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Abstract
Small-interfering RNA (siRNA) can specifically silence disease gene expression, bringing hope for the effective
treatment of gene-related diseases. However, its use in vivo is limited due to the lack of efficient carriers. Therefore, it is
necessary to construct carriers with high efficiency, low toxicity and serum stability. As a promising polycation carrier,
polyethylenimine (PEI) can be further modified with a fluorine-containing alkyl chain that brings hydrophobic and
oleophobic characteristics to its surface. In this study, low molecular weight PEI 1.8 kDa was selected and fluorinated
through an anhydride reaction, and the product was named PEIF. In vitro experiments have shown that PEIF/siRNA
polyplexes have suitable and stable particle size and potential, compress nucleic acids at a very low w/w ratio, and
have the ability to effectively silence specific genes with low cytotoxicity. Compared with the polyplexes prepared
using PEI 25 kDa, the PEIF/siRNA polyplexes were more stable in serum, showed a better antiangiogenic ability in
in vivo experiments, and had a better tumor inhibition effect. The above results indicate that fluoropolymers based on
the fluorine effect have great potential as gene delivery carriers for tumor therapy.

Introduction
In most malignant tumors, sustained angiogenesis is

considered to be an important marker of tumors1. Vas-
cular endothelial growth factor (VEGF) is a highly specific
growth factor that can promote the growth of vascular
endothelial cells, and has been shown to be the most
powerful and important factor involved in angiogenesis.
VEGF can contribute to the survival of existing blood
vessels, prevent the effective delivery of antitumor drugs
to tumor tissues, and stimulate the growth of new blood
vessels2–4. Therefore, inhibition of VEGF expression
could lead to the inhibition of tumor-induced angiogen-
esis, thereby controlling tumor growth and metastasis.
Small-interfering RNA (siRNA), a short-chain RNA

(21–23 bp) that can specifically block gene expression in

the messenger RNA chain, can be designed specifically
according to a variety of disease genes to silence disease
gene expression, which brings unlimited opportunities for
medical technology revolution5–7. However, the applica-
tion of siRNA is usually limited by its instability, easy
degradation and failure, and difficulty of cellular uptake,
among other factors, namely, the lack of an efficient
delivery vector in vivo8,9. At present, nucleic acid drug
delivery systems are mainly divided into two major cate-
gories: viral vectors and nonviral vectors10. Although viral
vectors have higher transfection activity in vitro, they are
more liable to trigger an immune response and their use
poses a safety hazard11. Therefore, polycation carriers, a
kind of nonviral vector that can polymerize various amino
groups to form a substance capable of efficiently con-
densing nucleic acids, have been widely studied12,13.
Compared with phospholipids with a single structure and
few functional groups, cationic polymers can be more
easily modified and are more flexible in their applica-
tion14. As the gold standard of polycation carriers, poly-
ethylenimine (PEI), due to its high amino density, strong
proton buffering ability and effective cell membrane
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disruption ability, jointly realizes the efficient encapsula-
tion of nucleic acids, helps nucleic acids escape from
endosomes and exerts biological activity15–17. The trans-
fection ability of PEI is correlated with the charge density,
and it is generally believed that the transfection efficiency
increases with increasing molecular weight18. Moreover,
increasing the ratio of nitrogen to phosphorus of the PEI-
nucleic acid polyplex also enhances transfection ability.
However, in a large number of studies, it has been
observed that there is usually a malignant correlation
between PEI transfection efficiency and cytotoxicity; that
is, high transfection efficiency is often accompanied by
severe cytotoxicity19,20. This is because when the mole-
cular weight is too large, disturbance to the cell mem-
brane and inner membrane system will lead to cell death
or promote cell apoptosis21. Therefore, how to prepare a
polycation carrier with high efficiency and low toxicity is
the key to successfully implementing gene therapy.
To solve this problem, structural modifications of

polycations, such as using phospholipids22, cyclodex-
trins23, nanoparticles24, or biodegradable chemical bonds
cross-linking small-molecular weight PEI to form deri-
vatives with larger molecular weight25, are feasible stra-
tegies. However, in order to improve the stability of the
polyplex, these methods usually require the use of an
excess of polymer, which will increase the charge density
and the ratio of nitrogen to phosphorus of the polyplex.
Recent studies have shown that fluorinated polymer
materials have the properties of simultaneously improving
the complex stability and reducing the toxicity and anti-
serum, which plays an important role in multiple key links
of gene delivery, and can greatly enhance gene delivery
efficiency26. This is because fluoroalkyl chains are both
hydrophobic and oleophobic. The polyplexes formed by
fluorine-containing polymers and nucleic acids can resist
the interference of phospholipids and protein molecules
and maintain good stability in the aqueous phase, phos-
pholipid phase and protein solution27,28. In addition,
fluorinated polymers have a good ability to separate from
polar and nonpolar phases, making their uptake by cells
easy and reducing their disturbance to the cell membrane,
causing the toxicity to be reduced accordingly29–31.
In this study, heptafluorobutyric anhydride was selected

to fluoridate a small-molecular-weight PEI of 1.8 kDa, and
this synthesized material was used to deliver anti-VEGF
siRNA with tumor angiogenesis inhibition to silence the
VEGF gene. Subsequently, we performed a basic char-
acterization of the polyplex and studied its toxicity and
silencing efficiency at the cellular level. To further
investigate its in vivo therapeutic effects, we constructed
an SMMC7721 (human hepatocellular cancer cell line)
tumor-bearing mouse model to assess the in vivo gene
delivery efficiency and in vivo toxicity of the system
(Fig. 1).

Materials and methods
Materials
Branched polyethylenimine (PEI; 1.8 kDa), hepta-

fluorobutyric anhydride, and methanol were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Triethylamine
was purchased from Aladdin (Shanghai, China). Cellulose
membranes (MWCO= 1000 Da) were purchased from
Meilunbio (Shanghai, China). A Milli-Q instrument
(Millipore, USA) was used to purify water. Anti-VEGF
siRNAs were purchased from GenePharma (Shanghai,
China), and the sequences were 5ʹ-CUU ACG CUG AGU
ACU UCG AdTdT-3ʹ (sense strand) and 5ʹ-UCG AAG
UAC UCA GCG UAA GdTdT-3ʹ (antisense strand). All
reagents were used as received without further
purification.

Cell culture
SMMC7721 cells were purchased from the Cell Bank of

the Chinese Academy of Sciences (Shanghai, China). The
complete medium for cells was composed of 90% RPMI-
1640 (GIBCO BRL, Grand Island, NY, USA), 9% fetal
bovine serum (FBS; HyClone, Logan, UT, USA) and 1%
antibiotics (GIBCO, Grand Island, NY, USA) at 37 °C in a
cell incubator with 5% CO2.

Synthesis and characterization of PEIF
The synthesis of PEIF was performed according to the

process previously reported32–34. In brief, in an ice bath,
1 mmol of PEI (1.8 kDa) and 3.6 mmol of triethylamine
were dissolved in 10mL of methanol and added dropwise
to 3 mmol of heptafluorobutyric anhydride methanol
solution (5 mL). After stirring at room temperature for
48 h, the solution was evaporated to remove the solvent.
The viscous residue was redissolved in deionized water

Fig. 1 Schematic diagram of experimental principle. Schematic
illustration shows the formation of the polyplex and its mode of
action in tumor cells.
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and dialyzed through a cellulose membrane with MWCO
of 1000 Da to remove the small fragments for 48 h. The
colorless gel product, PEIF, was obtained after 48 h of
lyophilization and stored at –20 °C for later use. The
structure of PEIF was confirmed by Fourier transform
infrared spectroscopy (FTIR) and fluorine nuclear mag-
netic resonance (19F NMR). The molecular weight of
PEIF was confirmed by Fourier transform ion cyclotron
resonance (FTICR).

Preparation and characterization of the polyplexes
PEIF was dissolved in RNase-free water and diluted to

2mg/mL, and anti-VEGF siRNA was diluted to 20 μg/mL
as a stock solution. Polyplexes were prepared by adding
different concentrations of PEIF stock solution to anti-
VEGF siRNA stock solution to obtain the desired weight/
weight (w/w) ratios, followed by mixing lightly for 30 s
and incubation at room temperature for 30min to obtain
self-assembled polyplexes. PEI 25 kDa/siRNA polyplexes
were prepared as a positive control in the same way.
The particle size, polydispersity index (PDI) and zeta

potential of the polyplexes at various w/w ratios (10, 20,
30, 40, 50) were detected by dynamic light scattering
(DLS; Brookhaven Instruments Corporation 90 Plus par-
ticle size analyzer, Holtsville, NY, USA) at room tem-
perature. All measurements were repeated three times.
The morphology of the polyplexes at a w/w ratio of 30 was
detected by a 120 kV biology transmission electron
microscope (TEM; Tecnai G2 SpiritBiotwin, Thermo
Fisher Scientific, Waltham, MA, USA).
The condensation ability of the polyplexes at various w/

w ratios (0.05, 0.1, 0.5, 1, 3, 5, 10) was detected by agarose
gel electrophoresis (AGE) stained with 6× loading buffer
containing GelRed (30 mM ethylenediaminetetraacetic
acid (EDTA), 0.05% (w/v) bromophenol blue, 0.05% (w/v)
xylene cyanol, and 36% (v/v) glycerol). Naked siRNA
solution (40 ng/μL) was used as the negative control, and
PEI 25 kDa/siRNA polyplexes at a w/w ratio of 2 were
used as the positive control. All samples were run on a
3.0% (w/v) agarose gel in 1× TAE running buffer at 120 V
for 40min. The stripes of siRNA were visualized by UV
illumination (Tanon 2500 Gel Image System).

In vitro cytotoxicity
The cytotoxicity of the polyplexes was examined by a

Cell Counting Kit-8 (CCK-8; DOJINDO LABORATOR-
ISE, Shanghai, China) assay in SMMC7721 cells. First,
SMMC7721 cells with complete medium were seeded
into 96-well plates at a density of 1 × 104 cells/well and
incubated for ~24 h. Then, the medium in each well was
replaced by 50 μL of basal culture medium and 10 μL of
polyplexes at various w/w ratios (10, 20, 30, 40, 50). After
an additional 4 h and 24 h of incubation, the solution in
each well was replaced with 10 μL of CCK-8 and 50 μL of

fresh basal culture medium. Two hours later, the absor-
bance of the plates was measured at wavelengths of
450 nm and 630 nm by a multifunctional microplate
reader (SpectraMax M3 Multi-Mode microplate reader,
Sunnyvale, CA, USA). PEI 25 kDa/siRNA polyplexes and
pure PEIF material at the same w/w ratios were prepared
as the positive control and material control, respectively,
and the blank control, which can be considered 100% cell
viability, was prepared with PBS. Each ratio was repeated
six times.

In vitro silencing efficiency of the PGL3 reporter gene
The silencing efficiency of the PGL3 reporter gene was

examined by incubating the polyplexes with anti-PGL3
siRNA in PGL3-expressing SMMC7721 cells. First, cells
with complete medium were seeded into 48-well plates at
a density of 5 × 104 cells/well and incubated for ~24 h.
Then, the medium was replaced with 250 μL of basal
culture medium and 50 μL of polyplexes at various w/w
ratios (10, 20, 30, 40, 50). After 4 h of incubation, each
well was replaced with 500 μL of complete medium, fol-
lowed by an additional 48 h of incubation. Next, 75 μL of
lysis buffer was added to each well for 30 min, followed by
centrifugation at 12,000 rpm for 3 min to remove the cell
debris. Then, 20 μL of the supernatant was quickly mixed
with 20 μL of substrate (luciferase assay system, Promega,
USA). A single tube luminometer (Berthold Detection
Systems GmbH, Germany) was used to measure the
expressed luciferase luminescence. A Micro BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA)
was used to measure the total protein concentration in
each supernatant. Silence efficiency was determined by
relative light units per protein concentration (μg/mL). PEI
25 kDa/siRNA polyplexes at a w/w ratio of 2 were used as
the positive control, and naked siRNA was used as the
negative control. Each ratio was repeated three times.

In vitro silencing efficiency of the VEGF gene
Western blotting (WB) was used to quantitatively

evaluate the silencing efficiency of the VEGF-A gene. First,
SMMC7721 cells with complete medium were seeded
into 6-well plates at a density of 5 × 105 cells/well and
incubated for ~24 h. Then, the medium was replaced with
2 mL of basal culture medium and 400 μL of polyplexes at
a w/w ratio of 30. After 4 h of incubation, each well was
replaced with 4 mL of complete medium, followed by an
additional 48 h of incubation. Finally, cells were collected
for subsequent testing. PEI 25 kDa/siRNA polyplexes at a
w/w ratio of 2 were used as the positive control, and
naked siRNA was used as the negative control.

Intracellular uptake
In order to observe the cellular uptake of PEIF/siRNA

polyplexes, a superresolution multiphoton confocal
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microscope (SMCM; TCS SP8 STED 3×, Lecia, Germany)
was used to investigate the localization of the polyplexes
in SMMC7721 cells. Intracellular uptake siRNA was
labeled with the fluorophore Cy5, and polyplexes at a w/w
ratio of 30 were prepared as mentioned above. First,
SMMC7721 cells with complete medium were seeded
into 12-well plates containing cell slides (WHB Scientific,
Shanghai, China) at a density of 1 × 105 cells/well and
incubated for ~24 h. Next, the medium was replaced by
1mL of basal culture medium and 200 μL of polyplexes.
Two hours later, the cells were washed five times with
PBS, and 2 mL of LysoTracker Green (Beyotime, Shang-
hai, China) (100 nM) was added to stain the lysosomes for
1 h at 37 °C. Then, cells were washed five times with PBS,
and 1mL of 0.4% trypan blue solution (Yeasen Biotech,
Shanghai, China) was added to stain the living cells for
2 min at 37 °C. Then, the cells were washed five times with
PBS and fixed with 1 mL of 4% paraformaldehyde for
30min at room temperature. Finally, cells were washed
five times with PBS, and 2mL of DAPI (2.5 μg/mL)
(Roche Diagnostics, Mannheim, Germany) was added to
stain the cell nucleus for 3 min at 37 °C and imaged by
SMCM. Similarly, the 4 h intracellular uptake experiment
was conducted according to the same method.

In vivo antitumor treatment
An SMMC7721 tumor-bearing mouse model was

established to evaluate the ability of PEIF/siRNA poly-
plexes for tumor treatment in vivo. After twenty-four
healthy BALB/c mice (male, weighing 20 ± 2 g, 5 weeks
old) were raised in a specific pathogen-free (SPF) envir-
onment for one week, 0.1 mL of a SMMC7721 cell sus-
pension (5 × 106/mL) was subcutaneously injected into
the right armpit of each mouse. When the tumor volume
reached ~200mm3, the mice were randomly divided into
four groups (n= 6): blank group (saline), negative control
group (naked siRNA), positive control group (PEI 25 kDa/
siRNA polyplexes) and experimental group (PEIF/siRNA
polyplexes). Mice in each group were injected intratu-
morally with 0.1 mL of the corresponding solution every
three days. The length (L) and width (W) of the tumors
were recorded by a Vernier caliper to calculate the tumor
volume (V=W2 × L/2) every three days, and the body
weights were also recorded. On the 28th day after the first
injection, the mice were sacrificed, and the tumors were
extracted, weighed and analyzed. The main organs
(including the brain, heart, liver, spleen, lungs, and kid-
neys) were also extracted.

In vivo antitumor effects
The microvessels of the tumor sections were stained

with rabbit anti-CD31 antibodies to assess the tumor
suppression effects35. Five regions of each section were
chosen randomly and analyzed by Image-Pro Plus

software to calculate the average value of the microvessel
density. In addition, WB was also used to quantitatively
evaluate the expression of the VEGF protein in tumor
tissues.

In vivo cytotoxicity
In vivo cytotoxicity of the polyplexes was assessed by

histological examination36. The extracted organs were
fixed in 4% paraformaldehyde, sectioned and stained with
hematoxylin and eosin (H&E). An optical microscope was
used to observe and image the sections.

Ethics statement
All experiments were carried out in accordance with the

Regulations on the Management of Laboratory Animals
(China, 2017) and the National Standards for Laboratory
Animal Environment and Facilities (GB14925-2010). The
Experimental Animal Ethics and Use Committee
(IACUC) of Shanghai Jiao Tong University approved the
experiments; research plan number: A2018073.

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

(S.D.). Statistical analysis was determined by independent
sample t-test, and values of *p < 0.05, **p < 0.01, and ***p
< 0.001 were assigned to signify statistical significance.

Results and discussion
Characterization of PEIF
The FTIR, 19F NMR and FTICR spectra of PEIF are

shown in Fig. 2. PEIF with amido bonds was synthesized
through the conjugation of PEI (1.8 kDa) and hepta-
fluorobutyric anhydride. As shown in Fig. 2a, the peaks at
1678 cm−1, 1562 cm–1, and 1330 cm–1 belong to the
amide I band, II band, and III band, respectively, con-
firming the formation of amide bonds. Moreover, the
characteristic infrared absorption peak of the C-F bond is
at 1350–1100 cm–1, and a strong absorption peak at
1227 cm−1 is observed in the spectrum, indicating the
formation of a C–F bond. The 19F NMR spectrum (Fig.
2b) was consistent with the FTIR results, which also
confirmed the formation of a C-F bond, indicating the
successful synthesis of PEIF. In addition, both the PEIF
and PEI 1.8 kDa samples show a characteristic -NH2 peak
at 3400 cm–1, indicating that the synthesized PEIF still has
unreacted –NH2. Figure 2c shows that the molecular
weight of PEIF is 2.778 kDa.

Characterization of the PEIF/siRNA polyplexes
Particle size, zeta potential, and morphology measurements
The particle size and zeta potential of the polyplexes

have an important influence on gene transfection effi-
ciency and cytotoxicity. As shown in Fig. 3a, when the w/
w ratio ranged from 1 to 50, the average particle size

Yuan et al. NPG Asia Materials (2020) 12:34 Page 4 of 11



Fig. 2 The spectra of PEIF. a FTIR, b 19F NMR, and c FTICR of PEIF.

Fig. 3 Characterization of PEIF/siRNA polyplexes. a Particle size, b polydispersity index (PDI), and c zeta potential of the polyplexes. Data are
shown as the mean ± S.D. (n= 3). d TEM images of the polyplexes at a w/w ratio of 30.
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gradually decreased from 390 to 180 nm and tended to be
stable, which indicated that the siRNA had been suc-
cessfully compressed into nanoparticles. Moreover, the
PDIs of the corresponding ratios were all lower than 0.2,
confirming that the polyplexes were stable in the system
and had a narrow dispersity (Fig. 3b). The zeta potential
of the polyplexes is shown in Fig. 3c. When the w/w ratio
ranged from 1 to 50, the average zeta potential was always
electropositive and gradually increased from 10 to 20 mV.
As the surface of the cell membrane is negatively charged,
polyplexes with a positive charge can cross the cell
membrane barrier37. Moreover, the cationic charge den-
sity was not high enough to cause excessive cytotoxicity.
The morphology of the polyplexes at a w/w ratio of 30 is
shown in Fig. 3d. The polyplexes had a spherical shape
with a particle size of ~100 nm. The particle size in the
photograph is slightly smaller than that obtained by the
particle size analyzer, indicating that the polyplexes had

some morphological changes in the solid and hydrated
states but were within an acceptable range.

Agarose gel electrophoresis (AGE)
The ability to condense nucleic acid drugs into nano-

particles and to prevent genes from being degraded or
destroyed before entering cells are prerequisites for gene
delivery38. As shown in Fig. 4, the migration stripes of
siRNA completely disappeared when the w/w ratio
reached 0.5, indicating that PEIF can effectively condense
and protect siRNA even at a small ratio.

In vitro cytotoxicity
The cytotoxicity of PEIF/siRNA polyplexes was assayed

by the CCK-8 reagent in a short time of 4 h and a longer
time of 24 h, and can be directly evaluated by comparison
of the same w/w ratio of PEI 25 kDa and pure PEIF
material. As shown in Fig. 5, in the 4 h cytotoxicity test,
the cell viability of each ratio of the polyplexes was >75%.
However, for the positive control group, almost no cells
survived when the w/w ratio reached 10. Although there
were fewer cells alive in the 24 h cytotoxicity test, when
the ratio reached 50, the cell activity of PEIF/siRNA
polyplexes was still ~50%. It can be seen that the poly-
plexes based on PEI 1.8 kDa have a significantly better
performance than PEI 25 kDa, especially in long-term
cytotoxicity tests. In addition to the fact the its basic unit
is PEI 1.8 kDa, whose molecular weight is much lower
than PEI 25 kDa, the fluorine modified on the polyplexes
also makes the alkyl chain hydrophobic and oleophobic,
which weakens its adhesion to the cell membrane and
reduces the disturbance31. Moreover, we found that
although the cytotoxicity of pure PEIF material was better
than that of PEI 25 kDa, the corresponding ratio of cell
activity was lower than that of the polyplexes. One reason
for this result is that the negatively charged siRNA neu-
tralizes the positively charged polycation material, redu-
cing the cytotoxicity when it penetrates the cell
membrane.

Fig. 4 Agarose gel electrophoresis of the PEIF/siRNA polyplexes.
AGE was used to evaluate the condensation ability of the PEIF/siRNA
polyplexes.The polyplexes were at 0.05, 0.1, 0.5, 1, 3, 5, and 10 w/w
ratios. And the PEI 25 kDa/siRNA polyplexes were at the w/w ratio of 2.

Fig. 5 Cell viability of SMMC7721 cells treated with PEIF/siRNA polyplexes, PEI 25 kDa/siRNA polyplexes and pure PEIF material. a Cell
viability of SMMC7721 cells after 4h. b Cell viability of SMMC7721 cells after 24h. Data are shown as the mean±S.D. (n= 6).
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In vitro silencing efficiency of the PGL3 reporter gene
To evaluate the silencing efficiency of the PGL3

reporter gene, polyplexes carrying anti-PGL3 siRNA were
incubated in PGL3-expressing SMMC7721 cells, which
highly express the PGL3 gene, so the silencing efficiency
of the polyplexes can be evaluated by measuring the
expression of the PGL3 gene in the cells. Figure 6 shows
that as the w/w ratio of the polyplexes increased, the
silencing efficiency increased correspondingly (except for
the ratio of 40). When the ratio reached 50, the silencing
efficiency was almost equal to that of the positive control
PEI 25 kDa, indicating that the polyplexes can be effi-
ciently endocytosed into the cell and be functional.
Considering toxicity and silencing efficiency, PEIF/siRNA
polyplexes with a w/w ratio of 30 were used as the optimal
ratio in subsequent experiments.

In vitro silencing efficiency of the VEGF gene
The expression level of the VEGF protein in vitro was

measured by WB, and GAPDH served as the loading
control. As shown in Fig. 7, when comparing the blank
group and the negative control group, the expression level
of the VEGF protein in the positive control group and the
experimental group were significantly decreased, and it
could be concluded that the polyplex groups can suc-
cessfully deliver and release functional anti-VEGF siRNA
into cells. Although the silencing efficiency of PEI 25 kDa/
siRNA polyplexes was better than that of the PEIF/siRNA
polyplexes, this experiment was performed under serum-
free conditions. As the surface charge density of the
polyplexes increased, the polyplexes with a positive charge
would easily interact with the serum proteins with a
negative charge resulting in aggregation39. The formed
aggregates would affect transfection efficiency due to an
increase in particle size. Moreover, surface modification of
low molecular-weight cationic polymers containing
fluoroalkyl chains can significantly improve the stability of
polyplexes under serum conditions and specifically
improve the delivery efficiency of polyplexes40. Therefore,
the inhibitory effects of the polyplexes on the expression
of the VEGF protein can be further verified in subsequent
serum-containing animal experiments.

Intracellular uptake
Intracellular uptake is generally regarded as the neces-

sary step for gene delivery. As shown in Fig. 8, Cy5-labeled
siRNA polyplexes, which showed red fluorescent dots,
overlapped with green-labeled lysosomes showing green
fluorescent dots, and the overlapping image showed yel-
low fluorescent dots. It was clear that there were more
polyplexes ingested in the 4 h test than in the 2 h test.
Additionally, some red fluorescent dots were localized in
the cytoplasm, indicating that the polyplexes were suc-
cessfully endocytosed into the cytoplasm, which is the

Fig. 6 In vitro silencing efficiency of the PGL3 reporter gene.
Silencing efficiency of the polyplexes for the PGL3 reporter gene under
serum-free conditions. Data are shown as the mean ± S.D. (n= 3).

Fig. 7 In vitro silencing efficiency of the VEGF gene. a The silencing efficiency of the VEGF gene under serum-free conditions was tested by
western blotting, with GAPDH serving as the loading control. b The expression of VEGF was quantitatively analyzed by ImageJ Pro. Data are shown as
the mean ± S.D. (n= 4, *p < 0.05, **p < 0.01, ***p < 0.001).
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destination for siRNA to exert its silencing effects, rather
than the cell nucleus. These results shown that PEIF/
siRNA polyplexes could be successfully endocytosed into
cells and protect siRNA from degradation.

In vivo antitumor effects
After being delivered to the tumor site, anti-VEGF

siRNA inhibits tumor growth by inhibiting angiogenesis.
Figures 9a, b illustrate the tumor inhibition effect from

both the final in vitro volume of the tumors and the
growth trend of tumor volume during treatment,
respectively. The tumors in the naked siRNA group were
only slightly smaller than those in the saline group, with
no significant difference, suggesting that naked siRNA
was hardly delivered to the tumor site for a therapeutic
effect. However, the tumors in the polyplex groups
maintained a very slow growth rate, and the tumor
volumes were significantly smaller than those of the other

Fig. 8 Confocal imaging of anti-VEGF siRNA. Intracellular uptake images of PEIF/siRNA polyplexes in SMMC7721 cells after 2 and 4 h. Bars= 10 μm.
(blue: DAPI; green: LysoTracker Green; red: Cy5-labeled siRNA).

Fig. 9 Evaluation of the in vivo antitumor effects in the SMMC7721 tumor-bearing mouse model. a Photograph of the tumors in vitro of each
group on the 28th day after the first injection (A1: saline group; A2: naked siRNA; A3: PEI 25 kDa; A4: PEIF). b The growth trend of tumor volume.
c Relative tumor weight data. d Mouse weights and survival curves. Data are shown as the mean ± S.D. (n= 6, *p < 0.05, ** p < 0.01, ***p < 0.001).
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two groups and even smaller in the PEIF group. The final
average tumor volumes of the four groups were as follows:
1572 ± 447.2 mm3 in the saline group; 1178 ± 310.2 mm3

in the naked siRNA group; 730.2 ± 186.9 mm3 in the PEI
25 kDa group and 583.3 ± 150.1 mm3 in the PEIF group.
The relative tumor weights shown in Fig. 9c also indicated
that the polyplexes had a significant inhibitory effect on
tumor growth, and the PEIF group was more effective
(PEIF: ***p < 0.001; PEI 25 kDa: **p < 0.01). In addition,
the mouse weight curve showed that the growth trend of
the mice in each group was almost the same, and no death
occurred during the experiment, indicating that the
injection of polyplexes had no effect on the growth of the
mice (Fig. 9d).
VEGF-A protein expression in the tumor was assessed

by WB, and GAPDH served as the loading control. As
shown in Fig. 10, the expression level of the VEGF-A
protein in the two polyplex groups was significantly lower

than that in the other two groups, and there was also a
significant difference between the PEIF group and the PEI
25 kDa group (PEIF: ***p < 0.001; PEI 25 kDa: **p < 0.01).
CD31 immunohistochemical staining was performed to

quantitatively evaluate the antitumor effects by calculat-
ing the nascent capillary density in tumors as analyzed by
Image-Pro Plus. As shown in Fig. 11, a large amount of
neovascularization could be observed in the saline group
and the naked siRNA group, but there were substantial
reductions in the PEI 25 kDa group and PEIF group,
corresponding to average capillaries of 172, 157, 98, and
80, respectively.
The above results suggest that anti-VEGF siRNA can be

successfully delivered into cells by polycation materials
and inhibit tumor growth by inhibiting neovascularization
at tumor sites. In addition, compared with in vitro
experiments, the PEIF group was more effective than the
PEI 25 kDa group in in vivo experiments, which can be

Fig. 10 In vivo silencing efficiency of the VEGF gene. a Western blotting was used to indicate the expression of VEGF, with GAPDH serving as the
loading control. b The expression of VEGF was quantitatively analyzed by ImageJ. Data are shown as the mean ± S.D. (n= 4, *p < 0.05, **p < 0.01, ***p
< 0.001).

Fig. 11 Evaluation of the in vivo new capillaries growth. a Representative tumor section images of immunohistochemical staining for CD31. b
Quantification of capillaries was analyzed by ImageJ Pro. Data are shown as the mean ± S.D. (n= 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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attributed to the fact that fluorinated low-molecular-
weight polymers have higher antiserum properties and
more easily maintain high silencing efficiency.

In vivo cytotoxicity
Histopathological biopsy of various organs is the most

intuitive way to investigate organ pathology changes and
adverse drug reactions. As shown in Fig. 12, the staining
results were similar in each group, with no obvious
lesions, normal cell morphology, and clear nuclei.
Therefore, it can be concluded that the cytotoxicity of
PEIF to important organs is negligible and PEIF has good
biocompatibility.

Conclusion
In this study, fluoride-containing PEIF was successfully

synthesized by forming an amide bond between PEI
1.8 kDa and heptafluorobutyric anhydride. PEIF can
compress nucleic acids at a very low w/w ratio and protect

them from degradation, and the whole-polyplex system is
stable, uniform, and easily taken up by cells with the ability
to effectively silence specific genes with low cytotoxicity.
Compared with PEI 25 kDa, PEIF showed lower toxicity,
better serum stability and better inhibition of tumor
angiogenesis in the experiments, which may be attributed
to the following: (1) the basic unit of PEIF is PEI 1.8 kDa,
and its molecular weight is much smaller than that of PEI
25 kDa; (2) fluorination endows PEIF with both hydro-
phobic and oleophobic characteristics, which weakens the
destruction of the cell membrane and increases the intake
level; (3) fluorination enhances the stability of the poly-
plexes, which have a stable structure and strong con-
densation ability at low mass ratio; and (4) fluorination
enables polyplexes to maintain high-endosomal escape
efficiency in the presence of serum; that is, PEIF/siRNA
polyplexes are more stable in serum40. Therefore, we
believe that the fluorinated polymer PEIF containing anti-
siRNA may have great potential for tumor therapy.

Fig. 12 Evaluation of in vivo toxicity to main organs. H&E staining images of the main organs. Bars= 100 μm.
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