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A Hybrid Nanovector of Suicide Gene Engineered 
Lentivirus Coated with Bioreducible Polyaminoglycosides 
for Enhancing Therapeutic Efficacy against Glioma

Wenhua Fan, Meiyu Shao, Junwen Zhang, Guishan Jin, Fusheng Liu,* and Fu-Jian Xu*

An emerging hybrid nanovector integrating the merits of both viral and 
nonviral vectors has attracted much attention as the next generation of 
promising gene vectors to overcome the primary challenge of cancer gene 
therapy. Due to its inherent advantages, lentivirus (Lv) has been increasingly 
applied and investigated in medical fields. Herein, a new hybrid nanovector 
(SS-HPT/Lv) composed of the Lv core and reduction-responsive hyperbranched 
polyaminoglycoside (SS-HPT) shell is designed via electrostatic interaction. 
In comparison with polybrene (commercial enhanced transfection reagent), 
SS-HPT endows the hybrid nanovector with better biosafety. Furthermore, both 
the appropriate nanoparticle sizes and positive surface potentials contribute to 
the endocytosis and rescue of SS-HPT/Lv from endocytic vesicles. Regarding 
therapeutic application, lentiviral vector acquires permanent transgene 
expression with the capability of integrating to the host chromosome, 
and SS-HPT/Lv exhibits an improved transduction efficacy. The cytosine 
deaminase/5-fluorocytosine suicide gene therapy system mediated by SS-HPT/
Lv performs an enhanced antitumor efficiency and extends the survival time of 
glioma-bearing rats. Such a hybrid nanovector strategy would open a new avenue 
to the development of gene vectors for treating malignant cancers.
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in comprehensive treatments, the life 
expectancy of persons with glioblastoma 
remains limited and fails to exceed 
14–20 months.[2] Such poor prognosis 
might be conquered with the improvement 
of gene therapy. Gene therapy constitutes a 
promising approach for cancer treatments, 
which recently has acquired preclinical 
success. However, the development of 
appropriate safe and efficient gene vectors 
is not a straightforward proposition.[3] Gen-
erally, gene vectors mainly include viral 
and nonviral ones.[4] Viral vectors possess 
natively superior transduction efficacy 
while their inevitable disadvantages 
impose restrictions on clinical application, 
including high cost, immunogenicity, and 
carcinogenesis risk.[5] In contrast, nonviral 
vectors could avoid above-mentioned draw-
backs.[6] However, the biggest challenge of 
nonviral vectors lies in their poor transfec-
tion efficiencies.[7] Thus, a hybrid nano
vector strategy has been proposed as one 
of the burgeoning paradigms, where viral 

vectors are encapsulated into hybrid nanoparticles with different 
nonviral systems to integrate the complementary virtues of both 
vectors.[8]

In past few years, some efforts had been made to explore the 
generation of hybrid nanovectors. Polymer coatings on adeno-
virus or retrovirus not only enhanced transduction efficiency[9,10] 
but also shielded viral vectors to evade immune systems.[9] 
Among viral vectors, lentivirus (Lv) has been increasingly 
applied and investigated due to its inherent advantages such 
as infecting both dividing and quiescent cells and integrating 
into host chromosome.[11] Lv was applied in T-cell engineering 
ex vivo in CAR-T (Chimeric Antigen Receptor T) cell therapy 
and the production of autologous corrected CD34+ cells ex vivo 
in patients with β-thalassemia.[5b,12] Importantly, the transgenes 
mediated by Lv could be expressed efficiently in animal brain 
models without detectable pathological consequences, implying 
a great clinical value in central nervous systems.[13]

Cytosine deaminase/5-fluorocytosine (CD/5-FC) suicide 
gene system, as a highly promising approach against cancer, 
had been investigated extensively,[14] which could catalyze 
the conversion of nontoxic 5-FC to highly toxic metabolite 
5-fuorouracil (5-FU).[15] It is quite useful to develop Lv-based 
hybrid nanovectors that can efficiently deliver CD suicide 
genes against glioblastoma. Aminoglycosides have already  

Gene Therapy

1. Introduction

In all cancers, glioblastoma represents the common malignant 
one with an aggressive growth pattern.[1] Despite the advances 
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been explored for designing nonviral  vectors.[16,17] Currently, 
bioreducible hyperbranched polyaminoglycosides (SS-HPT) 
involving tobramycin were proposed by us,[17] which 
exhibited good transfection performance. In this work, a novel 
hybrid nanovector (SS-HPT/Lv-CD) is readily constructed by 
coating CD suicide gene engineered Lv (Lv-CD) with SS-HPT 
(Scheme 1) for enhancing therapeutic efficacy against glioma. 
The reduction-responsive properties of SS-HPT benefit the 
biodegradability of SS-HPT/Lv-CD. The feasibility against malig-
nant glioma using SS-HPT/Lv-CD nanohybrids was examined 
in detail via a series of in vitro and in vivo experiments.

2. Results and Discussion

2.1. Physiochemical Characteristics of SS-HPT/Lv 
Hybrid Nanovectors

To construct one optimal hybrid nanovector, a series of rep-
resentative SS-HPT/Lv nanovectors were firstly fabricated 
using negatively charged Lv and positively charged SS-HPT 
(with number-average molecular weight of 8.97 × 103 g mol−1) 
via electrostatic interaction. A range of molar ratios for 
SS-HPT to Lv from 3.3 × 107 to 8.3 × 108 molecules per Lv 

Adv. Funct. Mater. 2019, 1807104

Scheme 1.  Schematic illustration of the construction of SS-HPT/Lv-CD hybrid nanovector and the resultant therapeutic processes of gene therapy 
with 5-FC against glioma.
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particle were investigated using different concentrations of 
SS-HPT solutions of 2 to 50  µg  mL−1 (Table S1, Supporting 
Information). The corresponding SS-HPT/Lv nanovectors were 
denoted as SS-HPT/Lv-2 (3.3 × 107 molecules per Lv), SS-HPT/
Lv-5 (8.3 × 107 molecules per Lv), SS-HPT/Lv-10 (1.7 × 108 
molecules per Lv), SS-HPT/Lv-20 (3.3 × 108 molecules per Lv), 
and SS-HPT/Lv-50 (8.3 × 108 molecules per Lv), respectively.

The hydrated particle sizes and zeta potentials of SS-HPT/
Lv nanovectors were measured using dynamic light scattering 
(DLS) (Figure 1a,b). The average size of SS-HPT/Lv increased to 
423 (± 23.8) nm from 209 (± 20.3) nm of naked Lv initially, then 
decreased gradually with increasing the amount of SS-HPT. A 
stable status of about 300  nm was reached for SS-HPT/Lv-20. 
The surface zeta potential of SS-HPT/Lv increased gradually 
to a peak of 9.8 (± 0.6)  mV at 3.3 × 108 molecules per Lv of 
SS-HPT/Lv-20 compared to −15.7 (± 1.6)  mV of naked Lv. 

These data suggested that Lv particles could be compacted 
better into one appropriate nanoparticle with positive surface 
potential, which would provide the good affinity between Lv 
and cell surfaces.[9a,d] Meanwhile, the atomic force microscope 
(AFM, Figure 1c) and transmission electron microscope (TEM, 
Figure 1d) images also showed that the particle size of SS-HPT/
Lv-20 was larger than that of naked Lv. The original sphere 
morphology of Lv remained.

Biodegradability represents another crucial parameter 
of gene vectors. SS-HPT with disulfide bonds in its backbone 
could be degraded by reducible molecules such as glutathione 
(GSH).[18] Polymers with disulfide bonds were designed as 
gene vectors, aiming at facilitating the release of target gene 
from polyplexes and reducing the cytotoxicity of vectors.[9d,17,18] 
The content of GSH in tumor cells is several times higher than 
that in normal cells, which is one of many characteristic aspects  
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Figure 1.  a) Particle size and zeta potential of naked Lv and SS-HPT/Lv hybrid nanovectors at 3.3 × 107, 8.3 × 107, 1.7 × 108, 3.3 × 108, and 8.3 × 108 
molecules per Lv for SS-HPT/Lv-2, SS-HPT/Lv-5, SS-HPT/Lv-10, SS-HPT/Lv-20, and SS-HPT/Lv-50, respectively (n = 5). b) Size distribution of naked Lv 
and SS-HPT/Lv-20. c) Representative AFM images of naked Lv and SS-HPT/Lv-20 before or after degradation. d) Representative TEM images of naked 
Lv and SS-HPT/Lv-20. e) GSH contents in U251MG and C6 glioma cells in comparison with normal HA and BV-2 brain cell lines (n = 3, ****p < 0.0001).
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in tumor cells.[19] As shown in Figure 1e, the contents of GSH 
in the corresponding C6 and U251MG glioma cells were 
approximately 4.2- and 2.3-folds compared to normal brain cells, 
which would endow SS-HPT/Lv with better performance in 
glioma cells.[19c] After degradation (Figure 1c), the homogeneous 
SS-HPT/Lv nanovector returned to the similar morphology to 
naked Lv. The above results indicate that SS-HPT/Lv would be 
degraded readily in glioma cells with higher GSH contents.

2.2. Biophysical Properties of SS-HPT/Lv Nanovectors

To achieve the optimal coating ratio of SS-HPT, it is also necessary 
to clarify the cytotoxicity (Figure 2a and Figure S1a, Supporting 
Information) of SS-HPT. Similar to our earlier work,[17] SS-HPT 
exhibited a slight dose-dependent cytotoxicity in glioma cell lines, 
as well as in normal brain cell lines. More importantly, SS-HPT 
showed evidently lower cytotoxicity than the commercially avail-
able enhanced transfection reagent, polybrene in all cell lines. It 
is noteworthy that cell viability of SS-HPT exceeded 70% even at 
the higher concentration (100 µg mL−1) for all cell lines, which 
was consistent with our earlier results.[17]

For gene therapy, blood compatibility of vectors also requires 
major concerns.[20] Biomaterials were regarded to be hemolytic 
according to the hemolysis ratio of >5%.[20b] The quantita-
tive hemolysis ratios of SS-HPT were 0.81 (± 0.4)% and 
1.78 (± 1.0)% at the concentrations of 0.1 and 1 mg mL−1, respec-
tively, considerably lower than those of polybrene (Figure  2b). 
Furthermore, the supernatants of red blood cell (RBC) suspen-
sions in the SS-HPT group were almost transparent (Figure S1b, 
Supporting Information), indicating that SS-HPT was eligible 
for the application standard of biomaterial (<5%).[20c] The extent  
of erythrocytes aggregation was considered as another criterion 

for blood compatibility (Figures  2c and Figure  S1c, Supporting 
Information). In comparison to polybrene, no obvious erythro-
cytes coagulation was detected in the SS-HPT group. Polybrene 
is an effective neutralized agent of heparin during open-heart 
surgery.[21] However, its antiheparin property reduced the bio-
compatibility as an enhanced transduction reagent. These above 
results demonstrate that SS-HPT possessed a preponderance of 
blood biocompatibility over polybrene.

To determine the optimal SS-HPT ratio for Lv coating, the 
transduction efficiency of reporter gene ZsGreen was utilized 
as an indicator. C6 and U251MG glioma cell lines with different 
sensitivities for Lv were selected. They expressed different 
levels of the receptors (such as phosphatidylserine, low 
density lipoprotein receptor or leucine-rich repeat-containing 
G protein-coupled receptor 4) of vesicular stomatitis virus 
(VSVG), a trimeric protein used to pseudotype the envelope 
in Lv vector.[22] According to the representative fluorescence 
images of ZsGreen expressions, SS-HPT/Lv displayed a 
gradually enhanced tendency in the transduction performance 
in both cell lines (Figure  3a). Furthermore, the quantitative 
fluorescence-activated cell sorting (FACS) analysis shows that 
the highest ZsGreen intensity was observed for SS-HPT/Lv-20 
(with the ratio of 3.3 × 108 molecules per Lv) in both glioma 
cell lines (Figure  3b). The optimal transduction efficiencies 
were increased by 2.56- and 1.73-folds compared to naked Lv, 
respectively. The above results indicated the optimal Lv coating 
ratio was at 3.3 × 108 molecules per Lv. Thus, SS-HPT/Lv20 was 
selected in the subsequent experiments.

The effect of serum on transduction efficiency was also 
investigated for better in vivo applications. As shown in 
Figure  S2 in the Supporting Information, the transduction 
efficiency of naked Lv was obviously reduced in the presence 
of serum. On the contrary, no distinct difference was detected 
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Figure 2.  a) Cell viabilities of SS-HPT and polybrene in C6 and U251MG cell lines (n = 5, *p < 0.05). b) Hemolysis ratios of RBCs treated with SS-HPT 
or polybrene at the concentrations of 1 and 0.1 mg mL−1 (n = 3, ****p < 0.0001). c) Representative images of depositional RBCs treated with polybrene 
or SS-HPT at 1 mg mL−1.
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in the SS-HPT/Lv-20 group. We further tested the stability of 
SS-HPT/Lv-20 in medium with serum and found that the 
particle size of the hybrid nanovector remained quite stable 
during the incubation (Figure  S3, Supporting Information). 
SS-HPT possesses plentiful hydroxyl groups. Our earlier work 
demonstrates that rich nonionic hydrophilic hydroxyl species 
not only can shield the deleterious surface charges of complexes 
but also reduce protein adsorption on complexes for enhancing 
gene expression.[3c,6b,17] The above data indicated that SS-HPT/Lv  
exhibited the good serum-tolerant ability.

2.3. Cellular Uptake Mechanism of SS-HPT/Lv

As Lv infectivity is dependent on the VSVG receptors expressed 
on cell membranes,[22b] the responsible cellular uptake 
mechanism of SS-HPT/Lv was explored in comparison with 
naked Lv after the pretreatment with inhibitors of different 
endocytic pathways in C6 cell line.[23] Methyl-β-cyclodextrin 
(MβCD) was used to stymie caveolae-mediated endocytosis 
by selectively extracting cholesterol from cell membranes,[24] 
while cytochalasin B (CytoB) and ammonium chloride (NH4Cl) 
were considered as the corresponding inhibitors of clathrin-
mediated endocytosis pathway and phagosome-lysosome 

fusion.[25] As shown in Figure  4a,b, both MβCD and CytoB 
significantly reduced the transduction efficiencies mediated 
by SS-HPT/Lv-20, while CytoB did not cause any influence on 
naked Lv-mediated transduction. SS-HPT/Lv-20 appeared to 
induce both caveolae- and clathrin-mediated endocytosis, while 
naked Lv was primarily internalized into cells through caveolae-
mediated endocytosis. The transduction efficiency was inhibited 
by NH4Cl in both cases of naked Lv and SS-HPT/Lv-20, indica-
tive of the common involvement of phagosome-lysosome 
fusion. These above results demonstrate that SS-HPT/Lv-20 
entered cells via a broader route than naked Lv, followed by 
fusing with lysosome to unleash Lv particles efficiently.

The details of intracellular trafficking were tracked at early 
time points (10, 30, and 120 min) using TEM (Figure 4c). In com-
parison with naked Lv, more SS-HPT/Lv-20 nanoparticles were 
observed around the cell membrane at 10 min and internalized 
into the cytoplasm at 30 min. After 120 min post-transduction, 
a single endocytic vesicle containing one nanoparticle was 
observed in the cytoplasm of the naked Lv group. However, 
plenty of single endocytic vesicles containing multiple nano-
particles were localized near the nucleus in the SS-HPT/Lv-20 
group. The better transduction performance of SS-HPT/Lv-20 
was probably due to both the broader cellular uptake route and 
more efficient intracellular trafficking.

Adv. Funct. Mater. 2019, 1807104

Figure 3.  a) Representative fluorescence images and b) quantitative FACS analysis of ZsGreen expression (n = 3, ****p < 0.0001) mediated by naked 
Lv or SS-HPT/Lv nanovectors at different ratios of SS-HPT to Lv in C6 and U251MG cell lines.
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2.4. Enhanced Transduction Efficiency of SS-HPT/Lv-CD

As a proof of concept, Lv-CD (carrying reporter gene ZsGreen 
and CD suicide gene simultaneously) was employed to construct 
the SS-HPT/Lv-CD hybrid nanovector at the optimal coating ratio 
of SS-HPT, where polybrene coated Lv-CD was taken as the posi
tive control. As shown in Figure  5a, SS-HPT/Lv-CD mediated  

much stronger ZsGreen intensities than naked Lv-CD in both 
glioma cells. In general, it is more difficult for gene vector to 
efficiently deliver larger gene. The transduction efficiencies 
(demonstrated by ZsGreen positive cells, e.g., 3.7% for naked 
Lv-CD and 38.0% for SS-HPT/Lv-CD in C6 cells) of Lv-CD 
are significantly lower than those (e.g., 37.2% for naked Lv 
and 95.5% for SS-HPT/Lv in C6 cells) of Lv (Figure  3). The 

Adv. Funct. Mater. 2019, 1807104

Figure 4.  a) Representative fluorescence images and b) quantitative FACS analysis of the ZsGreen expression in C6 cells mediated by naked Lv or 
SS-HPT/Lv-20 in the presence of various endocytic inhibitors (n  = 3, **p  < 0.01, ****p  < 0.0001). c) Representative TEM images of intracellular 
trafficking of naked Lv or SS-HPT/Lv-20 at indicated time points (black arrow: cell membrane, red star: nuclear envelop).
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transduction efficiency of SS-HPT/Lv-CD increased by 10.2- and 
2.5-folds relative to naked Lv-CD in C6 and U251MG cell lines, 
respectively (Figure 5b). The transduction efficiency of SS-HPT/
Lv-CD was striking in C6 glioma cells, probably attributed to the 
higher up-regulated GSH level in C6 cell line (Figure 1e).

To directly confirm the enhanced transduction performance, 
the CD protein expression was analyzed using western blot-
ting assay (Figure 5c and Figure S4, Supporting Information). 
As expected, the SS-HPT/Lv-CD group obviously increased CD 
protein expression compared with naked Lv-CD. Furthermore, 
as shown in Figure  S5 in the Supporting Information, CD 
protein was initially expressed at 12 h post-transduction and the 
expression peak occurred at 48 h post-transduction in all three 
groups, confirming that SS-HPT did not interfere with the CD 
protein expression pattern. Importantly, SS-HPT/Lv-CD could 
compensate for the insufficiency of Lv for gene delivery.

Subsequently, to further verify the enhanced transduc-
tion efficiency of the hybrid nanovector, luciferase engineered 

Lv (Lv-Luc) as another reporter gene was utilized to construct a 
hybrid nanovector (SS-HPT/Lv-Luc). Similar to the above case 
of SS-HPT/Lv-CD in C6 cell line, the strongest luciferase signal 
was observed in the SS-HPT/Lv-Luc group (Figure 5d,e). It was 
well-known that C6 glioma cell was hard to be infected with Lv 
because of lower VSVG receptors. The above data confirmed 
that SS-HPT/Lv can improve gene transduction efficiency, 
especially for Lv refractory infected cells.

2.5. Improved Chemosensitivity of 5-FC Mediated by SS-HPT/
Lv-CD in Vitro

Based on its above good transduction performance, SS-HPT/
Lv-CD could enhance glioma cell-killing effect with 5-FC in 
vitro. As shown in Figure 6a, a remarkable increase in glioma 
cell death was observed within different 5-FC concentrations. 
More importantly, in comparison with the naked Lv-CD and 
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Figure 5.  a) Representative fluorescence images and b) quantitative FACS analysis of ZsGreen expression mediated by naked Lv-CD, SS-HPT/Lv-CD 
and polybrene/Lv-CD in C6 and U251MG cell lines (n = 3, ****p < 0.0001). c) Relative CD expression determined by western blot analysis where β-actin 
was as the internal reference. d) Representative bioluminescence images and e) quantitative luciferase pixel intensity mediated by Lv-Luc or SS-HPT/
Lv-Luc, and polybrene/Lv-Luc (n = 5, ****p < 0.0001).
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polybrene/Lv-CD groups, a higher level of glioma cell death was 
induced in the SS-HPT/Lv-CD group.

By calculating the IC50 values of 5-FC in three groups (Table S2, 
Supporting Information), it was found that the IC50 value of 5-FC 
in the SS-HPT/Lv-CD group was smallest. The conversion of toxic 
5-FU from 5-FC catalyzed by CD enzyme is in a time-dependent 
manner and about 86% conversion needs about 6 days.[26] Thus, 
there remained survival glioma cells even at an extreme dosage 
(10  000  µg  mL−1). It should be noted that the CD/5-FC suicide 
system mediated by SS-HPT/Lv-CD also exhibited a pre-eminent 
antitumor effect in relatively short time (72 h).

2.6. Enhanced Antitumor Efficacy of SS-HPT/Lv-CD 
with 5-FC in Vivo

Encouraged by the excellent in vitro antitumor effect mediated 
by SS-HPT/Lv-CD, we further proceeded to evaluate the 
potential therapeutic effect against glioma using pre-estab-
lished xenografts models (Scheme  1). C6 cell lines exhibit 
an aggressive growth pattern, which could recapitulate the 
hallmarks of clinical glioma.[14e,27] After the treatment with 
naked Lv-CD (or SS-HPT/Lv-CD) and 5-FC by intraperitoneal 
(i.p.) administration (Figure  6b), the tumor volume curve 

Adv. Funct. Mater. 2019, 1807104

Figure 6.  a) Glioma cell killing effect induced by naked Lv-CD, SS-HPT/Lv-CD, and polybrene/Lv-CD with different concentrations of 5-FC in C6 and 
U251MG cell lines in vitro (n = 3). b) Schedule illustration of in vivo study. c) Time-dependent tumor growth curves of mice after treatment with 
PBS, SS-HPT, naked Lv-CD, and SS-HPT/Lv-CD with 5-FC (n = 4, *p < 0.05). d) Body weight of mice during the treatment period. e) Weights and f) 
photographs of excised subcutaneous tumors in different groups (n = 4, **p < 0.01, ***p < 0.0001).
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showed an decelerated tumor growth in the naked Lv-CD and 
SS-HPT/Lv-CD groups. Particularly, the SS-HPT/Lv-CD group 
produced the best antitumor performance (Figure 6c), which 
was in agreement with the enhanced glioma killing effect 
in vitro (Figure 6a). The animal body weight loss represents 
a toxic indicator of gene vectors.[18] As shown in Figure  6d, 
all four groups had no obvious negative impact throughout 
the experiment period, indicating the good in vivo biocom-
patibility of SS-HPT/Lv-CD. At the therapeutic endpoint, the 
mice were sacrificed and the excised tumors were weighted 
and captured (Figure  6e,f), where the tumor weight in the 
Lv-CD group approached nearly 2.7 times than that in the 
SS-HPT/Lv-CD group (167.6 ± 34.3  g vs 62.9 ± 15.6  g). 
The minimal tumor was observed in the SS-HPT/Lv-CD 
group, further confirming the good antitumor performance 
of SS-HPT/Lv-CD.

Regarding the underlying mechanism of different treat-
ments at the molecular level (Figure  7), the hematoxylin 
and eosin (H&E) staining reveals that more shrunken or 
fragmented cells were observed in the SS-HPT/Lv-CD group 
than in other groups. More CD protein expression was also 
observed in the SS-HPT/Lv-CD group, which provided addi-
tional evidences for the enhanced transduction efficiency. 
The decreased expression level of proliferating cell nuclear 
antigen (PCNA) indicated the lower cell proliferation 

ability in the SS-HPT/Lv-CD groups.[28] Moreover, terminal 
deoxynucleotidyl transferase dUTP-nick-end-labeling 
(TUNEL) assay demonstrates that a greater proportion of 
apoptotic cells were induced by the SS-HPT/Lv-CD group. The 
accumulating evidences confirm that the apoptosis induced 
by 5-FC/CD suicide gene therapy involves the mitochondrial 
pathway and activated caspase cascades.[29]

Subsequently, in situ therapeutic assessment was performed 
using the intracranial orthotopic glioma xenograft model 
(Figure 8a). The rats received in situ intracranial injections of 
PBS, SS-HPT, naked Lv-CD, or SS-HPT/Lv-CD, followed by 
the 5-FC administration. As shown in Figure  8b, no statisti-
cally significant difference was observed between the SS-HPT 
and PBS groups. However, the SS-HPT/Lv-CD group exhibited 
the minimum tumor volume, and the reduced tumor volume 
was almost by half of the naked Lv-CD group on the 24th day. 
Furthermore, the median survival periods of the four groups 
were 23.5, 24, 33.5, and 39.5 days, respectively (Figure 8c). The 
Log-rank analysis reveals that the survival time was prolonged 
in the SS-HPT/Lv-CD group (p = 0.026). These in situ antitumor 
results also demonstrate that SS-HPT/Lv-CD could efficiently 
deliver target gene and produce stronger in vivo antitumor 
effects. All the above in vivo results confirm that the SS-HPT/
Lv-CD nanovector represents a promising prospect for glioma 
in gene therapy field.

Adv. Funct. Mater. 2019, 1807104

Figure 7.  Representative images of dissected tumors stained with H&E, CD, PCNA, and TUNEL after different treatments.
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3. Conclusions

In summary, a novel SS-HPT/Lv hybrid nanovector was 
prepared successfully through coating suicide gene engineered 
Lv with bioreducible SS-HPT. SS-HPT/Lv exhibited good 
biocompatibility and improved transduction performance as 
well as effective antitumor effect in vitro and in vivo. Due to 
both caveolae-dependent and clathrin-mediated endocytosis 
induced by SS-HPT/Lv-CD, the resulting more CD protein 
expression led to an enhanced antitumor effect with administra-
tion of 5-FC. Furthermore, SS-HPT/Lv-CD obviously improved 
the chemosensitivity of glioma cells to 5-FC and significantly 
prolonged the animal survival time of glioma-bearing rats. 

This study would provide a feasible avenue toward the develop-
ment of new hybrid nanovectors with both advantages of viral 
and nonviral systems against glioma or other refractory solid 
cancers.

4. Experimental Section
Cell Culture and Lv Generation: C6 rat glioma, U251 human 

glioblastoma, BV-2 normal mouse microglia, and human embryonic 
kidney (HEK293T) cell lines were purchased from the Cell Bank of Peking 
Union Medical College (Beijing, China), which were cultured in DMEM 
(Invitrogen) media with 10% fetal bovine serum (FBS, Invitrogen) and 1% 
penicillin/streptomycin (Invitrogen). Normal human astrocytes cell line 

Adv. Funct. Mater. 2019, 1807104

Figure 8.  a) Representative T2WI images of intracranial tumors monitored by MRI on Day 5–24 after C6 cell implantation with different treatments. 
b) Quantitative analysis of tumor volume based on longitudinal T2WI (n = 4, *p < 0.05) and c) survival curve of glioma-bearing rats (n = 4, p = 0.026).
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(HA) was purchased from ScienCell Research Laboratories and maintained 
in astrocyte media (AM) containing astrocyte growth supplement (AGS) 
with 2% FBS and 1% penicillin/streptomycin (ScienCell, Carlsbad, CA). All 
cells were cultured in a 37 °C humidified incubator with 5% CO2. A third-
generation packing system was employed to construct all the recombinant 
Lv vectors (Lv, Lv-CD, and Lv-Luc) as described in earlier work.[14e] The 
detailed procedures can be found in Supporting Information.

Preparation and Physicochemical Characterization of SS-HPT/Lv: The ring 
opening polymerization between hydroxyethyl disulfide diglycidyl ether 
and tobramycin resulted in the synthesis of hyperbranched SS-HPT (with 
number-average molecular weight of 8.97 × 103 g mol−1) end-capped with 
ethylenediamine as described previously.[17] SS-HPT/Lv hybrid nanovectors 
were fabricated by adding Lv (4 × 106  TU  mL−1) dropwise into the pre-
diluted SS-HPT solutions (2, 5, 10, 20, 50 µg mL−1) under the serum-free 
DMEM condition for 30 min standing at room temperature before use.

The particle size and zeta potentials of SS-HPT/Lv and naked Lv were 
analyzed in the double distilled water or in the culture medium with 
or without 10% FBS via a Zetasizer Nano ZS (Malvern Instruments, 
Southborough, MA). In addition, the morphological changes at the 
optimal ratio before or after NaBH4 (100  mM) degradation were 
observed with atomic force microscope (AFM, Bruker, USA) and 
transmission electron microscope (TEM, H-7650, Hitachi, Japan) by a 
negative stain technique. The detailed procedure of TEM imaging can be 
found in Supporting Information.

Biophysical Characterization of SS-HPT/Lv Hybrid Nanovector: 
The cytotoxicity of SS-HPT was evaluated using a cell counting kit-8 
assay (CCK-8, Dojindo Molecular Technologies, Shanghai, China). 
Transduction efficiency analysis was performed in both C6 and U251MG 
glioma cell lines by virtue of Lv or Lv-CD, both of which carried a reporter 
gene, ZsGreen. Commercially available polybrene (Sigma Aldrich, 
USA) coated Lv-CD was used as the positive control. The cellular 
uptake mechanism and serum stability were evaluated based on the 
ZsGreen fluorescence intensity using a fluorescence microscope (Zeiss, 
Oberkochen, Germany). The ZsGreen positive ratio was quantified by 
FACS (Beckman Coulter, Germany). The above detailed procedures and 
other assays (including hemocompatibility, measurement of GSH, TEM 
imaging of cells, bioluminescence images using Lv-Luc, and western 
blotting) can be found in Supporting Information.

Antitumor Efficacy of SS-HPT/Lv-CD with 5-FC in Vitro and in Vivo: 
A cell counting kit-8 assay was utilized to evaluate the cell apoptosis 
induced by Lv-CD in C6 and U251MG cell lines in vitro. The glioma cells 
prepared on the previous day were treated with naked Lv-CD, SS-HPT/
Lv-CD, or polybrene/Lv-CD. For antitumor efficiency in vivo using 
subcutaneous and intracranial C6 glioma-bearing animal models, four 
groups of C6-bearing mice or rats were treated with PBS, pure SS-HPT, 
naked Lv-CD, or SS-HPT/Lv-CD, respectively, followed by administration 
i.p. with 5-FC. All the animal experiments were approved by Experimental 
Animal Ethics Committee of Beijing Neurosurgical Institute and 
performed under legal protocols. The H&E, histological analysis and 
TUNEL (Promega, USA) assay of the tumors were performed. The 
detailed procedures are shown in Supporting Information.

Statistical Analysis: All experiment data were expressed as means ± 
standard deviation (SD). Student’s t-test was used between two sets 
and One-way ANOVA with Bonferroni’s correction was used among 
more than two groups in GraphPad (Version 7). The overall survival time 
was compared using Log-rank method. p  < 0.05 was considered to be 
statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
W.H.F. and M.Y.S. contributed equally to this work. The authors thank 
Prof. Guilin Li (from Pathological Department, Beijing Neurosurgical 

Institute, China) for evaluating mouse glioma specimens. This work 
was supported by Beijing Natural Science Foundation (No. 7151002) 
and National Natural Science Foundation of China (No. 81672478, 
51733001, and 51829301).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
aminoglycoside, glioma, hybrid nanovector, lentivirus, suicide gene

Received: October 8, 2018
Revised: December 12, 2018

Published online: 

[1]	 Q. T. Ostrom, H. Gittleman, P. Liao, T. Vecchione-Koval, Y. Wolinsky, 
C. Kruchko, J. S. Barnholtz-Sloan, Neuro-Oncology 2017, 19, v1.

[2]	 R.  Stupp, W. P.  Mason, M. J.  van  den Bent, M.  Weller, B.  Fisher, 
M. J. Taphoorn, K. Belanger, A. A. Brandes, C. Marosi, U. Bogdahn, 
J.  Curschmann, R. C.  Janzer, S. K.  Ludwin, T.  Gorlia, A.  Allgeier, 
D.  Lacombe, J. G.  Cairncross, E.  Eisenhauer, R. O.  Mirimanoff, 
N. Engl. J. Med. 2005, 352, 987.

[3]	 a) A. G. Zeimet, C. Marth, Lancet Oncol. 2003, 4, 415; b) Y. L. Ren, 
R. Q. Li, Y. R. Cai, T. Xia, M. Yang, F. J. Xu, Adv. Funct. Mater. 2016, 
26, 7314; c) Y. Sun, H. Hu, N. N. Zhao, T. Xia, B. R. Yu, C. Shen, 
F. J. Xu, Biomaterials 2017, 117, 77; d) H. Q. Song, W. Pan, R. Q. Li, 
B. R. Yu, W. Liu, M. Yang, F. J. Xu, Small 2018, 14, 1703152.

[4]	 R. C. Mulligan, Science 1993, 260, 926.
[5]	 a) C. E. Thomas, A. Ehrhardt, M. A. Kay, Nat. Rev. Genet. 2003, 4, 

346; b) M. A. Kotterman, T. W. Chalberg, D. V. Schaffer, Annu. Rev. 
Biomed. Eng. 2015, 17, 63.

[6]	 a) Y. Hu, Y. Li, F. J. Xu, Acc. Chem. Res. 2017, 50, 281; b) F. J. Xu, 
Prog. Polym. Sci. 2018, 78, 56.

[7]	 H.  Yin, R. L.  Kanasty, A. A.  Eltoukhy, A. J.  Vegas, J. R.  Dorkin, 
D. G. Anderson, Nat. Rev. Genet. 2014, 15, 541.

[8]	 P.  Rajagopal, S.  Duraiswamy, S.  Sethuraman, J. G.  Rao, 
U. M. Krishnan, J. Gene Med. 2018, 20, e3011.

[9]	 a) C. H.  Lee, D.  Kasala, Y.  Na, M. S.  Lee, S. W.  Kim, J. H.  Jeong, 
C. O.  Yun, Biomaterials 2014, 35, 5505; b) X.  Yao, N.  Zhou, 
L.  Wan, X.  Su, Z.  Sun, H.  Mizuguchi, Y.  Yoshioka, S.  Nakagawa, 
R. C. Zhao, J.-Q. Gao, Biochem. Biophys. Res. Commun. 2014, 447, 
383; c) J. H.  Chen, P.  Gao, S. J.  Yuan, R. X.  Li, A. M.  Ni, L.  Chu, 
L.  Ding, Y.  Sun, X. Y.  Liu, Y. R.  Duan, ACS Nano 2016, 10, 11548; 
d) P. H.  Kim, T. I.  Kim, J. W.  Yockman, S. W.  Kim, C. O.  Yun, 
Biomaterials 2010, 31, 1865.

[10]	 a) J. D.  Ramsey, H. N.  Vu, D. W.  Pack, J. Controlled Release 2010, 
144, 39; b) C. A.  Hong, S. K.  Cho, J. A.  Edson, J.  Kim, D.  Ingato, 
B. Pham, A. Chuang, D. A. Fruman, Y. J. Kwon, ACS Nano 2016, 10, 
8705.

[11]	 a) D. Escors, K. Breckpot, Arch. Immunol. Ther. Exp. 2010, 58, 107; 
b) S.  Durand, A.  Cimarelli, Viruses 2011, 3, 132; c) A. V.  Joglekar, 
S. Sandoval, Hum. Gene Ther: Methods. 2017, 28, 291.

[12]	 a) Gl.  Buchschacher Jr., F.  Wong-Staal, Blood 2000, 95, 2499; 
b) A. A.  Thompson, M. C.  Walters, J.  Kwiatkowski, J. E. J.  Rasko, 
J. A.  Ribeil, S.  Hongeng, E.  Magrin, G. J.  Schiller, E.  Payen, 
M.  Semeraro, D.  Moshous, F.  Lefrere, H.  Puy, P.  Bourget, 
A.  Magnani, L.  Caccavelli, J. S.  Diana, F.  Suarez, F.  Monpoux, 
V.  Brousse, C.  Poirot, C.  Brouzes, J. F.  Meritet, C.  Pondarre, 

Adv. Funct. Mater. 2019, 1807104



www.afm-journal.dewww.advancedsciencenews.com

1807104  (12 of 12) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2019, 1807104

Y. Beuzard, S. Chretien, T. Lefebvre, D. T. Teachey, U. Anurathapan, 
P. J.  Ho, C.  von  Kalle, M.  Kletzel, E.  Vichinsky, S.  Soni, G.  Veres, 
O.  Negre, R. W.  Ross, D.  Davidson, A.  Petrusich, L.  Sandler, 
M. Asmal, O. Hermine, M. De Montalembert, S. Hacein-Bey-Abina, 
S. Blanche, P. Leboulch, M. Cavazzana, N. Engl. J. Med. 2018, 378, 
1479; c) C. Jin, G. Fotaki, M. Ramachandran, B. Nilsson, M. Essand, 
D. Yu, EMBO Mol. Med. 2016, 8, 702.

[13]	 a) L. Naldini, U. Blomer, F. H. Gage, D. Trono, I. M. Verma, Proc. 
Natl. Acad. Sci. U. S. A. 1996, 93, 11382; b) J. H. Kordower, J. Bloch, 
S. Y. Ma, Y. Chu, S. Palfi, B. Z. Roitberg, M. Emborg, P. Hantraye, 
N. Deglon, P. Aebischer, Exp. Neurol. 1999, 160, 1.

[14]	 a) K.  Yagiz, T. T.  Huang, F.  Lopez Espinoza, D.  Mendoza, 
C. E.  Ibanez, H. E.  Gruber, D. J.  Jolly, J. M.  Robbins, Neuro-
Oncology. 2016, 18, 1390; b) H. J.  Lee, S. W.  Doo, D. H.  Kim, 
Y. J. Cha, J. H. Kim, Y. S. Song, S. U. Kim, Cancer Lett. 2013, 335, 58; 
c) B. E. Huber, E. A. Austin, C. A. Richards, S. T. Davis, S. S. Good, 
Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 8302; d) J.  Hlavaty, 
K.  Hlubinova, C.  Altaner, Neoplasma 1999, 46, 267; e) G. S.  Jin, 
Y. Q. Zhou, Q. Chai, G. D. Zhu, F. J. Xu, F. S. Liu, J. Cancer Res. Clin. 
Oncol. 2013, 139, 475.

[15]	 T.  Nishiyama, Y.  Kawamura, K.  Kawamoto, H.  Matsumura, 
N. Yamamoto, T. Ito, A. Ohyama, T. Katsuragi, T. Sakai, Cancer Res. 
1985, 45, 1753.

[16]	 a) R. S. Edson, T. F. Keys, Mayo Clin. Proc. 1983, 58, 99; b) M. Chen, 
M.  Hu, D.  Wang, G.  Wang, X.  Zhu, D.  Yan, J.  Sun, Bioconjugate 
Chem. 2012, 23, 1189.

[17]	 Y. Huang, X. Ding, Y. Qi, B. Yu, F. J. Xu, Biomaterials 2016, 106, 134.
[18]	 a) J. J.  Nie, B.  Qiao, S.  Duan, C.  Xu, B.  Chen, W.  Hao, B.  Yu, 

Y.  Li, J.  Du, F. J.  Xu, Adv. Mater. 2018, 30, 1801570; b) X.  Ling, 
X.  Chen, I. A.  Riddell, W.  Tao, J.  Wang, G.  Hollett, S. J.  Lippard, 
O. C. Farokhzad, J. Shi, J. Wu, Nano Lett. 2018, 18, 4618.

[19]	 a) P. Kuppusamy, H. Li, G. Ilangovan, A. J. Cardounel, J. L. Zweier, 
K.  Yamada, M. C.  Krishna, J. B.  Mitchell, Cancer Res. 2002, 62, 
307; b) Y. Y.  He, Y.  Nie, G.  Cheng, L.  Xie, Y. Q.  Shen, Z. W.  Gu, 
Adv. Mater. 2014, 26, 1534; c) J. Q.  Wang, X. R.  Sun, W. W.  Mao, 
W. L. Sun, J. B. Tang, M. H. Sui, Y. Q. Shen, Z. W. Gu, Adv. Mater. 
2013, 25, 3670.

[20]	 a) B. C. Dash, G. Rethore, M. Monaghan, K. Fitzgerald, W. Gallagher, 
A.  Pandit, Biomaterials 2010, 31, 8188; b) B. I.  Cerda-Cristerna, 
H.  Flores, A.  Pozos-Guillen, E.  Perez, C.  Sevrin, C.  Grandfils, 
J. Controlled Release 2011, 153, 269; c) H. Jiang, X. B. Wang, C. Y. Li, 
J. S.  Li, F. J.  Xu, C.  Mao, W. T.  Yang, J.  Shen, Langmuir 2011, 27, 
11575.

[21]	 C. W.  Lillehei, L. P.  Sterns, D. M.  Long, D.  Lepley Jr., Ann. Surg. 
1960, 151, 11.

[22]	 a) D. Finkelshtein, A. Werman, D. Novick, S. Barak, M. Rubinstein, 
Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 7306; b) N.  Zhang, 
H. Huang, B. Tan, Y. Wei, Q. Xiong, Y. Yan, L. Hou, N. Wu, S. Siwko, 
A. Cimarelli, J. Xu, H. Han, M. Qian, M. Liu, B. Du, J. Biol. Chem. 
2017, 292, 16527.

[23]	 R. Duncan, S. C. W. Richardson, Mol. Pharmaceutics 2012, 9, 2380.
[24]	 a) N. Imelli, O. Meier, K. Boucke, S. Hemmi, U. F. Greber, J. Virol. 

2004, 78, 3089; b) Y. Heun, S. Hildebrand, A. Heidsieck, B. Gleich, 
M.  Anton, J.  Pircher, A.  Ribeiro, O.  Mykhaylyk, D.  Eberbeck, 
D.  Wenzel, A.  Pfeifer, M.  Woernle, F.  Krotz, U.  Pohl, H.  Mannell, 
Theranostics 2017, 7, 295.

[25]	 a) P. D.  Hart, M. R.  Young, J. Exp. Med. 1991, 174, 881; 
b) C.  Burkard, M. H.  Verheije, O.  Wicht, S. I.  van  Kasteren, 
F. J.  van  Kuppeveld, B. L.  Haagmans, L.  Pelkmans, P. J.  Rottier, 
B. J.  Bosch, C. A.  de  Haan, PLoS Pathog. 2014, 10, e1004502; 
c) K. M. Hussain, K. L. J. Leong, M. M.-L. Ng, J. J. H. Chu, J. Biol. 
Chem. 2011, 286, 309.

[26]	 T.  Ichikawa, T.  Tamiya, Y.  Adachi, Y.  Ono, K.  Matsumoto, 
T. Furuta, Y. Yoshida, H. Hamada, T. Ohmoto, Cancer Gene Ther. 
2000, 7, 74.

[27]	 a) K. Ge, L. Xu, Z. Zheng, D. Xu, L. Sun, X. Liu, Int. J. Cancer 1997, 
71, 675; b) G. Zhao, Q. Huang, F. Wang, X. Zhang, J. Hu, Y. Tan, 
N.  Huang, Z.  Wang, Z.  Wang, Y.  Cheng, Cancer Lett. 2018, 418, 
147.

[28]	 G. L. Moldovan, B. Pfander, S. Jentsch, Cell 2007, 129, 665.
[29]	 a) K.  Kurozumi, T.  Tamiya, Y.  Ono, S.  Otsuka, H.  Kambara, 

Y.  Adachi, T.  Ichikawa, H.  Hamada, T.  Ohmoto, J. Neuro-Oncol. 
2004, 66, 117; b) U.  Fischer, S.  Steffens, S.  Frank, N. G.  Rainov, 
K. Schulze-Osthoff, C. M. Kramm, Oncogene 2005, 24, 1231.


