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Abstract 

Cancer stem cell-like cells (CSCL) are responsible for tumor recurrence associated with 
conventional therapy (e.g. surgery, radiation, and chemotherapy). Here, we developed a novel 
multifunctional nucleus-targeting nanoparticle-based gene delivery system which is capable of 
targeting and eradicating CSCL. These nanoparticles can facilitate efficient endosomal escape and 
spontaneously penetrate into nucleus without additional nuclear localization signal. They also 
induced extremely high gene transfection efficiency (>95%) even in culture medium containing 30% 
serum, which significantly surpassed that of some commercial transfection reagents, such as 
Lipofectamine 2000 and Lipofectamine 3000 etc. Especially, when loaded with the TRAIL gene, this 
system mediated remarkable depletion of CSCL. Upon systemic administration, the nanoparticles 
accumulated in tumor sites while sparing the non-cancer tissues and significantly inhibited the 
growth of tumors with no evident systemic toxicity. Taken together, our results suggest that these 
novel multifunctional, nucleus-targeting nanoparticles are a very promising in vivo gene delivery 
system capable of targeting CSCL and represent a new treatment candidate for improving the 
survival of cancer patients. 
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Introduction 
Colorectal cancer is one of the most common 

causes of cancer-associated deaths worldwide [1]. 
Despite the treatment modalities of surgery, radiation, 
and chemotherapy used in the management of colon 
carcinoma, the survival of patients has not improved 
significantly in the past decade, making it a major 
public health problem for the foreseeable future. 
Major impediments of these treatments include 
uncertain efficacy and undesirable side effects [2-4]. 
Importantly, the incapability to eradicate cancer stem 
cell-like cells (CSCL) in tumor tissues which leads to 
the recurrence of colorectal cancer, also limits the 
application of the conventional treatment modalities 

[5-6]. Thus, there is an urgent need for developing 
new therapies. Gene-based therapy, which has a great 
potential for treating inherited and acquired diseases 
not amenable to conventional strategies, may be an 
alternative strategy [7-11]. This method encompasses 
targeting the diseased tissues with therapeutic genes 
using a variety of delivery carriers followed by 
increasing or reducing the transcription and 
translation of the targeted genes. There are several 
impediments to this approach including the 
membrane permeability inhibition due to the negative 
charges of the gene, rapid degradation by plasma 
enzymes, and induction of an immune response 
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following systemic administration. Therefore, safe 
and effective gene delivery systems are needed for 
gene-based therapies [12-13]. 

Although some clinical trials reported promising 
outcomes with viral gene carriers, the fundamental 
drawbacks of severe immune/inflammatory 
reactions, recombination with wild-type viruses, 
limited DNA packaging capacity, and difficulty of 
vector production severely limit their application 
[14-18]. In the past decades, non-viral gene delivery 
vectors had attracted much attention due to their 
safety, limited immunogenicity, and ability to load 
and deliver large-size genetic payloads [19-22]. 
Nevertheless, low transfection potency, cytotoxicity 
caused by the high positive charge density, and poor 
formulation stability had largely limited their 
application [23-25]. Although various strategies have 
been developed to eliminate or minimize limitations 
associated with non-viral gene carriers, efficient 
targeted gene delivery with low toxicity remains a 
challenge [26-28].  

Herein, we have designed a novel ternary 
multifunctional nanoparticle with multi-stage, 
multi-targeting, and depth penetration capability for 
in vivo gene delivery (Fig. 1). The system consists of a 

spontaneous nucleus-targeting core (PF33/pDNA) 
with extremely high gene transfection efficiency and a 
negatively charged capsid-like shell 
(RGD-R8-PEG-HA, RRPH) with multi-stage active 
targeting capability. PF33 is a fluorinated polymer 
with very high transfection efficiency to form the 
binary complexes (PF33/pDNA) with the plasmid 
(pDNA). The positively charged surface of 
PF33/pDNA may result in aggregation in blood and 
nonspecific phagocytosis by the reticuloendothelial 
system (RES). We, therefore, coated the binary 
complexes with RRPH, a hyaluronan polymer grafted 
with PEG side chains, which are further conjugated 
with a R8-RGD (Cys-RRRRRRRR-c(RGDfK)) tandem 
peptide. Hyaluronan (HA) can specifically bind CD44, 
which is an important marker of a subset population 
of CSCL in many tumors [29-30]. HA could be 
partially degraded by hyaluronidase (HAase) 
overexpressed in tumor tissues and tumor 
intracellular compartments promoting the release of 
the payloads [31]. To further promote the active 
targeting, we modified some of PEG side chains with 
R8-RGD. cRGD peptide can be used as a specific 
ligand for integrin αvβ3 receptors while R8 can 
mediate the depth penetration in solid tumors [32].  

 

 
Figure 1. Schematic representation of RRPHC nanoparticles for gene delivery. 
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Tumor necrosis factor-related apoptosis- 
inducing ligand (TRAIL) is shown to be a promising 
anti-cancer therapeutic, which triggers apoptosis 
through interaction with the death receptors DR4 and 
DR5 [33-34]. It has been widely considered an optimal 
candidate for cancer treatment owing to its tumor cell 
specificity and minimal side effects [35-36]. Previous 
reports had demonstrated that human colon 
carcinoma cells, such as HCT 116 and SW 480, are 
sensitive to the apoptosis induced by TRAIL. More 
importantly, some reports also proved that the 
sub-population (SP) of SW 480, representing CSCL, 
was also sensitive to TRAIL [37]. Depletion of SP was 
observed after treatment with TRAIL, suggesting that 
TRAIL could be a candidate for the eradicating CSCL.  

In our previous work, we applied RRPHC to 
deliver CRISPR-Cas9 genome editing system to 
explore the application of this platform in gene 
editing field. This system mediated efficient delivery 
of large-size CRISPR-Cas9 plasmid in vivo [38]. In this 
study, we chose TRAIL as a therapeutic gene for colon 
cancer. We used the novel multifunctional, 
nucleus-targeting nanoparticles for in vivo TRAIL 
delivery to target and eradicate CSCL in cancer gene 
therapy. First, the cellular uptake, multiple targeting 
and penetration capability, endosomal escape, the 
ability to deplete CSCL, and gene transfection were 
carefully examined in vitro. We then further evaluated 
the in vivo distribution, tumor growth inhibition, and 
the underlying mechanisms in xenografted tumors of 
human colon carcinoma cells in mice. 

Materials and Methods 
Materials 

Hyaluronic acid (HA, 35 kDa) was purchased 
from Shandong Freda Biochem Co., Ltd. (Shandong, 
China). Maleimide-PEG2000-NH2 was obtained from 
JenKem Technology Co., Ltd. (Beijing, China). 
R8-RGD peptides with a terminal cysteine 
[Cys-RRRRRRRR-c(RGDfK), cysteine modified 
octa-arginine conjugated to the branch of lysine] were 
synthesized by Chinapeptides Co. Ltd. (Shanghai, 
China). PEI 25K and PEI 1.8K were purchased from 
Sigma-aldrich and Alfa Aesar, respectively. All other 
chemicals were purchased from Sigma-Aldrich 
(China) and used without further purification. 

YOYO-1, TOTO-3, Lyso-Tracker red, Hoechst 
33342, and Lipofectamine 2000 and 3000 transfection 
reagents were purchased from Invitrogen (USA). 
pUNO1-hTRAILa (hTRAIL) and pUNO1-MCS (MCS) 
plasmid (InvivoGen, San Diego, CA, USA) were 
purified with QIAGEN Plasmid Mega Kit (Qiagen 
GmbH, Hilden, Germany). Annexin V-FITC /PI 
apoptosis detection kit was purchased from Nanjing 

KeyGen Biotech. Co., Ltd (Nanjing,China). Antibodies 
used for western blot were acquired from Cell 
Signaling Technology (CST, Beverly, Mass), while 
anti-TRAIL, anti-DR4, anti-DR5 antibodies for IHC 
were obtained from Abcam (Cambridge, MA).  

Preparation and Characterization of Binary 
and Ternary Complexes  

The PF33/pDNA binary complex was prepared 
by gently mixing 2 μg of pDNA and PF33 (20 μg) 
solution in DNase-free water and incubated at room 
temperature for 30 min. RRPHC/pDNA ternary 
complex was obtained by adding RRPH (60 μg) 
solution to PF33/pDNA binary complex by incubation 
for another 20 min. The HAC/pDNA ternary 
complexs was prepared by a procedure similar to the 
synthesis of RRPHC/pDNA ternary complex by 
replacing the RRPH with HA. The size and zeta 
potentials of the prepared binary and ternary 
complexes were evaluated using dynamic light 
scattering (DLS) measurements (Malvern, Zetasizer 
NanoZS ZEN 3600, UK). The condensation ability of 
the binary and ternary complexes was assessed by gel 
retardation assays. Briefly, the PF33/pDNA complex 
was freshly prepared and loaded onto 2% (w/v) 
agarose gel with tris-acetate (TAE) running buffering 
at 120 V for 30 min. DNA retardation was examined 
by a UV illuminator using a Gel Doc System (Bio-Rad 
Laboratories, Hercules, CA, USA). 

CD44 Expression Level and Cellular Uptake 
Analysis  

FITC-conjugated anti-CD44 antibody was 
applied to examine the CD44 expression level on the 
surface of HCT116 cells. Briefly, cells were detached, 
washed twice with PBS, and incubated with 0.5 µl of 
FITC-conjugated anti-CD44 antibody for 30 min. 
Subsequently, cells were washed and analyzed by 
flow cytometry. FITC-conjugated IgG 2a antibody 
was used as an isotype control to exclude the 
nonspecific binding. 

To analyze the cellular uptake, pDNA was 
labeled with YOYO-1 according to manufacturer’s 
protocol. HCT116 cells were plated into 6-well plates 
at a density of 3×105 cells/well and allowed to attach 
overnight. The complex loaded with YOYO-1 labeled 
pDNA was then incubated with the cells for another 2 
h at 37 oC. The cells were harvested, rinsed with cold 
PBS, and re-suspended in PBS for the flow cytometry 
analysis after incubation. In the competitive receptor 
study, cells were pre-incubated with excess free HA 
or (and) RGD peptide for 1 h before for blocking the 
CD44 or (and) integrin αvβ3 receptors of HCT 116 
cells. 



 Theranostics 2017, Vol. 7, Issue 6 
 

 
http://www.thno.org 

1636 

Penetration into 3D Tumor Spheroids  
Since HCT 116 cells cannot form 3D tumor 

spheroids in conventional culture conditions, 3D 
tumor spheroids of U-87 (human glioblastoma cells) 
were used for this purpose. Briefly, the 96-well plate 
was precoated with 60 μL of 2% (w/v) low melting 
point agarose. U-87 cells were seeded into the wells at 
a density of 5×103 cells/well and incubated for 5 days. 
The uniform and compact spheroids were selected 
and incubated with the binary and ternary complexes 
loaded with YOYO-1 labeled pDNA for another 4 h. 
Subsequently, the spheroids were rinsed three times 
with cold PBS and fixed in 4% paraformaldehyde for 
30 min before subjecting to CLSM (Leica, Germany). 

In Vitro Distribution and Nucleus-Targeting 
Analysis  

To examine the in vitro distribution of different 
complexes, HCT116 cells (2×105 cells/well) were 
seeded into 6-well plates over glass cover slips the day 
before use. The complexes loaded with YOYO-1 
labeled pDNA were then incubated with the cells in 
serum-free medium. The cells were pretreated with 
Lyso-Tracker Red dye for 1 h to visualize lysosomes 
and endosomes before stopping the experiment. At 
determined time intervals (0.5, 1, 2, 4, 8 h), cells were 
washed with PBS and incubated with Hoechst 33342 
for 10 min to visualize nuclei. Subsequently, cells 
were washed three times with cold PBS, fixed in 4% 
paraformaldehyde and subjected to CLSM (ZEISS, 
LSM 880, Germany).  

In vitro Gene Transfection Analysis  
To evaluate the transfection efficiency of the 

binary and ternary complexes in HCT116 cells, pGFP 
(Green Fluorescent Protein plasmid) was used as a 
reporter gene. Briefly, HCT116 cells were seeded into 
6-well plates before transfection. The medium was 
replaced with 800 μL serum-free medium or medium 
containing 10% ~ 30% serum, 100 μL of PF33/pGFP 
and RRPHC/pGFP complexes were added to each 
well and incubated for 4 h. The medium was replaced 
with 2 mL fresh medium containing 10% serum and 
further incubated at 37oC for another 24 h. PEI 
25K/pGFP and PEI 1.8K/pGFP polyplexes, 
Lipofectamine 2000/pGFP and Lipofectamine 3000/ 
pGFP lipoplexes at their optimal condition were used 
as controls. After incubation, the cells were rinsed 
twice with PBS. The GFP expression was analyzed by 
a fluorescence microscope (Olympus, Japan). The 
transfection efficiency and the fluorescence intensity 
of GFP were quantified by flow cytometry (Calibur, 
BD, USA). 

In vitro Apoptosis and CSCL Analysis 
PostTransfection with hTRAIL  

The anticancer activity of the PF33/hTRAIL, 
HAC/hTRAIL, and RRPHC/hTRAIL complexes on 
HCT116 cells was studied. HCT116 cells were seeded 
into 6-well plates and treated with PF33/hTRAIL, 
HAC/hTRAIL, and RRPHC/hTRAIL, respectively. 
After 24 h or 48 h treatment, cells were trypsinized, 
washed, and resuspended in binding buffer. 
FITC-conjugated annexin-V and PI were added and 
incubated with cells for 10 min. Then the samples 
were immediately analyzed by FACS. PF33/MCS, 
HAC/MCS, and RRPHC/MCS were used as controls.  

For Western blotting analysis, the cells treated 
with different complexes were harvested, washed, 
and resuspended in RIPA lysis buffer supplemented 
with Complete Protease Inhibitor Cocktail. After 
incubation on ice for 1 h, the cell lysates were 
centrifugated for 15 min at 12, 000 g. The protein 
concentration was quantified. Total protein (~30μg) 
was separated with 15% SDS-PAGE gel and 
transferred to a PVDF membrane. The PVDF 
membranes were blocked in 5% non-fat milk for 2 h, 
followed by incubation with antibodies against 
TRAIL, cleaved caspase 3, and cleaved caspase 9 at 4 
oC overnight. Subsequently, the PVDF membranes 
were washed with TBST and incubated with 
HRP-conjugated secondary antibodies in 5% non-fat 
milk for 45 min at 37 oC. Then PVDF membranes were 
washed three times with TBST and the protein bands 
were visualized using a chemiluminescence (ECL) 
detection system. 

For the CSCL analysis, the procedures were 
similar to the apoptosis analysis described above. 
After treatment, cells were trypsinized, washed and 
incubated with PE mouse anti-human CD44 antibody 
and PerCP-cy 5.5 mouse anti-human CD24 antibody 
(BD Biosciences) for 30 min at 4 oC. Subsequently, the 
samples were immediately analyzed by FACS. 

Animals and Tumor Xenograft Models  
The female BALB/C nude mice (16-18 g) were 

provided by the Vital Laboratory Animal Center 
(Beijing, China). All animals were treated in 
accordance with the Guide for Care and Use of 
Laboratory Animals, approved by the Ethics 
Committee of Sichuan University (Chengdu, P.R. 
China). The xenograft tumor model was generated by 
subcutaneous injection of HCT 116 cells (1×107 cells 
for each mouse) in the flank of the BALB/C nude 
mice. The tumor size was monitored and the tumor 
volume (V) was calculated as V=L×W2 /2, where L 
and W indicated the length and width of the tumor, 
respectively. 
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In vivo Transfection and Tumor Targeting 
For in vivo transfection, when the tumor volume 

was about 200 mm3, mice were divided into three 
groups and intratumorally injected with either 
PF33/pGFP, HAC/pGFP, or RRPHC/pGFP loaded 
with 5 μg pGFP. Two days after injection, the tumor 
tissues were collected and rinsed with cold PBS, the 
tumor tissues were embedded in OCT glue, frozen 
and cut into 6 μm thick cryosections for fluorescence 
microscopic analysis (Leica, Germany). 

The in vivo imaging study was performed to 
investigate the tumor targeting capability of 
RRPHC/pDNA comple. TOTO-3 with far-red 
fluorescence was used to label the pDNA. When the 
tumor volume reached 400-500 mm3, 200 μL of 
RRPHC/pDNA or HAC/pDNA complexes loaded 
with 5 μg of TOTO-3 labeled pDNA were 
intravenously administered. Images were taken on 
IVIS Lumina imaging system (Caliper, USA) at 2, 6, 12 
and 24 h post injection.  

IHC of Human Colon Cancer Tissues 
Human colon cancer tissues were obtained from 

patients undergoing tumor resection surgery. The 
study was approved by the Ethics Committee of the 
West China Hospital, Sichuan University, China 
(project no. 2015-263). IHC was performed according 
to established procedures. Briefly, slides were 
deparaffinized and then rehydrated with 
downgraded ethanol. Endogenous peroxidase was 
blocked with fresh 0.3% hydrogen peroxide in 
methanol for 15 min following which the slides were 
washed with PBS and heated to 95 oC in 10 mM citrate 
buffer (pH 6.0) for 30 min. Sections were blocked in 
goat serum, incubated overnight at 4 oC in primary 
antibodies, washed with TBST (Tris buffered saline 
with Tween 20), and incubated with secondary 
antibodies (60 min; RT). The slides were visualized 
with Betazoid DAB Chromogen Kit (Biocare) and 
followed by hematoxylin counterstaining. The 
number of positive cells was visually evaluated in 
each core by a pathologist from West China Hospital. 
The staining intensity of DR4, DR5, and TRAIL was 
classified based on an improved semi-quantitative 
system developed by Allred et al [39] which assesses 
the proportion of positive cells and intensity of 
staining (none~weak = 1; intermediate = 2; 
moderate~strong = 3; strong=4).  

In vivo Anti-tumor Efficacy and Safety 
Evaluation 

The tumor model with HCT 116 xenograft was 
established as described above. When the tumor 
volumes were around 100 mm3 after cell implantation, 
the mice were divided into six groups (n=6), and 

treated with PBS, RRPH, HAC/MCS, HAC/hTRAIL, 
RRPHC/MCS and RRPHC/hTRAIL once every other 
day by intravenous injections. The dosage of hTRAIL 
or MCS of each injection was 5μg per mouse. The 
tumor volumes and body weights of mice were 
monitored every three days. Statistical analysis of the 
tumor volume was performed with two-way ANOVA 
(time and treatment) followed by post-hoc Tukey test 
for treatment. At the end of the experiment, mice were 
euthanized; the tumors as well as the major organs 
were collected, photographed, weighed, and then 
fixed in 4% paraformaldehyde for hematoxylin and 
eosin (H&E) staining and IHC analysis. The blood of 
mice was also collected for chemistry profile and 
complete blood count (CBC) test. The in vivo 
experiments were performed in a blinded fashion 
with two independent experienced investigators. 

Statistical Analysis 
Statistical analysis was performed by one-way 

ANOVA unless otherwise specified. Significant 
differences between groups were indicated by *p < 
0.05, **p < 0.01 and ***p < 0.001. 

Results and Discussion 
Preparation and Characterization of the 
Binary and Ternary Complexes 

In the past decades, fluorine was widely applied 
to modulate the properties of drugs and 
bio-macromolecules [40-41]. Fluorinated compounds 
exhibite many unique characteristics, such as both 
hydrophobic and lipophobic properties and high 
phase-separation tendency [42]. More recently, some 
reports demonstrated that fluorination strategy can 
effectively improve the gene transfection efficiency of 
cationic polymers. In this preliminary work, we 
synthesized a series of fluorinated polymers (PFs) 
(Fig. 2) [43]. The PF33 polymers exhibited excellent 
gene transfection efficacy in HEK-293 cells (almost 
100%) with low cytotoxicity (data not shown). Based 
on our preliminary experiment, PF33 showed excellent 
gene transfection efficacy. The PF33/pDNA binary 
complexes showed an average size of 81.3 ± 2.2 nm 
and a moderately positive zeta potential of +21.8 ± 2.2 
mV (Fig. S1A and S1B). The condensation ability of 
these fluorinated polymers was further assessed by 
the gel retardation assay. The DNA mobility in 
PF33/pDNA complexes was completely retarded at a 
low mass ratio of 1:1 (PF33: pDNA) (Fig. S1C). This 
may be attributed to the low surface energy of 
fluorinated polymers that preferably self-associate at 
low concentrations [44-45]. Coating with RRPH or HA 
(control, without PEG or R8-RGD) showed moderate 
increase in particle size to 117.0 ± 4.2 nm 
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(HAC/pDNA) or 132.8 ± 3.8 nm (RRPHC/pDNA). 
The surface became negatively charged with values of 
-24.1 ± 1.8 mV and -20.1 ± 2.0 mV for 
HAC/pDNA,and RRPHC/pDNA, respectively. After 

coating PF33/pDNA complexes with synthetic RRPH 
polymers, no DNA detachment was observed, 
indicating the negatively charged RRPH did not 
interfere with DNA condensation (Fig. S1C).  

 

 
Figure 2. Synthesis scheme of PF33 and RGD-R8-PEG-HA (RRPH). 

 

 
Figure 3. Intracellular uptake of complexes loaded with YOYO-1 pDNA in HCT 116 cells after incubation for 2 h at 37oC. (A, C) Flow cytometry analysis of the 
cellular uptake of various complexes. (B, D) Quantitative analysis of the cellular uptake efficiency after treatment with various complexes. *p < 0.05, **p < 0.01 and 
***p < 0.001. 
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Cellular Uptake Evaluation 
The expression levels of receptors that are are 

involved in internalization of polymer/DNA 
complexes are critical for cellular entry. Thus prior to 
evaluating the cellular uptake efficiency of the above 
complexes, the CD44 expression levels of HCT 116 
were assessed by flow cytometry. The results revealed 
that HCT 116 cell lines had high CD44 expression 
levels (almost 100%) (Fig. S2) as reported for most 
malignant tumors derived from epithelial tissues. 

We subsequently measured the cellular uptake 
efficiency of the above binary and ternary complexes. 
As shown in Fig. 3A and 3B, PF33/pDNA complexes 
exhibited the highest cellular uptake efficiency (95%). 
This was consistent with the notion that the positively 
charged nanoparticles are easily taken up by cells 
through electrostatically adsorptive endocytosis. 
Compared with the polyplexes of PEI 25K (81.4%), the 
higher efficiency of cellular uptake may be attributed 
to the hydrophobic feature of fluorinated compounds 
with improved affinity for the cell membrane. 
Generally, anionic shielding might reduce the 
electrostatic interaction between the negatively 
charged cell membrane and cationic complexes. 
However, in our experiments, the negatively charged 
HAC/pDNA complexes showed cellular uptake 
efficiency (84%) comparable to that of PEI 25K, 
indicating that the CD44-mediated endocytosis 

played an important role in promoting the 
intracellular accumulation of pDNA. Notably, the 
negatively charged RRPHC/pDNA complexes 
displayed Mean Fluorescence Intensity (MFI) (~ 80) 
higher than that of HAC/pDNA complexes (~ 40).  

To evaluate whether cellular uptake of RRPHC 
ternary complexes was associated with CD44 and 
integrin αvβ3 receptors, the receptor competitive assay 
was performed. Pre-blocking the CD44 and/or 
integrin αvβ3 receptors significantly decreased the 
cellular uptake efficiency of RRPHC/pDNA 
complexes (Fig. 3C and 3D). These results confirmed 
that the enhanced intracellular uptake of 
RRPHC/pDNA complexes was relevant to the dual 
receptor-mediated endocytosis.  

The highly desirable features of an ideal gene 
carrier are efficiency in cellular uptake and high 
permeability in targeted tissues [46]. 3D tumor 
spheroids have been used as an ideal format for better 
understanding of the influence of the cellular 
microenvironment in tumor biology [47-49]. We 
prepared three dimensional tumor spheroids to 
evaluate the penetration ability of the PF33/pDNA 
and RRPHC/pDNA complexes. Compared to all 
other groups, RRPHC/pDNA complexes displayed 
much stronger green fluorescence at different depths 
(Fig. 4) validating that R8-RGD possessed stronger 
penetration ability. 

 

 
Figure 4. Penetration ability of various formulations (PEI 25K/pDNA (PEI 25K), PF33/pDNA (PF33), HAC/pDNA (HAC), RRPHC/pDNA (RRPHC)) into 3D tumor 
spheroids. 



 Theranostics 2017, Vol. 7, Issue 6 
 

 
http://www.thno.org 

1640 

 
Figure 5. Confocal images of HCT 116 cells treated with (A) RRPHC/pDNA and (B) PF33/pDNA for 0.5, 1, 2, 4 and 8 h. pDNA was labeled with YOYO-1, the 
endosomes and lysosomes were stained with Lyso-Tracker Red while the nuclei were stained with Hoechst 33342. The arrows indicate co-localization of 
YOYO-1-labeled pDNA and the nuclei. 

 

In Vitro Distribution and Nucleus-Targeting 
Analysis 

Efficient accumulation into nuclei of targeted 
cells is critical for effective gene transfer. Cationic 

polymers such as PEI can effectively escape from 
endosomes and accumulate into nuclei [50]. It has 
been reported fluorination can facilitate endosomal 
escape of the polymers by fusion with 
endosome/lysosome membrane [51-52]. We, 
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therefore, investigated whether RRPHC/pDNA 
complexes could promote endosomal escape of the 
pDNA.  

The intracellular distribution of YOYO-1-labeled 
complexes occurred in a time-dependent manner. As 
shown in Fig. 5A, after 4 h of incubation, large 
amounts of RRPHC/pDNA complexes effectively 
escaped from the endosomes and penetrated into the 
nuclei. We investigated the enhanced endosomal 
escape ability of PF33/pDNA complex. Interestingly, 
some of the YOYO-1-lableded complexes were 
already associated with the nuclei in the first 2 h and 
there was an almost complete overlap between all 
nuclei and the green dots within 4 h of incubation 
(Fig. 5B). The excellent endosomal escape ability of 
RRPHC/pDNA complexes may be largely attributed 
to PF33/pDNA core. The RRPHC/pDNA complexes 
showed slightly delayed endosomal escape in the first 
2 h. This delay could be because the RRPH coating 
had to be degraded by HAase in the lysosome 

exposing PF33/pDNA complexes which then 
facilitated the endosomal escape. 

In vitro Gene Transfection Study 
We evaluated the in vitro transfection efficiency 

of the PF33/pDNA and RRPHC/pDNA complexes in 
HCT 116 cells using pGFP as a reporter gene. PEI 25K 
and PEI 1.8K were used as controls and the 
transfection experiment was first performed in the 
serum-free culture medium. As shown in Fig. 6A and 
B, the PF33/pGFP complexes achieved extremely high 
transfection efficiency (nearly 100%) at a low mass 
ratio (indicating low N/P ratio) which significantly 
higher than that of the commonly used transfection 
reagents (PEI 25K, lower than 30%) in HCT 116 cells. 
Enhanced cellular uptake and accelerated endosomal 
escape of the PF33/pGFP complexes may contribute to 
the high transfection efficiency. In comparison, the 
polyplexes of the PEI 1.8K showed the lowest 
transfection efficiency (less than 10%).  

 

 
Figure 6. Transfection efficiencies of various complexes in HCT 116 cells at 24 h. (A) Comparison of various complexes in serum-free medium, PEI 1.8K/pGFP (a), 
PEI 25K/pGFP (b), PF33/pGFP at mass ratio of 5:1 (c), 10:1(d), HAC/pGFP (e), and RRPHC/pGFP (f). (B) Quantitative analysis of transfection efficiency in serum-free 
medium by flow cytometry. (C) Comparison of PF33/pGFP (PF33), RRPHC/pGFP (RRPHC) and Lipofectamine 2000/pGFP (Lipo 2000) in medium containing 10% - 30% 
serum. (D) Quantitative analysis of transfection efficiency in medium containing 10% - 30% serum by flow cytometry. *p < 0.05, **p < 0.01 and ***p < 0.001. pGFP 
indicates GFP pDNA. The scale bar indicates 100 μm. 
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Figure 7. Comparison of the transfection efficiency of PF33/pGFP (PF33), RRPHC/pGFP (RRPHC) and Lipofectamine 3000/pGFP (Lipo 3000) in medium containing 0% 
- 30% serum in HCT 116 cell. (A) Fluorescence microscopy images. (B) Analysis of transfection efficiency in serum-free medium by flow cytometry. (C) Analysis of 
the transfection efficiency in medium containing 30% serum by flow cytometry. (D, E) Quantitative analysis of GFP-positive cells (%) and Mean Fluorescence Intensity 
(MFI) by flow cytometry. pGFP indicates GFP pDNA. The scale bar indicates 200 μm.  

 
These results implied that introducing perfluoro 

acid groups to cationic polymers greatly change the 
properties of the polymer significantly improving the 
transfection efficiency. An excellent gene transfection 
efficiency using the fluorinated PAMAM dendrimers 
was reported by Cheng et al [50]. Especially, 
RRPHC/pGFP complexes exhibited high gene 
transfection efficiency (~95%) comparable to the 
PF33/pGFP complexes which was significantly higher 
than HAC/pGFP complexes. This could be explained 
by the fact that RRPHC/pGFP complexes were 
efficiently taken up by the cells and quickly 
penetrated into the nuclei while the cellular uptake of 
HAC/pGFP complexes was relatively low even with 
the CD44-mediated endocytosis. On the other hand, 
the HAC/pGFP complexes showed lower zeta 
potential than RRPHC/pGFP complexes, possibly 
due to the tighter interaction of HA with the core than 
RRPH. Also, the steric hindrance with PEG resulted in 

difficult release of pGFP and poor transfection 
efficiency which was consistent with a previous study 
[53].  

Serum concentration is an important parameter 
for gene transfection. Thus we evaluated the 
transfection efficacy of the PF33/pGFP and 
RRPHC/pGFP complexes in medium containing 
0~30% serum. Lipofectamine 2000, a commercial 
transfection reagent with high gene transfection 
efficacy in serum-containing medium, was used as a 
control. The PF33/pGFP complexes and 
RRPHC/pGFP complexes maintained their high 
efficiency in the presence of 10% ~ 30% serum which 
surpassed the efficiency of Lipofectamine 2000. Even 
in the medium containing 30% serum, the PF33/pGFP 
and RRPHC/pGFP complexes showed high 
transfection efficiency (> 90% positive GFP cells). In 
contrast, Lipofectamine 2000 showed a decrease in 
gene transfection to 60% after transfection in medium 
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with 30% serum (Fig. 6C and D). Furthermore, we 
noted that many cells exhibited round shape 
indicative of cytotoxicity after transfection with the 
nanoplexes using Lipofectamine 2000. Inspired by the 
above results, we further compared the transfection 
efficiency of the PF33/pGFP and RRPHC/pGFP 
complexes with that of Lipofectamine 3000, which is a 
more efficient commercial transfection reagent than 
Lipofectamine 2000. Notably, the PF33/pGFP and 
RRPHC/pGFP complexes showed significantly 
higher transfection efficacy than Lipofectamine 3000 
in the presence of 0~30% serum (Fig. 7).  

All of these results demonstrated that 
fluorination significantly improved the in vitro 
transfection efficacy and both the PF33/pGFP and 
RRPHC/pGFP complexes are efficient transfection 
reagents in vitro. Coating with RRPH did not decrease 
the transfection efficiency of the PF33/pGFP 
complexes. 

Apoptosis-inducing Ability of hTRAIL  
We evaluated the apoptosis-inducing effect of 

the PF33/pDNA and RRPHC/pDNA complexes 

loaded with hTRAIL (human TRAIL isoform) gene. 
As shown in Fig. 8A, the total apoptotic ratio of 
PF33/hTRAIL and RRPHC/hTRAIL treated- HCT116 
cells was 70.35% and 69.34%, respectively, at 24h, 
which was much higher than that of HAC/hTRAIL 
(43.11%). As expected, PF33, RRPH, and all other 
formulations loaded with MCS (controlled pDNA 
without target gene) showed minimal 
apoptosis-inducing effect (Fig. S3). We also tested 
TRAIL protein expression transfected by the above 
complexes using a Western blotting assay. The 
expression levels of the TRAIL protein correlated with 
the apoptotic ratios. PF33/hTRAIL- and 
RRPHC/hTRAIL-treated groups showed significantly 
higher TRAIL protein expression than that of 
HAC/hTRAIL-treated group (Fig. 9A). Similar results 
were observed in the expression of the cleaved 
caspase 9 and cleaved caspase 3 proteins, both of 
which were classical pro-apoptotic proteins. These 
results confirmed that the apoptosis effect was indeed 
induced by the protein coded by the hTRAIL gene.  

  

 

 
Figure 8. (A, B) In vitro apoptosis-inducing effect in HCT 116 cells following transfection with various formulations loaded with hTRAIL plasmid at 24 h. Early 
apoptotic cells are located in the lower right quadrant (Q2-4) while the late apoptotic cells are in the upper right quadrant (Q2-2). (C, D) Change in CSCL 
(CD44+CD24+) after transfection with various formulations detected by flow cytometry. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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Figure 9. (A) Protein expression levels of TRAIL, cleaved caspase 9, and cleaved caspase 3 in HCT 116 cells following transfection with various formulations. (B) 
Representative fluorescence micrographs of tumor frozen sections 2 days after injection with (a) PF33/pGFP, (b) HAC/pGFP, and (c) RRPHC/pGFP. pGFP indicates 
GFP pDNA. 

 
Based on the reports suggesting that CSCL cells 

are sensitive to TRAIL, we evaluated the change in the 
number of CSCL in HCT 116 cell line after treatment 
with PF33/hTRAIL complexes. Though controversial, 
many reports have shown enrichment of 
CD44+CD24+ cancer stem cell population in 
colorectal cancer cell lines. The CD44+CD24+ 
subpopulation was clonogenic and retained the ability 
to self-renew and differentiate into all four 
CD44/CD24 subpopulations [54]. We labeled the cells 
after treatment with PE-CD44 and Percp-cy 5.5-CD24 
antibodies. As shown in Fig. 8B, the ratio of 
CD44+CD24+ subpopulation decreased significantly 
in HCT 116 after treatment with PF33/hTRAIL and 
RRPHC/hTRAIL complexes (from 25.39% to 7.27% 
and 7.28%, respectively) indicating depletion of CSCL 
cells in cultured colorectal cancer cells. 

In vivo Gene Transfection and Imaging 
Since the PF33/pGFP and RRPHC/pGFP have 

shown considerable gene transfection and penetration 
abilities in vitro, we examined their in vivo effect in 
BALB/C nude mice with xenografted tumors of colon 
carcinoma HCT 116 cells. As seen in the in vitro 
transfection study, the gene expression of PF33/pGFP 
and RRPHC/pGFP complexes was comparable in vivo 
and much higher than that of the HAC/pGFP (Fig. 
9B). 

The tumor targeting capability of 
RRPHC/pDNA and HAC/pDNA complexes was 

assessed in vivo following systemic administration. 
We examined the accumulation of TOTO-3-labeled 
pDNA in the tumor at pre-determined time points 
after intravenous injection of RRPHC/pDNA and 
HAC/pDNA complexes by IVI Spectrum system. 
RRPHC/pDNA complexes rendered a significantly 
stronger fluorescence signal in the tumor region over 
a long time (from 6 h to 24 h) compared with 
HAC/pDNA complexes, further confirming a more 
effective tumor targeting effect of RRPHC/pDNA 
complexes (Fig. 10A and B). 

Demonstration of DR4, DR5 and TRAIL 
Expression in Colon Cancer Samples from 
Patients 

We examined the expression of DR4, DR5, and 
TRAIL by immunohistochemistry (IHC) in tumor 
samples of colorectal cancer patients. Samples were 
collected from 30 colon cancer cases that underwent 
resection at West China Hospital from January 1, 2015 
to October 1, 2015. High expression of DR4 and DR5 
(score 3 to 4) was detected in 93% of colon cancer 
cases (28 cases). In contrast, only 26% of cases (8 cases) 
had high TRAIL expression (score 3 to 4), whereas 
most cases (22 cases) displayed little TRAIL 
expression (score 1 to 2) (Fig. 11). Interestingly, we 
also observed that the expression of DR4 and DR5 in 
normal intestine tissues was low (data not shown). 
Therefore, TRAIL could be a promising candidate for 
colon cancer treatment as it showed efficacy in 
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targeting cancer cells while sparing the non-cancer 
tissues based on the differential expression levels of 
its receptors. However, although many studies have 
shown the antitumor activity of recombinant TRAIL 
protein, the in vivo efficacy was limited due to its short 

half-life in plasma [55-56]. Thus, a delivery system for 
TRAIL gene is urgently needed as TRAIL gene 
therapy can serve as a potential strategy to treat colon 
cancer. 

 

 
Figure 10. (A) In vivo fluorescence imaging of the HCT 116 tumor-bearing nude mice at 2, 6, 12, and 24 h after intravenous injection of HAC/pDNA (HAC) and 
RRPHC/pDNA (RRPHC). The pDNA was labeled with TOTO-3. (B) Region-of-interest analysis of fluorescent signals from the tumors. *p < 0.05, **p < 0.01 and ***p 
< 0.001. 

 

 
Figure 11. Analysis of DR4, DR5, and TRAIL expression in colon cancer. (A) Examples of IHC staining for DR4, DR5, and TRAIL. Positive DR4 staining was 
cytoplasmic, positive DR5 staining was nuclear, and positive TRAIL staining was cytoplasmic. (B) Differences in proportion of positive cells and intensity of staining 
were noted in positively stained cases and formed the basis of the grading system. 
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Anti-tumor Effect of RRPHC Carrying hTRAIL 
Gene Following Intravenous Injection 

The therapeutic anti-tumor potential of the 
RRPHC/hTRAIL and HAC/hTRAIL complexes was 
then evaluated in tumor xenografts of HCT 116 cells 
in vivo. The tumor growth was remarkably inhibited 
after treatment with RRPHC/hTRAIL or 
HAC/hTRAIL compared to other control groups, 
such as PBS, RRPH, RRPHC/MCS and HAC/MCS, 
indicating that the antitumor effect was 
hTRAIL-specific. In particular, RRPHC/hTRAIL 
treatment demonstrated significantly better 
anti-tumor efficacy than HAC/hTRAIL (*p < 0.05, 
two-way ANOVA followed by post-hoc Tukey test). It 
is of note that the HAC/hTRAIL treatment exhibited 
strong effects on inhibiting the tumor growth due to 
the degradation of HA shell by HAase overexpressed 
in the tumor stroma and subsequent HA-CD44 
receptor-mediated tumor-targeting (Fig. 12A and 
12C). The body weights of the mice did not change 
much during the period of treatment in all groups 
(Fig. 12B). At the end of experiment, the tumors were 
harvested and mass ratio determined. Compared with 
all other groups, the mice treated with 
RRPHC/hTRAIL exhibited much lower mass ratio of 
the tumor followed by the HAC/hTRAIL treatment 
(Fig. 12D).  

To further examine whether inhibited tumor 
growth by RRPHC/hTRAIL was associated with 
hTRAIL gene expression in tumor cells, the tumors 
were excised for ex vivo IHC analysis after the 
completion of experiment. The IHC staining of tumor 
tissues showed significant amount of TRAIL protein 
after treatment with RRPHC/hTRAIL. Interestingly, 
we also noted the upregulated expression of DR4 and 
DR5 indicating that the increased expression of 
TRAIL in tumor tissues may in turn promote the 
expression of its receptors (DR4, DR5) (Fig. 12E). 
These results demonstrated that the retarded tumor 
growth achieved after treatment with 
RRPHC/hTRAIL was largely attributed to the 
expression of TRAIL protein in tumor tissues. 

 The cell proliferation in tumor tissues post 
treatment was also assessed. A decrease of 
Ki-67-positive tumor cells (brown) in tumor tissues 
was seen after treatment with RRPHC/hTRAIL and 
HAC/hTRAIL. Furthermore, in comparison with 
HAC/hTRAIL treatment, RRPHC/hTRAIL was more 
effective in preventing tumor cell proliferation with 
less Ki-67-positive tumor cells. Also, treatment with 
RRPHC/hTRAIL induced the strongest apoptosis in 
tumor cells consistent with the tumor growth 
inhibition efficiency. The control groups including 
PBS, RRPH materials, RRPHC/MCS and HAC/MCS 

did not significantly affect the numbers of the 
proliferating Ki-67-positive tumor cells and 
TUNEL-positive tumor cells as expected (Fig. 12E).  

Safety Evaluation 
For the safety evaluation, complete blood count 

(CBC) test was carried out after treatment. WBC, RBC, 
HGB, and PLT counts were all in normal range and no 
significant differences were observed after treatment 
with RRPHC/hTRAIL and HAC/hTRAIL. Because of 
the reported liver toxicity of TRAIL, the blood 
chemistry profile analysis was performed to assess the 
liver toxicity after treatment [57]. No significant 
difference in the amount of ALB, ALT, AST, and TP 
between RRPHC/hTRAIL and PBS treatments was 
observed (Fig. S4A, Fig. S5). Histological analysis of 
the normal organs including heart, liver, spleen, lung, 
and kidney showed no evidence of abnormal and 
inflammatory cell infiltration in these organs after 
treatment with RRPHC/hTRAIL (Fig. S5B). 
Collectively, these results indicated that 
RRPHC/hTRAIL treatment did not cause toxicity to 
normal tissues and organs of the mice and RRPHC 
was a safe and potential nanocarrier for in vivo cancer 
gene therapy. 

Conclusion 
We have synthesized a library of fluorinated 

polymers (PFs) via simple chemical reactions. These 
PFs showed extremely high transfection efficiency 
(nearly 100%) compared to various commercial 
reagents. Furthermore, their transfection efficiency 
was serum-independent, i.e. >90% in medium 
containing 30% serum. To promote the stability in 
physiological conditions and to confer 
tumor-targeting capability, RRPH polymers were 
designed to coat the binary complexes, formulating 
“core-shell” nanoparticles. RRPH coating endowed 
the ternary complexes with multi-stage, 
multi-targeting effects and depth penetration ability. 
The “core-shell” nanoparticles improved the 2D and 
3D cellular uptake of the binary complexes due to the 
multi-targeting and effective penetration ability. In 
particular, the “core-shell” nanoparticles also 
maintained the excellent transfection efficiency of the 
binary complexes in vitro. When used as delivery 
vehicles for the pro-apototic hTRAIL plasmid in vitro, 
both PF33/hTRAIL and RRPHC/hTRAIL significantly 
inhibited the growth of tumor cells, enhanced 
apoptosis, and decreased the percentage of CSCL 
cells. RRPH coating significantly improved gene 
delivery into tumor sites while reducing 
accumulation in other organs such as liver and kidney 
after intravenous injection. We, therefore, employed 
RRPHC ternary complexes to deliver hTRAIL gene for 
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in vivo applications. The tumor growth was greatly 
inhibited after treatment with RRPHC/hTRAIL 
withno systemic toxicity. In the future, this system has 

the potentioal to become a promising platform for 
effective therapeutic gene delivery and to advance the 
treatment of colon cancer. 

 

 
Figure 12. In vivo anti-tumor activity evaluation. (A) Inhibition of tumor growth in the tumor model with the HCT 116 xenograft after treatment with different 
formulations. (B) The body weight variation of HCT 116 tumor-bearing mice during treatment. (C, D) Images and tumor weights of HCT 116 tumors after treatment 
with different formulations at Day 31. (E) Ex vivo IHC analyses of the expression of hTRAIL, DR4, DR5, Ki-67 and TUNEL in tumor sections after treatment with 
different formulations. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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