherical forms during the meta-
bolic process. Cholesterol ester can be incorporated into the core 
of native HDL particle, initiating the transformation from discoidal 
form to spherical form, which is induced by the activation of leci-
thin cholesterol acyltransferase (LCAT) (Liang et al. 1996; Rader 
2006). The ability to transport lipid, proteins and microRNAs to 
recipient cells suggested that both discoidal and spherical HDL 
play crucial roles in the intercellular communication (Vickers et al. 
2011), whereas the performances and metabolic fates of discoidal 
and spherical HDL are well known to be quite different in vivo 
(Zhang et al. 2013). For the development of rHDL-based nano-
medicine, the change of lipid composition would largely affect the 
shape of rHDL. Rational design of the physicochemical properties 
of nanocarriers, including size, shape, surface charge and surface 
chemistry, can optimize their pharmacokinetics, bio-distribution, 
intratumoral penetration and tumor bioavailability. In particular, 
particle shape has been demonstrated as one of the most crucial 
parameters that impact the circulation time, tumor accumulation 
and tumor cell internalization efficiency of polymersomes-based 
nanocarrier (Wang et al. 2014; Ernsting et al. 2013). It’s very 
possible that shape might also affect the biofate of rHDL. In addi-
tion, previous reports demonstrated that a minor increase in thera-
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peutic diffusion rates or nanoparticle distribution is sufficient to 
profoundly improve the therapeutic effectiveness (Diop-Frimpong 
et al. 2011; Tong et al. 2004; Jain et al. 2006). As both discoidal 
and spherical rHDL can be used for drug loading without change 
the shape of the carrier (Huang et al. 2015; Wang et al. 2013; 
McConathy et al. 2008), therefore, a meaningful comparison of 
the spherical form versus discoidal form of rHDL in drug delivery 
efficiency may serve as a guideline in engineering artificial rHDL 
nanocarrier for GBM-targeting delivery. 
In order to study the effect of shape of rHDL for GBM-targeting 
delivery, in the current study, we prepared discoidal rHDL (d-rHDL) 
composing of DMPC and ApoE and spherical rHDL (s-rHDL) 
composing of cholesteryl oleate (CO), DMPC and ApoE, to mimic 
the different stage of natural HDL, and determined their accumula-
tion and penetration at the GBM site and cellular internalization into 
GBM cells both in vitro and in vivo. According to our previously 
work (Song et al. 2014), a film hydration method was used for the 
preparation of the biomimetic nanoparticles. Transmission electron 
microscopy (TEM) was used to characterize the shape of d-rHDL 
and s-rHDL. The uptake efficiency of d-rHDL and s-rHDL was 
qualitatively and quantitively evaluated in C6 glioblastoma cells. 
The shape-dependent penetration ability of rHDL was determined 
by using C6 3D tumor spheroids in vitro, and in C6 tumor-bearing 
nude mice in vivo via real-time fluorescent imaging in mice model 
and in situ distribution analysis in frozen brain slides.

2. Investigations, results and discussion

2.1. Characterization of d-rHDL and s-rHDL
Dynamic Light Scattering (DLS) analysis showed that the size of 
d-rHDL was 26.93±2.60 nm. After encapsulating CO as the cores, 
the size slightly increased to 30 nm with the same narrow size distri-
bution. Both nanocarriers (≤50 nm) can take advantage of the small 

size to penetrate BBB and transport into the poorly permeable GBM 
parenchyma (Cabral et al. 2011; Lee et al. 2010). In contrast, in the 
absence of ApoE, the particle sizes of LNC and CO-LNC, the relevant 
control nanoparticles of d-rHDL and s-rHDL, were both above 30 
nm with a bigger polydispersity index. The zeta potential of d-rHDL 
was -6.39±0.45 mV, while that of s-rHDL was -11.47±1.24 mV, both 
more negative than their control nanoparticles (LNC and CO-LNC), 
indicating that negative-charged ApoE3 had been anchored on the 
surface of lipid membrane (Zhang et al. 2011; Gessner et al. 2002). 
Such a zeta potential of about -10 mV is typical for neutral nanopar-
ticles (within ±10 mV) exhibiting the least mononuclear phagocyte 
system interaction and the longest circulation (Li and Huang 2008; 
Levchenko et al. 2002). In addition, from the Table , we can see that 
fluorescent labeling did not change either the size or the zeta poten-
tial of both d-rHDL and s-rHDL. Under TEM, d-rHDL exhibited a 
distinct multilayer discoidal morphology, while s-rHDL exhibited a 
spherical morphology, which suggested that the constructed d-rHDL 
and s-rHDL may mimic both forms of HDL (Fig. 1).

Fig. 1:  Characterization of d-rHDL and s-rHDL. Morphology and particle size of LNC (A), d-rHDL (B), CO-LNC (C) and s-rHDL (D) under a transmission electron microscope 
after negative staining with sodium phosphotungstate solution (1.75%, w/v). Scale bar, 20 nm. Particle size distribution of d-rHDL (E) and s-rHDL (F) analyzed by dy-
namic light scattering via a Zetasizer.

Table: Particle size and zeta potential of the nanocarriers

Particle size 
(nm)

Polydispersity 
index

Zeta potential 
(mV)

LNC 30.95±1.59 0.36 -4.50±1.31
d-rHDL 26.93±2.60 0.27 -6.39±0.45
CO-LNC 32.24±1.07 0.39 -7.4±0.61
s-rHDL 30.57±5.51 0.25 -11.47±1.24
DiI-labeled d-rHDL 24.62±1.59 0.35  7.29±0.56
DiI-labeled s-rHDL 34.47±5.51 0.30  13.83±2.48
DiR-labeled d-rHDL 25.66±5.15 0.31  4.43±1.43
DiR-labeled s-rHDL 33.79±3.90 0.34 -11.70±1.42
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2.2.  Shape-dependent uptake effi ciency of d-rHDL and 
s-rHDL in glioblastoma cells

Efficient cellular uptake is the basic requirement for glioblastoma 
drug delivery strategy. The cellular uptake of d-rHDL and s-rHDL 
in a C6 glioblastoma cell line was evaluated quantitatively under a 
Kinetic Scan HCS Reader. We added DiI in the lipid film to serve as 
the fluorescent probe. As shown in Fig. 2A and 2C, the cellular uptake 
of d-rHDL and s-rHDL was both concentration and incubation time 
dependent. After 3-h incubation, the cellular uptake of s-rHDL was 
slightly higher but not significantly different with that of d-rHDL at 
the DMPC concentration ranged from 1 to 10 mg/mL but increased 
by 16% at the concentration of 20 mg/mL (*p<0.05). At a relatively 
low concentration (5 mg/mL), after 6-h incubation, the cellular uptake 
of s-rHDL increased by 40% when compared with that of d-rHDL 
(***p<0.001). Similarly, qualitative analysis through fluorescent 
microscopy analysis showed that the cellular internalized fluorescence 
intensity of s-rHDL was higher than that of d-rHDL at the concentra-
tion of 20 mg/mL after 3-h incubation (Fig. 2B). As shown in Fig. 
2D, the superiority of s-rHDL nanocarrier became more obvious 
after a longer incubation time (eg. 6 h). The interesting phenomena 
collectively indicated that s-rHDL can be internalized into the GBM 
cells more efficiently in vitro, especially at a high exposure dosage or 
after a long incubation time. And such phenomenon could be caused 
by the following reasons. Firstly, from the TEM images (Fig. 1B and 
1D), it can be found that the dispersity of s-rHDL was more uniform 
than that of d-rHDL especially at higher concentrations, which may 
result in a higher extent of interaction between s-rHDL and cellular 
surface and lead to a higher cellular uptake. In addition, s-rHDL which 
containing CO could be more favored by the cancer cells lacking of 
nutrient. Moreover, the cellular associated fluorescence intensity of 
d-rHDL and s-rHDL were both significantly higher than that of LNC 
and CO-LNC at all incubation concentrations and time points. The 

phenomena suggested that the incorporation of ApoE into LNC and 
CO-LNC played an important role in facilitating the cellular uptake 
of the nanocarriers.

2.3.  Shape-dependent penetration of d-rHDL and 
s-rHDL in 3D glioblastoma spheroids

Considering the superior uptake efficiency of s-rHDL in C6 cells, we 
examined if s-rHDL could penetrate into 3D glioblastoma spheroids 
more effectively than d-rHDL. 3D glioblastoma spheroids, which 
can mimic the physiologic barriers in solid tumors (heterogeneous 
tumor perfusion, high cell density, acidic PH and increased intersti-
tial pressure), were cultured and subjected to confocal microscopy 
analysis following the incubation with DiI-labeled LNC, CO-LNC, 
d-rHDL and s-rHDL for 3 h at the DMPC concentration of 100 mg/
mL (Hirschhaeuser et al. 2010). It was found that s-rHDL penetrated 
deep and distributed extensive in the C6 3D glioblastoma spheroids. 
In contrast, a lower level of fluorescent intensity of d-rHDL was found 
associated with the spheroids (Fig. 3). Quantitative analysis showed 
that the penetration depth of s-rHDL was 100 mm while that of 
d-rHDL was only 75 mm. These findings provided the evidence that 
s-rHDL could access the inside of the solid tumors more efficiently 
and enhance the cellular uptake by those cancer cells that located at 
the ’blind areas’ more powerfully (Chauhan et al. 2011). Predictably, 
the poor cellular uptake ability resulted in poor fluorescent intensity of 
LNC and CO-LNC in 3D glioblastoma spheroids. 

2.4.  In vivo glioblastoma-targeting distribution of 
biomimetic nanocarrier and its shape dependence

To demonstrate the efficiency of tumor-targeting delivery of 
s-rHDL and d-rHDL in vivo, we performed real-time fluorescent 
imaging and in situ distribution analysis in frozen brain slides with 

Fig. 2:  Shape-dependent efficiency of cellular uptake of d-rHDL and s-rHDL in glioblastoma cells. (A) Quantitative cellular uptake of DiI-labeled LNC, CO-LNC, d-rHDL and 
s-rHDL in C6 glioblastoma cells at 37 °C, respectively, after incubation for 3 h at the DMPC concentrations from 1 mg/mL to 20 mg/mL. (B) Qualitative observation of 
the cellular uptake of DiI-labeled LNC, CO-LNC, d-rHDL and s-rHDL after incubation for 3 h at the DMPC concentration of 20 mg/mL in C6 glioblastoma cells at 37 °C. 
Red: DiI-labeled nanoparticles. Blue: nuclei. Scale bar, 50 mm. (C) Quantitative cellular uptake of DiI-labeled LNC, CO-LNC, d-rHDL and s-rHDL in C6 glioblastoma 
cells after different incubation time ranged from 0.2 to 6 h at the DMPC concentration of 5 mg/mL at 37 °C. (D) Qualitative observation of the cellular uptake of DiI-labeled 
LNC, CO-LNC, d-rHDL and s-rHDL after incubation for 6 h at the DMPC concentration of 5 mg/mL in C6 glioblastoma cells at 37°C. Red: DiI-labeled nanoparticles. 
Blue: nuclei. Scale bar, 50 mm. For A and C, data represented mean ± s.d. (n=3). *p<0.05 and ***p<0.001 significantly higher than the cellular uptake of d-rHDL at 37 
°C. The significance of the differences was evaluated by Student’s t-test.
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Fig. 3:  Confocal microscopy analysis of the penetration of DiI-labeled LNC, CO-
LNC, d-rHDL and s-rHDL in avascular C6 3D tumor spheroids. Multi-level 
scan of the penetration of DiI-labeled LNC, CO-LNC, d-rHDL and s-rHDL 
started at the top of the spheroid and the interval between the consecutive 
slides was 5 mm. Scale bar, 500 mm.

Fig. 4:  In vivo glioblastoma-targeting efficiency of biomimetic rHDL and its shape-dependent biodistribution. (A) In vivo real-time fluorescent imaging of mice bearing intra-
cranial C6 glioblastoma at 4, 8, 12 and 24 h after intravenously injected with DiR-labeled d-rHDL and s-rHDL. (B) Distribution of the fluorescent signals of DiR-labeled 
d-rHDL and s-rHDL in various organs at 24 h post-injection. (C) Semi-quantitative analysis of the fluorescent intensity of DiR-labeled d-rHDL and s-rHDL in glioblastoma 
regions at 4, 8, 12 and 24 h post-injection. Data represented mean ± s.d. (n=3). *p<0.05 and **p<0.01 significantly different with that of d-rHDL.

found that in the tumor region the accumulation of s-rHDL and 
d-rHDL were much higher than that in the adjacent normal brain 
site (Fig. 5), which may be contributed by the receptor-mediated 
internalization and EPR effect (Fang et al. 2011). Simultaneously, 
lower accumulations of LNC and CO-LNC were observed in 
tumor sites, confirming that ApoE3-reconstituted lipoprotein could 
overcome BBB, BBTB and enormously accumulated at the glioma 
site. In particular, s-rHDL showed much higher tumor-specific 
accumulation which was in great accordance with the real-time 
fluorescent imaging results. 
Compared with the cellular uptake data in vitro, the in vivo analysis 
found more obvious superiority in GBM-targeting accumulation 
and penetration achieved by s-rHDL over d-rHDL especially at 
a longer circulation time. Beside the higher dispersity of s-HDL 
and its loading with the nutrient CO that may be more favored 
by cancer cells, the different metabolic process between s-rHDL 
and d-rHDL in vivo could be another key point that resulted in the 
superiority of s-rHDL in in vivo GBM-targeting drug delivery. The 
biological interaction between d-rHDL and LCAT might cause 
the instability of the nanostructure especially after a long circula-
tion time and thus lower its accumulation in the tumor region. In 
contrast, as the bulk of plasma lipoproteins, lipid-enriched s-HDL 
is more similar to mature HDL counterparts and exhibits less 
tendency to interact with LCAT, which would thus achieve higher 
tumor-targeting efficiency. 

2.5. Conclusion
In the present work, we formulated and characterized both discoidal 
and spherical rHDL for GBM-targeting delivery. Both nanocar-
riers were found to be internalized efficiently into the C6 glioblas-
toma cells and 3D tumor spheroids in vitro, and distributed deeply 
into the glioblastoma region in vivo. Specifically, compared with 
d-rHDL, s-rHDL was internalized to a greater extent and exhibited 
higher GBM-targeting efficiency, which could be contributed by 
the higher dispersity, loading with nutrient and higher metabolic 
stability of s-rHDL. Collectively, we demonstrated that s-rHDL 
may be more effective for GBM-targeting delivery and the findings 
of this study may provide important information for the design 
of HDL-mimetic nanocarriers for glioblastoma-targeting drug 
delivery.

the orthotopic transplantation GBM mouse model. As shown in 
Fig. 4A, compared with d-rHDL, s-rHDL exhibited a constant 
superiority in GBM targeting with higher fluorescent intensity at 
the tumor site at each time point after-injection. This was further 
confirmed by the semi-quantitative analysis of fluorescent inten-
sity which showed that the fluorescent intensity of s-rHDL in the 
glioblastoma region was 0.51, 0.7, 0.92 and 1.3-fold higher than 
that of d-rHDL at 4 h, 8 h, 12 h and 24 h post-injection, respec-
tively (Fig. 4C). Similar results were obtained by the analysis of 
the accumulation of the nanostructures in the isolated organs at 24 
h post-injection, in which a significant higher fluorescent intensity 
of s-rHDL was found in the GBM site (Fig. 4B) with the fluores-
cent intensity of s-rHDL increased by 73% when compared with 
that of d-rHDL. The frozen tumor sections were observed under 
a laser scanning confocal microscopy at 3 h post-injection. It was 
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3. Experimental

3.1. Materials
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was obtained from Avanti 
Polar Lipids, Inc. (Alabaster, AL, USA). Full-length ApoE3 was provided by PEPRO-
TECH, Inc. (Rocky Hill, NJ, USA). 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate (DiI) was purchased from Invitrogen, Inc. (Carlsbad, CA, USA). 
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR), Hoechst 
33258 and cholesteryl oleate (CO) were provided by Sigma-Aldrich, Inc. (St. Louis, 
MO, USA). 4,6-Diamidino-2-phenylindole (DAPI) was purchased from Molecular 
Probes, Inc. (Eugene, OR, USA). Other chemicals were obtained from Sigma-Aldrich 
unless otherwise indicated. All cell culture reagents were purchased from Gibco, Inc. 
(Grand Island, NY, USA) unless otherwise indicated.

3.2. Cells
Rat C6 glioblastoma cells were obtained from Cell Institute of Chinese Academy of 
Sciences (Shanghai, China) and cultured at 37 °C in an atmosphere of 5% CO

2
 using 

the culture medium containing DMEM, 10% FBS, 1% L-glutamine, 1% penicillin-
streptomycin solution and 1% nonessential amino acids.

3.3. Animals
Balb/c nude mice (male, 4-5 weeks, 20±2 g) were purchased from the Shanghai SLAC 
Laboratory Animal CO. LTD (Shanghai, China). The animals were housed in the specific 
pathogen-free animal facility with free access to food and water. All animal experiments 
were approved by the Animal Experimentation Ethics Committee of approved by the 
appropriate ethical committee of Shanghai Jiao Tong University School of Medicine.
In order to establish C6 tumor-bearing nude mice model, the suspension of C6 cells 
(500,000 cells/5 mL in pH 7.4 PBS) were injected into right corpus striatum of nude 
mice with the help of a stereotactic apparatus. These mice were allowed to recover for 
two weeks and used for subsequent experiments.

3.4.  Preparation and characterization of d-rHDL and 

s-rHDL nanocomplex
Reconstituted high-density lipoprotein was prepared through the procedure previ-
ously described (Song et al. 2014). To prepare d-rHDL, 4 mg of DMPC, a neutral 
lipid, was dissolved in chloroform and the solution was dried under a high vacuum for 
1 h at room temperature using a BüchiRotavapor R-200 (Büchi, Germany). The lipid 
film was then rehydrated in 4 mL of 0.01 mol/L PBS buffer (pH 7.4) by vortexing 
intermittently for 10 min. After brief sonication, the obtained lipid nanocarrier named 
LNC was then stored at 4 °C for further use. Finally, apoE3 (0.8 mg) was added into 
the above LNC solution (containing 4 mg DMPC) and incubated at 37 °C for 36 h. 
For the preparation of CO-LNC, 4 mg of DMPC and 124 mg CO was used for the 
formation of the lipid membrane, and the following preparation steps were similar 
with that for the preparation of LNC. Similarly, apoE3 (0.8 mg) was added into the 
above CO-LNC solution (containing 4 mg DMPC) and incubated at 37 °C for 36 h 
to prepare s-rHDL. DiI and DiR-labeled nanoparticles were prepared with the same 
procedure by adding DiI and DiR in the DMPC solution.
The morphology and size of LNC, d-rHDL, CO-LNC and s-rHDL were observed 
under a Hitachi H-7650 transmission electron microscope (Hitachi, Inc., Japan) after 
negative staining with 1.75% sodium phosphotungstate solution. The particle size 
distributions and zeta potential were measured by photon correlation spectroscopy 
(Zetasizer Nano-ZS90, Malvern Instruments, U.K.) utilizing a 4.0 mW He-Ne laser 
operating at 633 nm and a detector angle of 90°.

3.5.  Quantifi cation of cellular uptake of d-rHDL or s-rHDL

C6 cells were seeded into 96-well plates at the density of 5,000 cells/well and allowed to 
attach for 24 h. After that, the cells were exposed to a series concentration of DiI-labeled 
LNC, CO-LNC, d-rHDL or s-rHDL. For qualitative experiment, the nanoparticles were 
added at the DMPC concentration ranged from 1 to 20 mg/mL. After incubation at 37 °C 
for 3 h, the cells were washed twice with cold PBS buffer, fixed with 4% formaldehyde 
for 15 min, and then subjected to fluorescent microscopy analysis (Leica DMI4000 B, 
Germany) after staining with Hoechst 33258. For quantitative analysis, after fixation, 
the cells were nuclei-stained with Hoechst 33258 for 15 min away from light and then 
subjected to analysis under a Kinetic Scan HCS Reader (Thermo scientific, USA). For 
evaluating the time related cellular association of the nanoparticles, the incubation time 
was ranged from 0.2 to 6 h at the DMPC concentration of 5 μg/mL.

3.6. Penetration in tumor spheroids

For multicellular tumor spheroids formation, C6 cells were seeded in a 48-well plate 
pre-coated with 2% (w/v) agarose gel at the density of 2,000 cells/well. After cultured 
for 7 days, those uniform and compact spheroids were selected for further experiments. 
In order to study the penetration ability of the different nanocarriers, the spheroids were 
exposed to DiI-labeled LNC, CO-LNC, d-rHDL or s-rHDL at the DMPC concentration 
of 100 mg/mL. Three hours later, the tumor spheroids were washed with cold PBS for 
three times, fixed with 4% formaldehyde for 30 min and then subjected to laser scanning 
confocal microscopy analysis (LSM510, Leica, Germany).

3.7.  In vivo real-time imaging and glioblastoma distribution

The bio-distribution of DiR-labeled d-rHDL and s-rHDL in C6 tumor-bearing nude 
mice following intravenous administration was studied via a Maestro in vivo imaging 
system (CRi, MA, USA) at the excitation wavelength 748 nm and emission wavelength 
780 nm. Six mice were randomly divided into two groups and intravenously received 
DiR-labeled nanocarriers at the dose of DMPC 20 mg/kg. The fluorescent images were 
taken at the pre-determined time points (4, 8, 12, 24 h). Then the tumor-bearing mice 
were sacrificed at 24 h post-injection with the organs harvested for ex vivo imaging.
To evaluate the ability of LNC, CO-LNC, d-rHDL and s-rHDL in penetrating into the 
tumor interior, the C6 tumor-bearing nude mice intravenously received DiI-labeled 
LNC, CO-LNC, d-rHDL and s-rHDL at the dose of DMPC 20 mg/kg. Three h 
after-injection, the mice were anesthetized, and heart perfused with saline and 4% 
paraformaldehyde. The brains were then collected, fixed in 4% paraformaldehyde and 
dehydrated in 10%, 30% sucrose solution. Afterward, the brains were imbedded in 
OCT (Sakura, Torrance, CA, USA), frozen at -80 °C and sectioned at 14 mm. Finally, 
the slides were subjected to confocal microscopy analysis (LSM710, Leica, Germany) 
after staining with DAPI for 10 min and rinsing with PBS. Each experimental group 
consisted of three animals and at least five sections per tumor tissue were analyzed.

3.8.  Statistical analysis

All the data were presented as mean ± standard deviation (s.d.). Student’s t-test was 
used for two-group comparison. Statistical significance was defined as p<0.05.
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Fig. 5:  Brain distribution of DiI-labeled LNC, CO-LNC, d-rHDL and s-rHDL at 3 h post-injection. Yellow lines showed the boundary between glioblastoma and normal brain 
tissue. Arrows indicated the glioblastoma zones. Scare bar: 100 mm. 
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