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ABSTRACT
Small interfering RNAs (siRNAs) are promising as therapeutics for intractable 

diseases such as cancer. However, efficient and safe delivery of siRNAs in vivo remains 
a challenge. Polymer-lipid hybrid nanoparticles (P/LNPs) have been evaluated for 
therapeutic delivery of siRNA. In this study, a microfluidic hydrodynamic focusing 
(MF) system was used to prepare P/LNPs loaded with VEGF siRNA. P/LNPs made by 
MF were smaller in particle size and had narrower size distribution compared to P/
LNPs formed by bulk mixing (BM). MF-synthesized P/LNPs demonstrated low vehicle 
cytotoxicity and potent tumor cell inhibition in vitro. In addition, P/LNPs produced by 
the microfluidic chip exhibited prolonged blood circulation and increased AUC after i.v. 
injection compared to free siRNA. Furthermore, P/LNPs synthesized by MF induced 
greater down-regulation of VEGF mRNA and protein levels as well as greater tumor 
inhibition in a xenograft tumor model. Taken together, P/LNPs prepared by MF have 
been shown to be an effective and safe therapeutic siRNA delivery system for cancer 
treatment both in vitro and in vivo.

INTRODUCTION

VEGF overexpression has been shown to increase 
angiogenesis, which promotes proliferation and metastasis 
of cancer cells [1, 2]. Therefore, down regulation of VEGF 
using siRNA is a promising therapeutic strategy for cancer. 
However, in vivo delivery of siRNA is challenging. [3] 
Because of their relative safety, many non-viral delivery 
systems have been evaluated for siRNA delivery [4–9]. 
Both polycation polyethylenimine (PEI) and cationic lipids 
have been used for siRNA delivery. They form electrostatic 
nanocomplexes with siRNA [10, 11]. However, the 
nanocomplexes have limited stability in vivo and can be 
cleared from circulation by the reticuloendothelial system 
(RES) [12]. Polyethylene glycol (PEG) coating has been 
shown to reduce the particle size and improve the stability 
of these nanocomplexes [13, 14]. Further improvements in 

siRNA delivery efficiency may be possible if the process of 
nanocomplex synthesis can be optimized.

Conventional methods for nanocomplex synthesis 
is based on bulk-mixing (BM) of cationic components 
and siRNA solutions [15–19]. It is an uncontrolled 
process usually involving multiple steps, therefore, has 
poor reproducibility. In the last decade, microfluidic 
hydrodynamic focusing (MF) devices have been 
introduced to nanoparticle synthesis [17, 20–22]. MF has 
been shown to produce nanoparticles that are smaller in 
size and narrower in size distribution.

Low molecular weight PEI has been shown to be 
effective for siRNA delivery and to have low cytotoxicity 
[23, 24]. In this study, PEI-800 was combined with cationic 
lipids to compose polymer-lipid hybrid nanoparticles 
(P/LNPs), with the composition of DODMA/egg PC/
Chol/DSPE-PEG2000/PEI-800 at a molar ratio of 
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40/19/35/1/5 [25]. Incorporation of DSPE-PEG2000 
was aimed at increasing the circulation time of P/LNPs 
when used in vivo. Moreover, P/LNPs were prepared 
by MF with sonication using a flow rate of 0.8 mL/
min. These conditions have been previous identified as 
optimal parameters for generating P/LNPs with optimal 
characteristics. Physicochemical properties and cytotoxicity 
of siRNA-loaded P/LNPs were investigated. In vivo 
pharmacokinetics and pharmacodynamics of P/LNPs were 
evaluated in tumor-bearing mice. Gene silencing activity 
of P/LNPs was evaluated.  The data showed that P/LNPs 
containing VEGF siRNA produced by the MF method (P/
LNPs-siRNA-MF) induced greater cytotoxicity in vitro and 
greater tumor inhibition in vivo compared to those made by 
BM method (P/LNPs-siRNA-BM).

RESULTS

Characterization of P/LNPs

Mean particle size, polydispersity index (PDI) and 
zeta potential of the various P/LNPs were determined 
by dynamic light scattering (DLS) and zeta potential 
measurement. In this study, we performed the synthesis of 
P/LNPs at a Vf of 0.8 ml/min in the presence of sonication. 
The results obtained are shown in Table 1. LNPs-siRNA-
BM (without PEI-800) had a size of 177.5 nm and P/
LNPs-siRNA-BM (with PEI-800) had a size of 194 nm. It 
appears that incorporation of PEI-800 into LNPs slightly 
increased the particle size as well as the PDI. The particle 
size of the P/LNPs-siRNA-MF (with PEI-800) was 
106.4 nm with a PDI of 0.126, indicating a narrower size 
distribution. The zeta potential values of P/LNPs-siRNA-
MF were slightly lower than those of LNPs-siRNA-
BM. Therefore, the MF method produced LNPs with a 
narrower particle distribution and lower surface charge.

P/LNP vehicle cytotoxicity assay

Cytotoxicity of blank P/LNPs was tested in HepG-
2 cells using an MTT assay. Cell viability at 12h, 24 h, 
48 h, and 72 h after adding P/LNPs was calculated and 
shown in Figure 2A. At the first time point, with blank 
P/LNPs (12 h), cell viability was nearly 100%. After 24 
h incubation (20 µg/mL lipids), P/LNPs-MF killed only 
8.6 ± 4.5% of cells. Meanwhile, the same quantity of P/
LNPs-BM killed 10.4 ± 3.3% cells. At 48 h and 72 h, 
HepG-2 cells still showed high viability. The results 
revealed that blank P/LNPs, regardless of method of 
synthesis, were not cytotoxic.

Growth inhibition of tumor cell

The effect of VEGF siRNA-loaded P/LNPs on 
growth of HepG-2 cells was investigated. The results 
revealed that the loss of the cell viability was closely 
correlated with incubation time of P/LNPs (Figure 2B). 
The growth of tumor cells was reduced even at 12h after 
adding P/LNPs-siRNA-MF. After 72 h incubation, P/
LNPs-siRNA-MF treated cells showed significantly 
greater growth inhibition with only 54 ± 3.1% survival rate 
relative to the control. In addition, the cell viability of P/
LNPs-siRNA-BM treatment group was higher than that of 
P/LNPs-siRNA-MF group. These results clearly showed 
that P/LNPs-siRNA-MF had significant cytotoxicity.

Intracellular trafficking of P/LNPs 

To identify the cellular uptake of P/LNPs, the cells 
treated Cy3-labeled siRNA in P/LNPs were evaluated by 
confocal microscopy at 4 h after addition, as shown in 
Figure 3. Without any protection, few free siRNA were 
delivered into cytoplasm. In contrast, more siRNA (red 
fluorescence) was clearly visualized in cells treated with 

Figure 1: Schematic of P/LNPs synthesis using a microfluidic device. The device consisted of three inlet ports and one outlet 
port and was control by two syringe pumps. siRNA solutions were introduced from inlets 1 and 3, and the lipid solution was injected from 
inlet 2 and was mixed with siRNA solution through an S-style MF channel at 0.8 mL/min flow rate. Resulting P/LNPs was collected at the 
outlet port, followed by sonication and dialysis.
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Figure 2: MTT assay of blank P/LNPs and siRNA-loaded P/LNPs on HepG-2 cells. Cells were incubated with (A) blank P/
LNPs or (B) siRNA-loaded P/LNPS for 12h, 24 h, 48 h or 72 h in an atmosphere containing 5% CO2 at37°C. All values were presented as 
mean ± SD (* indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001). Abbreviations: blank P/LNPs-BM, P/LNPs-BM without 
siRNA, blank P/LNPs-MF, P/LNPs-MF without siRNA, P/LNPs-siRNA-BM, siRNA-loaded P/LNPs-BM, P/LNPs-siRNA-MF, siRNA-
loaded P/LNPs-MF.

Table 1: Properties of nanoparticles prepared by MF and BM methods
Samples Mean Diameter (nm) PDI Zeta potential (mV)

LNPs-siRNA-BM
P/LNPs-siRNA-BM

178 ± 17
194 ± 23

0.217
0.232

3.9 ± 0.2
18.7 ± 3.6

P/LNPs-siRNA -MF 106 ± 8 0.126 10.4 ± 0.4

Samples were studied by DLS and zeta potential measurement. Each run was done in triplicate and data are expressed as 
mean ± SD.
Abbreviations: LNPs-siRNA-BM, siRNA-loaded LNPs (without PEI-800) formed by bulk mixing method; P/LNPs-siRNA-
BM, siRNA-loaded P/LNPs (with PEI-800) formed by bulk mixing method; P/LNPs-siRNA-MF, siRNA-loaded P/LNPs (with 
PEI-800) formed by microfluidic method; PDI, Polydispersity index.

Figure 3: Intracellular trafficking of P/LNPs. The analysis of P/LNPs mediated siRNA delivery in HepG-2 cells was performed by 
confocal microscopy. Cell nuclei were counterstained with DAPI. Abbreviations: P/LNPs-siRNA-MF, Cy3-siRNA-loaded P/LNPs-MF, P/
LNPs-siRNA-BM, Cy3-siRNA-loaded P/LNPs-BM, Cy3-siRNA, Cy3-labeled siRNA.
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P/LNPs-siRNA-MF compared with treatment by P/LNPs-
siRNA-BM, indicating more efficient uptake of P/LNPs-
siRNA-MF.

Pharmacokinetic studies 

Free siRNA is rapidly cleared due to presence of 
nuclease and excretion. P/LNPs covered with a protective 
PEG layer may produce not only longer circulation time, 
but also greater passive tumor accumulation in vivo 
as a result of enhanced permeability and retention. 
PK properties of P/LNPs, including maximum plasma 
concentration (Cmax), half-life (T1/2), area under the 
curve (AUC0–∞), total body clearance (CL), and mean 
residence time (MRT0–∞) were calculated and presented 
in Figure 4 and in Table 2. P/LNPs-siRNA-MF (FAM-
siRNA-loaded P/LNPs-MF) was intravenously injected 
into Wistar rats. Free FAM-siRNA was used as a control. 
Figure 4 shows that Cmax obtained with P/LNPs-siRNA-
MF was considerably greater than that of free siRNA 
at the first time point. The plasma concentration of free 
siRNA group decreased rapidly subsequently. At 30 min, 
plasma concentration was approximately 1000 ng/mL, 
corresponding to less than half of the values observed 
following P/LNPs-siRNA-MF treatment (2000 ng/mL). 
This suggested that free siRNA was rapidly eliminated 
from the blood circulation in vivo would not be capable 
of exerting any therapeutic function. However, the plasma 
concentration of P/LNPs-siRNA-MF group declined 
sharply at first and then the rate of decrease slowed 
down. Table 2 also showed that P/LNPs-siRNA-MF was 
cleared slowly from the circulation compared to free 
FAM-siRNA, resulting in longer t1/2 values. AUC0–∞ and 
MRT0–∞ values of P/LNPs-siRNA-MF were significantly 
higher than those of free FAM-siRNA. Among all 
formulations, P/LNPs-siRNA-MF presented the longest 
MRT, the largest AUC and the lowest CL, indicating a 
long circulation time.

Tumor growth suppression

To study the therapeutic efficacy of P/LNPs in vivo, 
a murine xenograft model was used. BALB/C-nude mice 
was subcutaneously inoculated with HepG-2 cells prior 
to experiment. Average tumor volume and body weight 
were monitored throughout the study. When the tumor has 
grown to around 100 mm3, P/LNPs were administered via 
the tail vein at a dosage of 2.5 mg/kg siRNA every 3 days. 
After the completion of the studies, tumors were dissected 
from all mice and weighed. The results showed that P/
LNPs-siRNA-BM kept tumor growth to 600~800 mm3, 
whereas tumor size remained at 100~200 mm3 and 
decreased in size in later time points in mice treated with 
P/LNPs-siRNA-MF. These revealed that both P/LNPs-
siRNA-MF and P/LNPs-siRNA-BM suppressed the 
growth of tumors, but at the same dose regimen, the growth 
rate of tumor in mice treated with P/LNPs-siRNA-MF was 
slower compared with those treated with P/LNPs-siRNA-
BM (Figure 5A, 5B). No statistically significant difference 
in body weight was observed between P/LNPs and control 
groups during the treatment period (Figure 5C). At the end 
of treatment, tumor weights of P/LNPs-siRNA-MF and 
P/LNPs-siRNA-BM treated group were 0.23 ± 0.09 and 
0.48 ± 0.11 g, respectively (Figure 5D). It seems that P/
LNPs-siRNA-MF exhibited greater inhibition of tumor 
growth than P/LNPs-siRNA-BM.

In vivo gene silencing and histopathology

Based on previously shown gene silencing effects 
of P/LNPs in vitro, these effects were evaluated in 
tumor-bearing mice in vivo. As shown in Figure 6A, 
down regulation of VEGF in tumor by P/LNPs-siRNA-
MF was 69%, while the value for P/LNPs-siRNA-BM 
was only 44%. Overall, the VEGF mRNA level in the P/
LNPs-siRNA-BM treatment group was moderately lower 
than in the control group, whereas P/LNPs-siRNA-MF 

Figure 4: Pharmacokinetics of P/LNPs in Wistar rats. (A) Standard curve of Fluorescence Intensity versus Concentration of 
FAM-siRNA. (B) Plasma concentrations of P/LNPs-siRNA-MF and free FAM-siRNA after i.v. administration. The data are presented as 
means ± SD (n = 3). Abbreviations: P/LNPs-siRNA-MF, FAM-siRNA-loaded P/LNPs-MF; FAM-siRNA, FAM-labeled siRNA.
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more effectively inhibited the VEGF mRNA expression. 
Western blot analysis also showed similar results on the 
VGRF protein level (Figure 6B). P/LNPs-siRNA-MF 
down-regulated VEGF more efficiently than P/LNPs-
siRNA-BM, indicated that P/LNPs-siRNA-MF could 
deliver siRNA more efficiently into the tumor site.

Additionally, tumor sections were stained with 
H&E for further pathological analysis (Figure 7). In the 
control group, high density tumor cells with nuclei were 
detected clearly. In contrast, tumor cells appear apoptotic 
and less dense in the P/LNPs-siRNA-BM group, although 
many viable cells remained. Finally, extensive tumor cells 

appeared to be severely damaged with loss of nuclei in 
the P/LNPs-siRNA-MF treatment group. These results 
suggested that the P/LNPs-siRNA-MF induced much 
tumor cell death and reduced the density of tumor tissue, 
therefore, is effective for cancer therapy. Meanwhile, 
histopathology sections of the other tissues did not show 
any visible differences among three treatment groups. 

Systemic toxicity analysis

Serum analyses were used to assess any abnormality 
in liver and kidney function after P/LNPs treatment. As 

Table 2: Plasma pharmacokinetic parameters
Cmax (ng/mL) T1/2 (h) Cl (mLkg1) AUC0–∞ MRT0–∞

Free FAM-siRNA 3264 12.8 46.6 5543 18.1

P/LNPs-siRNA-MF 7107 28.9 13.1 14345 28.6

Pharmacokinetic parameters of P/LNPs-siRNA-MF and free FAM-siRNA were collected and calculated after i.v. 
administration.
Abbreviations: Cmax, maximum plasma concentration; T1/2, half-life; Cl, total body clearance; AUC0–∞, area under the curve; 
MRT0–∞, mean residence time; P/LNPs-siRNA-MF, FAM-labeled siRNA-loaded P/LNPs-MF, FAM-siRNA, FAM-labeled 
siRNA.

Figure 5: In vivo Suppression of tumor growth by various P/LNPs in HepG-2 tumor bearing BALB/C-nude mice. 
(A) Tumor volumes were measured by caliper three times a week after P/LNPs-siRNA-BM, P/LNPs-siRNA-MF, or saline treatment. (B) 
Images of the harvested tumors at the time of sacrifice. (C) Body weights of mice were monitored during the treatment. (D) The average 
weight of tumors collected at the end of treatment. (*p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: P/LNPs-siRNA-BM, siRNA-loaded 
P/LNPs-BM; P/LNPs-siRNA-MF, siRNA-loaded P/LNPs-MF.
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shown in Figure 8, normal serum alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) levels following 
treatment indicated that there was no significant liver damage 
caused by P/LNPs. In addition, serum blood urea nitrogen 
(BUN) and creatinine levels for mice treated by P/LNPs 
were similar to those of the control, suggesting no abnormal 
changes in kidney functions after P/LNPs injection.

DISCUSSION

Over-expression of VEGF promotes tumor 
angiogenesis [26, 27]. Therefore, targeting VEGF 
using siRNA is a promising therapeutic strategy. In our 
previous report, P/LNPs of the same composition as used 
in this study were shown to achieve high gene silencing 

Figure 7: Histopathology of tissue sections stained with hematoxylin/eosin (H&E). Heart, Liver, Spleen, Lung, Kidney, 
Tumor tissue were collected and stained by hematoxylin/eosin (H&E) after the last treatment. Abbreviations: P/LNPs-siRNA-BM, siRNA-
loaded P/LNPs-BM; P/LNPs-siRNA-MF, siRNA-loaded P/LNPs-MF.

Figure 6: In vivo down-regulation of VEGF by siRNA in P/LNPs. Notes: (A) The level of VEGF mRNA determined by qRT-
PCR. (B) VEGF protein expression determined via Western blot analysis. Data represents mean ± SD (n = 3). * indicates p < 0.05, 
** indicates p < 0.01 and. *** indicates p < 0.001. Abbreviations: P/LNPs-siRNA-BM, siRNA-loaded P/LNPs-BM; P/LNPs-siRNA-MF, 
siRNA-loaded P/LNPs-MF.
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efficiency in vitro [25]. In this report, to further evaluate 
the therapeutic effect of P/LNPs, in vivo studies were 
conducted.

MF is a relatively novel technique in nanoparticle 
synthesis [28–32]. Due to its ability to precisely 
manipulate and control LNP properties, we carried out 
P/LNPs synthesis using a MF system. Particle size is 
important because small size can facilitate tumor through 
extravasation and the enhanced permeation and retention 
(EPR) effect [33]. P/LNPs produced by MF method and by 
BM method with the size range of 110 to 200 nm enable 
them to extravasate and be internalized into the cell via 
endocytosis. Moreover, P/LNPs made by MF had a narrow 
particle size distribution, smaller particle size and lower 
surface charge compared to those made by BM, indicating 
that MF method could produce P/LNPs with superior 
physicochemical properties [34]. For in vitro experiment, 
P/LNPs-siRNA-MF were shown to deliver siRNA into the 
cytoplasm and cause tumor cell death as well as induce 
down-regulation of  VEGF expression (data not shown).

Therefore, based on the promising in vitro data, we 
continued our study P/LNPs in vivo. It is known that If P/
LNPs are quickly eliminated in serum, accumulation of 
siRNA at tumor site would be diminished. Thus, delivery 
vehicles with extended blood circulation lifetime and 

serum stability are indispensable to promote delivery 
at tumor sites and protect the siRNA molecule in serum 
against nucleases and excretion. PEGylation is capable 
of effectively diminishing clearance and prolonging 
circulation time, resulting in enhanced AUC, MRT and 
T1/2 of P/LNPs-siRNA-MF compared to free siRNA. 
Furthermore, we anticipate that increased blood circulation 
of P/LNPs in vivo will have a positive impact on its tumor 
suppression efficacy. This hypothesis was proven by 
comparing the antitumor activity of P/LNPs in vivo. As 
shown in Figure 4, exponential increase in tumor size was 
seen in the control group, with the tumor size reaching 
~1500 mm3. As expected, the P/LNPs-siRNA-MF treated 
group exhibited favorable tumor suppression compared 
to the P/LNPs-siRNA-BM treated group (31.64 versus 
70.67 mm3/day), suggesting that P/LNPs-siRNA-MF was 
more efficacious.  

P/LNPs already have been demonstrated to have 
gene silencing activity in HepG-2 liver cancer cells 
during in vitro studies. Here, we performed qRT-PCR and 
western blot analysis for silencing efficiencies at VEGF 
mRNA and protein levels in tumors in mice treated with 
P/LNPs in vivo. Consistent with the in vitro results, P/
LNPs-siRNA-MF facilitated the greatest down regulation 
in gene expression at the mRNA and protein levels among 

Figure 8: Blood biochemical parameters of mice treated P/LNPs. In vivo toxicity assay by measuring the levels of (A) AST, (B) 
ALT, (C) BUN and (D) creatinine in serum of mice 48 h after intravenous injections of P/LNPs. Normal ranges of parameters are presented. 
Data are expressed as mean ± SD (n = 3). Abbreviation: AST, aspartate aminotransferase; ALT: alanine aminotransferase; BUN: blood urea 
nitrogen; P/LNPs-siRNA-BM, siRNA-loaded P/LNPs-BM; P/LNPs-siRNA-MF, siRNA-loaded P/LNPs-MF.
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the three groups. In addition, pathological analysis clearly 
showed that tumor tissue suffer severe damage after P/
LNPs-siRNA-MF therapy, while no histological changes 
were detected in normal organ tissues indicating P/LNPs 
were not toxic. Taken together, it was confirmed that P/
LNPs-siRNA-MF was the most effective approach for 
VEGF gene silencing as well as tumor suppression in vivo. 
The superior anti-tumor activity of P/LNPs-siRNA-MF 
in vivo likely could be attributed to nanoparticle synthesis 
using MF method. MF provides  better mixing between 
P/LNPs and siRNA, resulting in uniform nanostructure 
and reduced surface charge of P/LNPs-siRNA-MF. With 
smaller particle size and narrower size distribution, P/
LNPs-siRNA-MF was easier to accumulate at tumor site 
with leakier blood vessel than P/LNPs-siRNA-BM. On 
the other hand, low surface charge of P/LNPs-siRNA-MF 
is associated with improved P/LNP stability in vivo and 
reduced adsorption of serum proteins. 

We further investigated whether P/LNPs induced 
toxicity in vitro and in vivo. MTT results show that no 
significant cytotoxicity was observed with blank P/LNPs 
in vitro. Meanwhile, serum analysis showed no significant 
systemic toxicity in mice treated with the P/LNPs-siRNA-
MF or P/LNPs-siRNA-BM (Figure 7). These data showed 
that P/LNPs have low toxicity and has an excellent safety 
profile.

MATERIALS AND METHODS

Materials

1,2-Dioleyloxy-N,N-dimethyl-3-aminopropane 
(DODMA) was obtained from Corden Pharma 
(Cambridge, MA, USA). Egg L-α-phosphatidylcholine 
(egg PC), cholesterol (Chol) and 1,2-distearoyl-sn-
glycero3-phosphoethanolamine -N-[methoxy(polyethylene 
glycol)-2000](DSPE-PEG2000) were purchased from 
Avanti Polar Lipids (Alabaster, AL, USA). Branched 
PEI with molecular weight of 800Da (PEI-800), 
3-(4, 5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium 
bromide (MTT), and cell culture media and 
supplies were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). VEGF siRNA (sense sequence: 
5′-GGAGUACCCUGAUGAGAUCdTdT-3′; antisense 
sequence: 5′-GAUCUCAUCAGGGUACUCCdTdT-3′) 
and 5′-FAM-siRNA were provided by Guangzhou RiboBio 
Co., Ltd. (Guangzhou, China).

Tissue culture 

HepG-2 cells, obtained from the American Type 
Culture Collection (ATCC) (Manassas, VA, USA), were 
cultured in the DMEM medium supplemented with 10% 
fetal bovine serum, 1% antibiotics and 1% antimycotics, 
at 37˚C in a humidified atmosphere containing 5% CO2. 

Laboratory animals

Male nude mice (4 weeks old) and Wistar rats were 
purchased from the Laboratory Animal Center of Jilin 
University (Changchun, China) and housed in a room with 
controlled temperature and humidity. Standard chow and 
water were supplied to the animals under a 12 h light/dark 
cycle. All protocols used were approved by the Animal 
Care and Research Committee at Jilin University.

Preparation of P/LNPs

P/LNPs were prepared both by an MF method 
and a BM method, as described previously. [35] Briefly, 
DODMA/egg PC/Chol/DSPE-PEG2000/PEI-800 at 
40/19/35/1/5 (molar ratio) were dissolved in absolute 
ethanol to form a lipid/polymer solution. VEGF siRNA 
was dissolved in HEPES (20 mM HEPES, pH = 4). 
The weight ratio of lipids-to-siRNA used was 10:1. For 
nanoparticle synthesis by the BM method, the lipid/
polymer solution was added into siRNA solution with 
stirring at 4°C. After sonication, ethanol was removed by 
dialysis using a MWCO 10 kDa Float-A-Lyzer against 20 
mM HEPES (pH = 7.4) buffer for 2 hours.

For nanoparticle synthesis using the MF method, 
two syringe pumps and a 3-inlet microfluidic chip were 
used, as shown in Figure 1. siRNA solution was introduced 
at inlets 1 and 3. Meanwhile, lipid/polymer solution was 
injected through inlets 2, and was hydrodynamically 
focused by siRNA streams at the first fluid channel 
intersection. The flow rate of the streams was 0.8 mL/min. 
The resulting P/LNPs were collected at the outlet port, 
followed by sonication and dialysis as described above. 
Next, the P/LNPs-siRNA-MF and P/LNPs-siRNA-BM 
were sterilized by passing through a 0.22 μm pore-size 
syringe filter (Millipore, Billerica, MA, USA).

Zeta potential and particle size measurements

Particle size, polydispersity index (PdI) and zeta 
potential of P/LNPs were analyzed on a NICOMP 380 
ZLS analyzer from Particle Sizing Systems (Santa 
Barbara, CA, USA).

Cytotoxicity assay

An MTT assay was used to evaluate cytotoxicity 
of nanoparticles in vitro. Cells were seeded at 6000 cells/
well and cultured under standard conditions (37°C, 5% 
CO2). Then, the cells were treated with culture medium 
containing blank P/LNPs or P/LNPs loaded with siRNA 
for 12h, 24 h, 48 h, or 72 h. After incubation, medium 
was removed from the cells and 20 μL MTT reagent was 
added into each well and the plate was incubated for 
another 4 h. Then, the medium was replaced with 150 μL 
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DMSO to dissolve blue formazan crystals formed and 
absorbance value was determined at 490 nm on a BioTek 
Synergy 4 Hybrid Microplate Reader. Cell viability (%) 
was calculated using the following equation, where Asample 
and Acontrol represented absorbances of cells treated with a 
nanoparticle sample and blank medium, relatively [36].

Relative cell viability(%) =
A
A
sample

control

×100%

Confocal microscopy

To visualize the uptake of P/LNPs by tumor cells, 
confocal laser scanning microscopy was used. HepG-2 
cells were seeded (3 × 104cells/well), cultured for 24h and 
treated with Cy3-labeled siRNA (Cy3-siRNA) or P/LNPs-
siRNA (Cy3-siRNA-loaded P/LNPs). After 4 h incubation, 
the cells were washed with PBS for three times and then 
fixed with 4% paraformaldehyde solution for 15 min. Then 
DAPI was added for the staining of nuclei. Finally, the 
cells were observed on a Zeiss710 LSMNLO Confocal 
Microscope from Carl Zeiss (Oberkochen, Germany [37]).

Pharmacokinetic studies

Plasma pharmacokinetic analysis was performed 
in healthy male Wistar rats. Plasma concentrations were 
determined by measuring the fluorescence intensity of 
FAM-labeled siRNA (FAM-siRNA) in serum. Briefly, 
Rats were randomly divided into 2 groups of 5 mice per 
group and respectively injected with free FAM-siRNA and 
P/LNPs-siRNA-MF (FAM-siRNA-loaded in P/LNPs-MF) 
at a dose of 10 mg/kg. Then, 200 μL of blood samples 
from the ophthalmic vein were collected at 5 min, 15 min, 
30 min, 1 h, 2 h, 4 h, 10 h, 24 h and 48 h after injection. 
Blood samples were stored at 4°C for 5min and then 
centrifuged at 10, 000rpm for 10min. Plasma supernatant 
was mixed with 1% SDS and heated to 95°C, followed 
by centrifugation at 10, 000rpm for 10 min. Fluorescence 
of supernatant was measured on a microplate reader (λex: 
485 nm, λem: 520 nm). Pharmacokinetics parameters 
including maximum plasma concentration (Cmax), half-life 
(t1/2), area under the curve (AUC0-∞), mean residence time 
(MRT0-∞) and total body clearance (CL) were calculated 
by non-compartmental analysis using WinNonlin version 
5.2.1 software (Pharsight Corp.).

Antitumor efficacy in vivo

A murine xenograft model was used to assess 
antitumor activity. Male nude mice were inoculated with 
HepG-2 cells at 6 × 106 per animal subcutaneously in the 
right flank to establish tumors. Two weeks later, mice were 
randomly divided into 3 groups with 5 mice per group. 
Body weight and tumor size were measured every 3 days. 
When the average tumor volume reached ~ 100 mm3, mice 
were injected with saline (control) or P/LNPs containing 

siRNA at a dose of 2.5 mg/kg via tail vein twice a week. 
Tumor volume (V) was calculated according to the 
following equation after measuring the width and length 
of each tumor using a caliper.

Tumor volume(mm Width Length3

2
) = ×

After the final treatment, the mice were sacrificed 
and tumors were harvested, weighed, imaged and analyzed 
for VEGF gene expression and histology. 

Analysis of gene expression

Tumors harvested were homogenized in a lysis buffer.  
Total protein and mRNA extracts were obtained using RIPA 
(Sigma-Aldrich) and RNAiso Plus (Takara) according 
to manufacturer’s protocols, respectively. qRT-PCR was 
used to measure mRNA levels. First, extracted total RNA 
was reverse-transcribed into cDNA. Then, the cDNA was 
subjected to qRT-PCR (CFX96T Real-time System, Bio-
Rad) and amplified according to following conditions: 40 
cycles including denaturation at 94°C for 1 min; annealing: 
60°C for 1 min [38]; extension: 72°C for 1 min. For 
Western blot assay, 20 μg of total protein was subjected to 
electrophoresis on a sodium dodecyl sulfate polyacrylamide 
gel (90V for spacer gel, 120V for separation gel) and then 
transferred to a polyvinylidene fluoride (PVDF) membrane. 
The blotted membranes were incubated with specific 
primary antibodies overnight, and subsequently, incubated 
with secondary horseradish peroxidase (HRP)-labeled 
antibody for 4 h. After washing for 3 times, immunostaining 
was performed using an enhanced chemiluminescence 
(ECL) kit (GE Healthcare, UK) and then imaged on a 
Biospectrum600 Imaging System (Upland, CA, USA [39]).

Histopathology staining

At 48 h after the final treatment, the mice 
were sacrificed and various organs and tumor were 
aseptically removed. Tissue samples were fixed in 4% 
paraformaldehyde and embedded in paraffin blocks 
and cut into thick slices. Finally, the slices were stained 
by hematoxylin/eosin (H&E) and observed under a 
microscope from Nikon Instruments (Tokyo, Japan [40]).

Systemic toxicity analysis

To investigate changes in liver and kidney functions 
after P/LNPs-siRNA-MF and P/LNPs-siRNA–BM 
treatment, levels of AST, ALT, BUN and CRE in serum 
were determined. Briefly, venous blood was collected from 
treated mice and centrifuged at 10, 000 rpm for 10 min 
at 24 h after P/LNPs containing 2.5 mg siRNA per kg or 
saline treatment. Plasma samples were analyzed using 
a kit from NanJing JianCheng Bioengineering Institute 
(Nanjing, China) according to manufacturer’s instructions.



Oncotarget96835www.impactjournals.com/oncotarget

Statistical analysis

Data were expressed as the mean ± S.D of triplicates 
unless otherwise indicated. Statistical significance was 
determined by Student’s t test. Significance levels are 
indicated as *p < 0.05, **p < 0.01 and ***p < 0.001 as 
compared with the corresponding control values.

CONCLUSIONS

MF was used to produce P/LNPs with smaller size, 
narrower size distribution, lower positive zeta potential, 
which could more efficiently deliver siRNA into the tumor 
cells. P/LNPs made in MF method exhibited higher cellular 
uptake, greater inhibition of VEGF expression and greater 
tumor cell cytotoxicity compared with those produced by 
the conventional BM method. In vivo, the results revealed 
that P/LNPs-siRNA-MF displayed ideal blood circulating 
time, satisfactory antitumor activity, elevated in vivo gene 
silencing without causing systemic toxicity. Therefore, 
we believe P/LNPs-siRNA-MF may be a useful siRNA 
delivery vehicle for therapy of liver cancer.

Authorsʼ contributions

X. Huang designed and performed the experiments 
and analyzed the data; Y. Qi and Y. Li assisted in 
performing the experiments; X. Huang drafted the paper; 
R.J. Lee conceived the experiments and reviewed drafts 
and approved the final version of the manuscript; J. Xie 
and L. Teng designed and supervised research, analyzed 
data, helped review the different versions of the drafted 
paper, and approved the final version for submission.

ACKNOWLEDGMENTS AND FUNDING

We thank the Core Facilities of Life Science for 
assistance that contributed to this research. This research 
was supported by the National Natural Science Foundation 
of China (Grant No.81502999).

CONFLICTS OF INTEREST

The authors report no conflicts of interest in this work.

REFERENCES

 1. Kim SH, Jeong JH, Lee SH, Kim SW, Park TG. Local and 
systemic delivery of VEGF siRNA using polyelectrolyte 
complex micelles for effective treatment of cancer. J 
Control Release. 2008; 129:107–16.

 2. Tsai JH, Lee WM. Modeling antiangiogenesis gene therapy. 
Cancer Biol Ther. 2002; 1:554–55.

 3. Li L, Hou J, Liu X, Guo Y, Wu Y, Zhang L, Yang Z. 
Nucleolin-targeting liposomes guided by aptamer AS1411 

for the delivery of siRNA for the treatment of malignant 
melanomas. Biomaterials. 2014; 35:3840–50.

 4. Wang H, Chen W, Xie H, Wei X, Yin S, Zhou L, Xu X, 
Zheng S. Biocompatible, chimeric peptide-condensed 
supramolecular nanoparticles for tumor cell-specific siRNA 
delivery and gene silencing. Chem Commun (Camb). 2014; 
50:7806–09.

 5. Qi R, Liu S, Chen J, Xiao H, Yan L, Huang Y, Jing X. 
Biodegradable copolymers with identical cationic segments 
and their performance in siRNA delivery. J Control Release. 
2012; 159:251–60.

 6. Yang Z, Xie J, Zhu J, Kang C, Chiang C, Wang X, Wang 
X, Kuang T, Chen F, Chen Z, Zhang A, Yu B, Lee RJ, et al. 
Functional exosome-mimic for delivery of siRNA to cancer: 
in vitro and in vivo evaluation. J Control Release. 2016; 
243:160–71.

 7. Kang C, Sun Y, Zhu J, Li W, Zhang A, Kuang T, Xie J, Yang 
Z. Delivery of Nanoparticles for Treatment of Brain Tumor. 
Curr Drug Metab. 2016; 17:745–54.

 8. Zhou C, Yang Z, Teng L. Nanomedicine based on nucleic 
acids: pharmacokinetic and pharmacodynamic perspectives. 
Curr Pharm Biotechnol. 2014; 15:829–38.

 9. Chen Z, Chen Z, Zhang A, Hu J, Wang X, Yang Z. 
Electrospun nanofibers for cancer diagnosis and therapy. 
Biomater Sci. 2016; 4:922–32.

10. Ewe A, Panchal O, Pinnapireddy SR, Bakowsky 
U, Przybylski S, Temme A, Aigner A. Liposome-
polyethylenimine complexes (DPPC-PEI lipopolyplexes) 
for therapeutic siRNA delivery in vivo. Nanomedicine. 
2016; NANO-01397.

11. Xie J, Teng L, Yang Z, Zhou C, Liu Y, Yung BC, Lee 
RJ. A polyethylenimine-linoleic acid conjugate for 
antisense oligonucleotide delivery. BioMed Res Int. 2013; 
2013:710502.

12. Ravar F, Saadat E, Gholami M, Dehghankelishadi P, 
Mahdavi M, Azami S, Dorkoosh FA. Hyaluronic acid-
coated liposomes for targeted delivery of paclitaxel, in-vitro 
characterization and in-vivo evaluation. J Control Release. 
2016; 229:10–22.

13. Koide H, Okamoto A, Tsuchida H, Ando H, Ariizumi S, 
Kiyokawa C, Hashimoto M, Asai T, Dewa T, Oku N. One-
step encapsulation of siRNA between lipid-layers of multi-
layer polycation liposomes by lipoplex freeze-thawing. J 
Control Release. 2016; 228:1–8.

14. Yu B, Wang X, Zhou C, Teng L, Ren W, Yang Z, Shih CH, 
Wang T, Lee RJ, Tang S, Lee LJ. Insight into mechanisms 
of cellular uptake of lipid nanoparticles and intracellular 
release of small RNAs. Pharm Res. 2014; 31:2685–95.

15. De Smedt SC, Demeester J, Hennink WE. Cationic polymer 
based gene delivery systems. Pharm Res. 2000; 17:113-26.

16. Jaafar-Maalej C, Diab R, Andrieu V, Elaissari A, Fessi H. 
Ethanol injection method for hydrophilic and lipophilic 
drug-loaded liposome preparation. J Liposome Res. 2010; 
20:228–43.



Oncotarget96836www.impactjournals.com/oncotarget

17. Balbino TA, Aoki NT, Gasperini AA, Oliveira CL, Azzoni 
AR, Cavalcanti LP, de la Torre LG. Continuous flow 
production of cationic liposomes at high lipid concentration 
in microfluidic devices for gene delivery applications. 
Chem Eng J. 2013; 226:423–33.

18. Xie J, Yang Z, Zhou C, Zhu J, Lee RJ, Teng L. 
Nanotechnology for the delivery of phytochemicals in 
cancer therapy. Biotechnol Adv. 2016; 34:343–53.

19. Chen Z, Zhang A, Yang Z, Wang X, Chang L, Chen Z, 
James Lee L. Application of DODMA and derivatives in 
cationic nanocarriers for gene delivery. Curr Org Chem. 
2016; 20:1813–19.

20. Hood RR, Vreeland WN, DeVoe DL. Microfluidic remote 
loading for rapid single-step liposomal drug preparation. 
Lab Chip. 2014; 14:3359–67.

21. Stroock AD, Dertinger SK, Ajdari A, Mezic I, Stone HA, 
Whitesides GM. Chaotic mixer for microchannels. Science. 
2002; 295:647-51.

22. Mijajlovic M, Wright D, Zivkovic V, Bi JX, Biggs MJ. 
Microfluidic hydrodynamic focusing based synthesis of 
POPC liposomes for model biological systems. Colloids 
Surf B Biointerfaces. 2013; 104:276–81.

23. Gao Y, Xie J, Chen H, Gu S, Zhao R, Shao J, Jia L. 
Nanotechnology-based intelligent drug design for cancer 
metastasis treatment. Biotechnol Adv. 2014; 32:761–77.

24. Cho WY, Hong SH, Singh B, Islam MA, Lee S, Lee AY, 
Gankhuyag N, Kim JE, Yu KN, Kim KH, Park YC, Cho 
CS, Cho MH. Suppression of tumor growth in lung cancer 
xenograft model mice by poly(sorbitol-co-PEI)-mediated 
delivery of osteopontin siRNA. Eur J Pharm Biopharm. 
2015; 94:450–62.

25. Li Y, Huang X, Lee RJ, Qi Y, Wang K, Hao F, Zhang Y, 
Lu J, Meng Q, Li S, Xie J, Teng L. Synthesis of Polymer-
Lipid Nanoparticles by Microfluidic Focusing for siRNA 
Delivery. Molecules. 2016; 21:21.

26. Kim DS, Min SJ, Kim MJ, Kim JE, Kang TC. Leptomycin 
B ameliorates vasogenic edema formation induced by status 
epilepticus via inhibiting p38 MAPK/VEGF pathway. Brain 
Res. 2016; 1651:27–35.

27. Obuchowicz E, Nowacka M, Paul-Samojedny M, Bielecka-
Wajdman AM, Małecki A. Sex differences in the effect of 
acute peripheral IL-1β administration on the brain and 
serum BDNF and VEGF expression in rats. Cytokine. 2017; 
90:6–13.

28. Yamashita T, Tanaka Y, Idota N, Sato K, Mawatari K, 
Kitamori T. Cultivation and recovery of vascular endothelial 
cells in microchannels of a separable micro-chemical chip. 
Biomaterials. 2011; 32:2459–65.

29. Haneoka M, Shirasaki Y, Sugino H, Aoki T, Arakawa T, 
Ozaki K, Yoon DH, Ishii N, Iizuka R, Shoji S, Funatsu T. 
Microfluidic active sorting of DNA molecules labeled with 
single quantum dots using flow switching by a hydrogel 

sol–gel transition. Sens Actuators B Chem. 2011; 159:314–
20.

30. Bottaro E, Nastruzzi C. “Off-the-shelf” microfluidic devices 
for the production of liposomes for drug delivery. Mater Sci 
Eng C. 2016; 64:29–33.

31. Kastner E, Verma V, Lowry D, Perrie Y. Microfluidic-
controlled manufacture of liposomes for the solubilisation 
of a poorly water soluble drug. Int J Pharm. 2015; 485:122–
30.

32. Capretto L, Carugo D, Mazzitelli S, Nastruzzi C, Zhang 
X. Microfluidic and lab-on-a-chip preparation routes 
for organic nanoparticles and vesicular systems for 
nanomedicine applications. Adv Drug Deliv Rev. 2013; 
65:1496–532.

33. Kibria G, Hatakeyama H, Sato Y, Harashima H. Anti-tumor 
effect via passive anti-angiogenesis of PEGylated liposomes 
encapsulating doxorubicin in drug resistant tumors. Int J 
Pharm. 2016; 509:178–87.

34. Somiya M, Yamaguchi K, Liu Q, Niimi T, Maturana AD, 
Iijima M, Yoshimoto N, Kuroda S. One-step scalable 
preparation method for non-cationic liposomes with high 
siRNA content. Int J Pharm. 2015; 490:316–23.

35. Yang Z, Yu B, Zhu J, Huang X, Xie J, Xu S, Yang X, Wang 
X, Yung BC, Lee LJ, Lee RJ, Teng L. A microfluidic method 
to synthesize transferrin-lipid nanoparticles loaded with 
siRNA LOR-1284 for therapy of acute myeloid leukemia. 
Nanoscale. 2014; 6:9742–51.

36. Yang X, Yang S, Chai H, Yang Z, Lee RJ, Liao W, Teng 
L. A Novel Isoquinoline Derivative Anticancer Agent and 
Its Targeted Delivery to Tumor Cells Using Transferrin-
Conjugated Liposomes. PLoS One. 2015; 10:e0136649.

37. Yang Z, Sun W, Hu K. Adenosine A(1) receptors selectively 
target protein kinase C isoforms to the caveolin-rich plasma 
membrane in cardiac myocytes. Biochim Biophys Acta. 
2009; 1793:1868–75.

38. Lee LJ, Yang Z, Rahman M, Ma J, Kwak KJ, McElroy J, 
Shilo K, Goparaju C, Yu L, Rom W, Kim TK, Wu X, He Y, 
et al. Extracellular mRNA Detected by Tethered Lipoplex 
Nanoparticle Biochip for Lung Adenocarcinoma Detection. 
Am J Respir Crit Care Med. 2016; 193:1431–33.

39. Yang Z, Sun W, Hu K. Molecular mechanism underlying 
adenosine receptor-mediated mitochondrial targeting of 
protein kinase C. Biochim Biophys Acta. 2012; 1823:950–
58.

40. Rogers LK, Robbins M, Dakhlallah D, Yang Z, Lee LJ, 
Mikhail M, Nuovo G, Pryhuber GS, McGwin G, Marsh 
CB, Tipple TE. Attenuation of miR-17~92 Cluster in 
Bronchopulmonary Dysplasia. Ann Am Thorac Soc. 2015; 
12:1506–13.


