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a b s t r a c t 

Herpes simplex virus thymidine kinase (HSVtk) gene therapy is a promising strategy for 

glioblastoma therapy. However, delivery of plasmid DNA (pDNA) encoding HSVtk into the 

brain by systemic administration is a challenge since pDNA can hardly penetrate the blood- 

brain barrier. In this study, an exosome-membrane (EM) and polymer-based hybrid complex 

was developed for systemic delivery of pDNA into the brain. Histidine/arginine-linked 

polyamidoamine (PHR) was used as a carrier. PHR binds to pDNA by electrostatic interaction. 

The pDNA/PHR complex was mixed with EM and subjected to extrusion to produce 

pDNA/PHR-EM hybrid complex. For glioblastoma targeting, T7 peptide was attached to the 

pDNA/PHR-EM complex. Both pDNA/PHR-EM and T7-decorated pDNA/PHR-EM (pDNA/PHR- 

EM-T7) had a surface charge of –5 mV and a size of 280 nm. Transfection assays indicated 

that pDNA/PHR-EM-T7 enhanced the transfection to C6 cells compared with pDNA/PHR- 

EM. Intravenous administration of pHSVtk/PHR-EM-T7 showed that pHSVtk/PHR-EM and 

pHSVtk/PHR-EM-T7 delivered pHSVtk more efficiently than pHSVtk/lipofectamine and 

pHSVtk/PHR into glioblastoma in vivo . pHSVtk/PHR-EM-T7 had higher delivery efficiency 

than pHSVtk/PHR-EM. As a result, the HSVtk expression and apoptosis levels in the tumors 

of the pHSVtk/PHR-EM-T7 group were higher than those of the other control groups. 

Therefore, the pDNA/PHR-EM-T7 hybrid complex is a useful carrier for systemic delivery 

of pHSVtk to glioblastoma. 
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. Introduction 

lioblastoma is a grade IV brain tumor with a high mortality 
ate [ 1 ]. Therapeutic options for glioblastoma include 
onventional clinical therapies such as surgical resection,
hemical therapy, and radiotherapy [ 2 ]. However, these 
herapeutic options have limitations in improving patient 
utcomes, since recurrence after conventional therapies is 
ommon in glioblastoma patients [ 3 ]. Therefore, the prognosis 
or glioblastoma patients remains poor, with a short life span 

ess than two years. Thus, new therapeutic modalities 
ave been investigated to improve therapeutic outcomes in 

lioblastoma treatments. 
As a new therapeutic modality, gene therapy has been 

tudied for glioblastoma therapy. Successful delivery of 
herapeutic genes may inhibit tumor cell proliferation 

nd induce cell death in the tumors. Two requirements 
hould be satisfied for gene therapy. First, therapeutic genes 
hould induce effective tumor growth inhibition and cell 
eath. Various therapeutic genes have been investigated 

s therapeutic genes for glioblastoma, including toxin and 

uicide genes [ 4 ,5 ]. The most widely investigated therapeutic 
ene for glioblastoma in many preclinical and clinical tests 
s the herpes simplex virus type 1 thymidine kinase (HSVtk) 
ene [ 6 ,7 ]. In cells, HSVtk can convert a prodrug, ganciclovir 
GCV), into an anti-cancer drug, triggering cell death [ 8 ]. In 

ddition, a toxic anti-cancer drug produced by HSVtk can 

e transported to neighboring tumor cells through a gap- 
unction. This effect of HSVtk is called the ‘bystander effect’ 
nd leads to effective glioblastoma therapy [ 9 ]. 

Another important factor for successful gene therapy 
s the carrier of therapeutic genes. Despite the effect of 
herapeutic genes, gene delivery into the brain is a major 
hallenge. The delivery of genes into the brain is inefficient 
ue to the blood-brain-barrier (BBB), which is a selective 
arrier that regulates the entry of substances into the brain.
ost drugs and therapeutics cannot effectively penetrate 

he BBB [ 10 ]. Therefore, a gene delivery platform that can 

enetrate the BBB is required for successful gene therapy 
f glioblastoma. Recently, exosomes have been suggested as 
n efficient carrier of various drugs, including therapeutic 
ucleic acids into the brains [ 11–19 ]. Small therapeutic nucleic 
cids such as small interfering RNAs (siRNAs) were delivered 

nto the brains using exosomes by systemic administration 

 15 ,20 ]. The results indicated that exosomes were an efficient 
arrier for siRNAs or therapeutic oligonucleotides into the 
rain. However, the size of the nucleic acids is an important 
actor that determines the loading efficiency and loading large 
herapeutic gene such as plasmid DNA (pDNA) and messenger 
NA (mRNA) is significantly challenging. Compared to small 
ucleic acids, larger therapeutic acids do not diffuse well into 

xosomes due to the higher repulsive negative charge of the 
hosphate backbone [ 21 ]. Moreover, the exogenous loading 
ethod is inefficient and problematic, further hindering the 

ncapsulation process. In general, loading of nucleic acids 
nto the exosomes has been performed by electroporation,
onoporation, or freeze-thaw methods. Electroporation has 
een widely used [ 11 ,12 ,22 ], but its the loading efficiency was 
nly 2% [ 12 ,23 ]. During electroporation, electric pulses create 
emporary pores in the exosome membranes, through which 

herapeutic nucleic acids can passively diffuse. Therefore, the 
oncentration of nucleic acids in exosomes cannot exceed 

hat of the outside environment. In previous studies, pDNAs 
ere transfected into cells for passive loading during exosome 
roduction. However, the loading efficiency of pDNA into 

xosomes was lower than that of small nucleic acids due to 
he larger size [ 24 ,25 ]. 

In a previous study, cell-membrane-coated DNA 

anoparticles were investigated as a gene carrier for local 
njection into the brain [ 7 ]. To produce DNA nanoparticles,
DNA was condensed with polymeric carriers. Cationic 
olymers such as polyethylenimine (PEI), chitosan, or 
olyamidoamine (PAMAM) dendrimer were used to condense 
DNA into nanoparticles [ 26–28 ]. Then, the cell membrane 
as mixed with the condensed DNA nanoparticles and 

ubjected to extrusion. Cell-membrane-coated DNA 

anoparticles were injected locally into the brain for 
ene delivery into the glioblastoma [ 7 ]. Cell-membrane- 
oated DNA nanoparticles effectively delivered pDNA into 

he glioblastoma cells and produced therapeutic effects.
owever, systemic delivery of pDNA into the brain using 
ell-membrane-coated DNA nanoparticles has not been 

nvestigated. 
In a previous study, PAMAM conjugated with histidine and 

rginine (PHR) was used as a pDNA carrier into the brain 

 29 ]. Due to the positive charge of arginine and histidine 
esidues, PHR can bind to the negatively charged phosphate 
ackbone of nucleic acids through electrostatic interaction.
ocal injection into the brain showed that the pDNA/PHR 

omplex delivered pDNA more efficiently than the pDNA/PEI 
omplex. Additionally, PHR demonstrated advantages in 

erms of cytotoxicity, serum tolerance, and endosomal 
scape. However, PHR may not be suitable for systemic 
elivery. Firstly, pDNA/PHR should be delivered into the brain 

hrough BBB. However, pDNA/PHR did not contain targeting 
igands for delivery into the brain. Secondly, the pDNA/PHR 

omplexes have high positive surface charge, which may 
nduce opsonization in blood, resulting in rapid clearance of 
he complexes [ 30 ]. Therefore, surface modification of the 
DNA/PHR complex may be required for systemic application 

f PHR as a gene carrier. As described above, exosomes are 
n efficient carrier of various drugs including small nucleic 
cids for systemic administration. Exosomes penetrated the 
BB efficiently for delivery of therapeutic agents into the brain.
ccording to this observation, we hypothesized that pDNA,
xosome-membrane (EM), and PHR hybrid-complex might 
ncrease circulation time and delivery efficiency into the brain.
n the current study, EM from C6 glioblastoma cells was used 

o prepare the pHSVtk/PHR-EM hybrid-complex. In addition,
HSVtk/PHR-EM was decorated with T7 peptide (HAIYPRH) for 
rain targeting delivery. T7 peptides are a ligand for transferrin 

eceptors, and the binding of T7 peptide to its receptors 
nhanced transcytosis of the complexes into the brain [ 31 ].
herefore, cholesterol-linked T7 peptide (T7c) was mixed 

ith pHSVtk/PHR-EM to produce T7-decorated pHSVtk/PHR- 
M (pHSVtk/PHR-EM-T7). pHSVtk/PHR-EM and pHSVtk/PHR- 
M-T7 were evaluated in an orthotopic glioblastoma model in 

erms of delivery efficiency and therapeutic efficacy. 
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2. Materials and methods 

2.1. Materials 

The C6 rat glioblastoma cell line was supplied by the
Korean Cell Line Bank (Seoul, Korea). Dulbecco’s Modified
Eagle Medium (DMEM), Dulbecco’s phosphate-buffered saline
(DPBS), and exosome-depleted fetal bovine serum (FBS) were
acquired from Welgene (Seoul, Korea). Plasmid Maxiprep
Kit and exoEasy Maxi kit were acquired from Qiagen
(Valencia, CA). Cholesterol-linked T7 (cholesterol-HAIYPRH,
T7c) was synthesized by Peptron (Daejeon, Korea). Extruder
and membranes were acquired from Avanti (Birmingham,
AL). Luciferase substrate (luciferin) and lysis buffer were
acquired from Promega (Madison, WI). The bicinchoninic acid
(BCA) protein assay and lipofectamine were acquired from
Thermo Scientific (Rockford, IL). A nucleic acid-labeling kit
was acquired form Mirus-Bio (Madison, WI). Cy5.5 NHS ester,
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) kit, and anti-thymidine kinase rabbit monoclonal
antibody were acquired from Abcam (Waltham, MA). GCV was
obtained from Invivogen (San Diego, CA). pHSVtk and pLuc
were constructed previously [ 32 ]. 

2.2. Preparation of pHSVtk/PHR-EM and 

pHSVtk/PHR-EM-T7 

C6 cells were maintained in DMEM containing 10% FBS for
72 h Exosomes were separated from the culture medium
using the ExoEasy Maxi kit. The isolated exosomes were lysed
by ultrasonication for 3 min. Protein concentration in EM
was measured with the BCA assay kit. Synthesis of PHR was
performed as described as described previously [ 29 ]. Synthesis
scheme was presented in Supplementary Fig. S. The synthesis
of PHR was confirmed by 1 H NMR (Fig. S2). 

For preparation of the pHSVtk/PHR complexes, PHR was
mixed with pHSVtk at different weight ratios in 5% glucose
solution. For complex formation, the samples were kept at
room temperature for 30 min. For preparation of pHSVtk/PHR-
EM, the pHSVtk/PHR complex was prepared at a 1:12 wt
ratio. Then, EM were mixed with pHSVtk/PHR at various
ratios. The mixtures were subjected to 10 rounds of extrusion
through 0.1-μm polycarbonate membranes. Decoration of the
pHSVtk/PHR-EM complex with T7 peptide was performed by
addition of T7c to pHSVtk/PHR-EM at various weight ratios.
Then, the mixtures were subjected to extrusion for another
10 cycles. 

To evaluate the integration level of T7c to pHSVtk/PHR-
EM, the mixture of pHSVtk/PHR-EM and Flamma 648-labeled
T7c (F648-T7c) were centrifuged at 13,000 × g for 30 min
to precipitate pHSVtk/PHR-EM-T7. F648-T7c solution was
centrifuged as a control. After centrifugation, the supernatant
of the sample and control was harvested, and the fluorescence
level was measured by a fluorometer at 648 nm/663 nm. The
T7c integration rate to pHSVtk/PHR-EM was calculated as
follows: 

T7c integration rate ( %) = [ 1 − Fluorescence of the 
supernatant ( sample ) /Fluorescence of the supernatant 
( control ) ] × 100% 
2.3. Transfection assay 

C6 cells were inoculated on 12-well plates at 1 × 105

cells/well and were cultured at 37 °C for 24 h Prior to
transfection, the cell-culture media were replaced with fresh
DMEM containing 10% FBS. For the endosomal escape study,
chloroquine was added at 30 min before transfection at
a concentration of 60 μM. pLuc/PHR, pLuc/PHR-EM, and
pLuc/PHR-EM-T7 were prepared as described above and added
to the cells. The complexes were incubated with the cells
for 4 h Then, the media were replaced with fresh DMEM
containing 10% FBS. The cells were cultured for an additional
24 h Luciferase assay was performed as described previously
[ 7 ,33 ]. 

2.4. Dynamic light scattering and TEM 

pHSVtk/PHR, pHSVtk/PHR-EM, and pHSVtk/PHR-EM-T7 were
prepared, and their zeta potentials and sizes were measured
with a Zetasizer (Malvern Instruments, Malvern, UK). The
samples were prepared on mesh copper grids (Ted Pell,
Redding, CA) as described previously [ 34 ]. The samples were
analyzed using transmission electron microscopy (TEM; JEOL,
Tokyo, Japan). 

2.5. Flow cytometry 

pHSVtk was labeled with Cy5 using a labeling kit. To
evaluate the cellular uptake pathway, the cells were treated
with various inhibitors at 30 min before transfection (10
μM chlorpromazine, 0.4 μg/ml filipin III, 200 μM amiloride,
and 1.5 mM methyl- β-cyclodextrin), according to the previous
study [ 28 ,29 ]. Transfection was performed at a concentration
of 0.2 μg pHSVtk/well. Flow cytometry was performed as
described previously [ 35 ,36 ]. 

2.6. Confocal microscopy and hemocompatibility assay 

C6 cells were plated on a chamber slide at 1 ×105

cells/well. Cy5- pHSVtk/PHR, Cy5-pHSVtk/PHR-EM, and
Cy5-pHSVtk/PHR-EM-T7 were transfected into the cells.
Then, the slides were washed with DPBS and fixed with 4%
paraformaldehyde. DAPI was used to counterstain the nuclei.
The slides were observed using confocal microscopy (Leica
Microsystems, Wetzlar, Germany) as described previously [ 37 ].
Hemocompatibility assay was performed with erythrocytes
as described previously [ 15 ]. 

2.7. Transcytosis study 

The in vitro transwell model assay was performed to
evaluate PHR-EM-T7 transcytosis. The transwell assay was
performed as described previously [ 15 ]. The bEND.3 mouse
endothelial cells were cultured in a transwell plate and C6
cells were cultured in a bottom well. Cy5-pHSVtk/PHR-EM
or Cy5-pHSVtk/PHR-EM-T7 were added into the transwell.
After 24 h of incubation, bEND.3 and C6 cells on the
basolateral side were harvested. Relative cellular uptake of
Cy5-pHSVtk was measured from bEND.3 and C6 cells by flow
cytometry. 
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Fig. 1 – Schematic representation of preparation of the pDNA/PHR-EM-T7 hybrid-complex. 

Fig. 2 – Optimization of the complex weight ratios for transfection. The pLuc/PHR (A), pLuc/PHR-EM (B), and pLuc/PHR-EM-T7 
(C) complexes were transfected to C6 cells at different weight ratios. The transfection efficiency was measured by luciferase 
assay ( n = 4). ∗∗P < 0.01 compared with 1:0, 1:0.5 and 1:3,∗∗∗P < 0.001 compared with 1:4, 1:8 and 1:20, ∗∗∗∗P < 0.0001 
compared with 1:12:0, 1:12:1, 1:12:2 and 1:12:4. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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.8. Orthotopic rat glioblastoma model 

ll experimental animal protocols were approved by the 
nstitutional Animal Care and Use Committee (IACUC) at 
anyang University (accreditation number: 2020–0238A). The 
rthotopic glioblastoma model was produced by transplant of 
6 cells by stereotaxic injection into seven-week-old male SD 

ats as described previously [ 38 ]. After one week, complexes 
ere injected intravenously at a dose of 30 μg of pHSVtk in 1 
l DPBS. GCV was injected intraperitoneally at a dose of 30 
g/kg every 24 h After one week, the rats were sacrificed. The 
rains were harvested, fixed with 4% paraformaldehyde, and 

mbedded in paraffin. 

.9. Biodistribution 

aked Cy5.5-pHSVtk, Cy5.5-pHSVtk/lipofectamine, Cy5.5- 
HSVtk/PHR, Cy5.5-pHSVtk/PHR-EM, and Cy5.5-pHSVtk/PHR- 
M-T7 were prepared at their optimal ratios. The complexes 
ere injected intravenously into the orthotopic glioblastoma 
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Fig. 3 – Physical characterization of the complex. The 
complexes were analyzed using TEM (A), zeta potential 
(B) and complex size (C). The scale bar is 100 nm. 
Time-dependent size changes (D) were measured at various 
time points. ∗∗P < 0.01, ∗∗∗∗P < 0.0001. (For interpretation 

of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

 

 

 

 

 

 

 

animal model at 30 μg Cy5.5-pHSVtk per rat. After 2 h, ex
vivo fluorescence images were obtained using a Fluorescence
In Vivo Imaging System (FOBI system, Neo Science, Suwon,
Korea). 

2.10. H&E, immunofluorescence and NISSL staining 

The tissues were fixed, embedded in paraffin, and cut
into 5-μm-thick sections. The sections were deparaffinized,
rehydratedand stained with Hematoxylin and eosin (H&E).
The paraffin-embedded brain tissues were sliced into 5-μm-
thick sections. Immunofluorescence staining was performed
with anti-thymidine kinase antibody and TUNEL assay kit as
described previously [ 39 ,40 ]. The 5-μm-thick brain sections
were stained with 0.1% cresyl violet, and tumor size was
measured with ImageJ software. 

2.11. Statistical analysis 

Data are presented as mean ± standard deviation (SD).
Differences among groups were determined by analysis of
variance followed by a Newman–Keuls test. P values less than
0.05 were considered statistically significant. 

3. Results and discussion 

3.1. Characterization of pDNA/PHR-EM and 

pDNA/PHR-EM-T7 

Exosomes are a promising carrier of therapeutic nucleic acids
into the brain by systemic administration. However, loading
of pDNA into exosomes is inefficient due to its larger size.
To apply the advantages of exosomes for pDNA delivery into
the brain, a hybrid system with EM and PHR was developed,
producing pDNA/PHR-EM-T7. The pDNA/PHR complexes were
mixed with EM and subjected to extrusion ( Fig. 1 ). Then,
the targeting ligand, T7c, was attached to pDNA/PHR-EM by
hydrophobic interactions with EM ( Fig. 1 ). T7 is a specific
ligand to the transferrin receptor, with which binding on the
surface of pDNA/PHR-EM-T7 may facilitate the transcytosis of
the complex into the brain tissue across the BBB [ 31 ]. 

The optimal ratio of pDNA, PHR, EM, and T7 was
determined by in vitro transfection assay with pLuc. First,
the optimal ratio between pLuc and PHR was determined
by transfection assay. pLuc/PHR at different weight ratios
was transfected into C6 cells. The results showed increased
efficiency along with increasing ratio of PHR, which began to
plateau around a 1:12 (wt) ( Fig. 2 A). Although the transfection
efficiency at a 1:16 ratio was higher than that at a 1:12 ratio,
the difference was not statistically significant. This result is
coincident with a previous report [ 29 ]. According to this result,
the weight ratio between pLuc and PHR was fixed at 1:12 for
the following experiments. 

The pLuc/PHR-EM hybrid-complex was prepared by mixing
various amounts of EM to pDNA/PHR. The transfection
assay with pLuc/PHR-EM indicated the highest transfection
efficiency at a 1:12:8 ratio of pDNA:PHR:EM ( Fig. 2 B). However,
the transfection efficiency of the hybrid-complex was lower
than that of pLuc/PHR. This may be due to the negative surface
charge of pLuc/PHR-EM, which may reduce the interactions
with cell membranes. The transfection efficiency of pLuc/PHR-
EM reached its plateau at a 1:12:8 (wt). This tendency
was similar to the results with cell-membrane-coated DNA
nanoparticles in a previous study [ 7 ]. 

For targeted pDNA delivery to glioblastoma, T7 peptide
was attached to the surface of the pDNA/PHR-EM complex.
To enable the T7 peptide to embed in the membrane through
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Fig. 4 – Transfection efficiencies of pLuc/PHR-EM and pLuc/PHR-EM-T7 in comparison to other carriers. (A) Luciferase assay. 
pLuc was transfected into C6 cells using lipofectamine, PHR, PHR-EM, or PHR-EM-T7 ( n = 4). ∗∗∗∗ P < 0.0001 compared with 

the other samples. (B) Confocal microscopy study. The complexes were prepared with Cy5-pHSVtk. After transfection, the 
cellular uptake of pDNA was analyzed by confocal microscopy. The scale bar is 100 μm. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5 – Hemocompatibility study. The pDNA/carrier 
complexes were incubated with erythrocytes. The samples 
were observed with a light microscope at 
400 × magnification. 
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ydrophobic interaction, T7c, a cholesterol-conjugated T7 
eptide, was used as referenced in a previous study [ 41 ].
arious amounts of T7c were mixed with the pDNA/PHR- 
M complex, and the mixtures were subjected to extrusion.
hen, pLuc/PHR-EM-T7 was transfected into C6 cells. The 

uciferase assay showed that pLuc/PHR-EM-T7 had higher 
ransfection efficiency than pDNA/PHR-EM ( Fig. 2 C). The 
ptimum ratio of T7c and the pLuc/PHR-EM complex with the 
ighest transfection efficiency was 1:2 (pDNA:T7c) ( Fig. 2 C).
t this ratio, the T7c integration rate to pDNA/PHR-EM was 
easured by precipitation of the complex with F648-pDNA.

he results showed that the integration rate of T7c was 
9.4% ± 1.9%. 

Physical characterization was performed with the 
DNA/PHR-EM and pDNA/PHR-EM-T7 complexes. TEM 

nalysis indicated that the pHSVtk/PHR complex had 

 spherical shape ( Fig. 3 A). The pHSVtk/PHR-EM and 

HSVtk/PHR-EM-T7 complexes were larger than the 
HSVtk/PHR complex. The surface charge of pDNA/PHR was 
ositive at approximately 30 mV ( Fig. 3 B). However, extrusion 

ith pDNA/PHR and EM reduced the surface charge to −5 mV,
uggesting that excessive positive charge of the pDNA/PHR 

omplex was masked by EM ( Fig. 3 B). The negative charges of 
he complexes may be beneficial for systemic delivery, since 
he interactions with negatively charged serum proteins 

ay be minimized and opsonization may have decreased.
he complex size was also measured using dynamic light 
cattering. The size of pDNA/PHR was around 131.6 ± 2.1 
m ( Fig. 3 C). The sizes of the complexes were increased by 

he addition of EM, which agreed with the results of TEM.
he sizes of pDNA/PHR-EM and pDNA/PHR-EM-T7 were 
84.6 ± 3.4 nm and 281.9 ± 21.4 nm, respectively ( Fig. 3 C). The 
ime-dependent size changes of pDNA/PHR-EM-T7 were also 
valuated by dynamic light scattering. The results indicated 

hat the size was not increased up to 1 h after complex 
reparation ( Fig. 3 D). After 1 h, the complex sizes increased 
long with time, suggesting that the complex might form 

ggregates. 

.2. Comparison of pDNA/PHR-EM-T7 with other carriers 

he transfection efficiency values of pLuc/PHR-EM and 

Luc/PHR-EM-T7 were compared with that of the pLuc/PHR 

r pLuc/lipofectamine complexes at their optimal weight 
atios ( Fig. 4 A). PHR had a higher transfection efficiency than 

ipofectamine to C6 cells. This result was coincident with 

 previous study on PHR [ 29 ]. Transfection efficiencies of 
Luc/PHR-EM and pLuc/PHR-EM-T7 were lower than that of 
Luc/PHR ( Fig. 4 A), possibly due to their negative surface 
harge. Unlike the complexes, pLuc/PHR had a positive surface 
harge ( Fig. 3 B) and might interact with the negatively 
harged cell membrane more easily. This interaction might 
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Fig. 6 – Effects of endocytosis inhibitors and transcytosis assay. (A) Effect of chloroquine on the transfection efficiency ( n = 4). 
The complexes were transfected into C6 cells with or without chloroquine. (B) Effects of endocytosis inhibitors on cellular 
uptake( n = 4). The complexes were transfected into C6 cells that were pre-treated with chlorpromazine, fillipin III, M βCD, and 

amiloride for 30 min. The cellular uptake was measured using flow cytometry. (C) Transcytosis assay ( n = 4). Cy5-pHSVtk 

uptake was measured in bEND.3 brain endothelial cells and C6 cells. Cy5-pHSVtk/PHR/EM and Cy5-pHSVtk/PHR/EM-T7 
were prepared and added to bEND.3 cells in transwells. Cellular uptakes of bEND.3 cells in the transwell and C6 cells in the 
bottom wells were measured with flow cytometry. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, and ∗∗∗∗ P < 0.0001. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

increase the transfection efficiency of PHR compared with
PHR-EM and PHR-EM-T7. However, this result does not
indicate that the PHR-EM hybrid complex is ineffective for
gene delivery. Positively charged pDNA/polymer complexes
are more effective than negatively charged ones in vitro
transfection due to their enhanced interactions with cellular
membranes. However, biodistribution and toxicity results
in vivo animal models suggest different results [ 42 ]. The
positively charged particles can be easily cleared from the
blood by opsonization. In addition, various factors such
as liver toxicity, immune response, and hemocompatibility
indicated that positively charged particles induce in vivo
toxicity. This suggests that a certain decrease in transfection
efficiency in vitro transfection does not indicate the reduction
of gene delivery efficiency in vivo . 

The transfection efficiency of pLuc/PHR-EM-T7 was higher
than that of pLuc/PHR-EM Fig. 4 A. This suggests that T7 on the
surface of the complex increased the transfection efficiency
into C6 glioblastoma cells. Since it was previously reported
that C6 cells express a high level of transferrin receptors [ 20 ],
the T7 peptide of pLuc/PHR-EM-T7 might bind to the receptors
and increase the cellular uptake. Confocal microscopy also
showed that the cellular uptake of Cy5-pLuc by pLuc/PHR-EM-
T7 was higher than that of pLuc/PHR-EM, confirming that T7-
peptide on pLuc/PHR-EM-T7 may facilitate the uptake of Cy5-
pLuc into the cells ( Fig. 4 B). Also, as observed in Fig. 4 A, the
cellular uptake of Cy5-pLuc was detected at the highest level
in the pLuc/PHR group ( Fig. 4 B). 

A hemocompatibility study was carried out to evaluate the
toxicity of the carrier in serum. The pDNA/carrier complexes
were incubated with RBCs. As a result, the pLuc/lipofectamine
complex induced aggregation of RBCs ( Fig. 5 ). However, the
pLuc/PHR, pLuc/PHR-EM, and pLuc/PHR-EM-T7 complexes
did not induce aggregation of erythrocytes ( Fig. 5 ). These
confirmed the observation of the previous study, in which the
pLuc/PHR complex had significantly lower toxicity compared
with pLuc/lipofectamine and pLuc/PEI25k complexes. In
addition, formation of a PHR-EM hybrid-complex did not
induce any remarkable toxicity to erythrocytes compared with
pLuc/PHR. 

To evaluate endosomal escape ability, the cells were
treated with chloroquine prior to transfection. Chloroquine
is a widely used endosome destabilizing agent that can
increase transfection efficiency if endosomal escape of the
pDNA/carrier complex is not complete. Transfection efficiency
of PHR was not enhanced by addition of chloroquine,
suggesting that PHR can facilitate endosomal escape
effectively without chloroquine. However, the transfection
efficiency of PAMAM was greatly increased by treatment
with chloroquine ( Fig. 6 A). This difference may be due to the
proton sponge effect of histidine in PHR. The pDNA/PHR-
EM and pDNA/PHR-EM-T7 complexes did not increase the
transfection efficiency with chloroquine compared with the
complexes without chloroquine ( Fig. 6 A). Therefore, it is
likely that histidine moieties on PHRs may contribute to
efficient endosomal escape in the pDNA/PHR, pDNA/PHR-
EM, and pDNA/PHR-EM-T7. The results suggest that the
pLuc/PHR, pLuc/PHR-EM, pLuc/PHR-EM-T7 complexes have
endosomolytic ability, which may be due to the proton sponge
effect of histidine moieties. In contrast, the transfection
efficiencies of pDNA/PHR, pDNA/PHR-EM, and pDNA/PHR-
EM-T7 complexes seemed to decrease slightly in the presence
of chloroquine, although the difference was not statistically
significant ( Fig. 6 A). This tendency may be due to the toxicity
of chloroquine, reducing the viability of the transfected cells. 

The cellular uptake pathway of complexes was analyzed
by flow cytometry ( Fig. 6 B). Similar to a previous study
[ 29 ], PHR was affected by methyl- β-cyclodextrin (M βCD).
Since M βCD removes cholesterol from the cell membrane,
the decrease of transfection efficiency suggests that
PHR-mediated transfection may induce cholesterol-raft-
dependent endocytosis. On the other hand, transfection
efficiencies of pDNA/PHR-EM and pDNA/PHR-EM-T7 were
reduced both by M βCD and by chlorpromazine ( Fig. 6 B).
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Fig. 7 – Biodistribution of pDNA/PHR-EM-T7 after systemic 
administration in the glioblastoma animal model. Naked 

Cy5.5-pHSVtk, Cy5.5-pHSVtk/lipofectamine, 
Cy5.5-pHSVtk/PHR, Cy5.5-pHSVtk/PHR-EM, and 

Cy5.5-pHSVtk/PHR-EM-T7 were prepared at their optimal 
ratios. The complexes were injected intravenously into the 
orthotopic glioblastoma animal model at 30 μg of 
Cy5.5-pHSVtk per rat. After 2 h, ex vivo fluorescence 
images were obtained using a Fluorescence In Vivo 

Imaging System. 
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hlorpromazine inhibits clathrin-mediated endocytosis by 
ranslocating clathrin protein to intracellular vesicles [ 43 ,44 ].
hese results indicate that clathrin-mediated endocytosis 
f the complexes may partly contribute to the entry of 
DNA/PHR-EM and pDNA/PHR-EM-T7 into the cell. These 
ffects may be partly due to EM, since exosomes enter cells 
y clathrin-mediated endocytosis. 

To verify the transcytosis ability of pDNA/PHR-EM- 
7, transwell experiments were performed with Cy5- 
ig. 8 – Liver toxicity of the pDNA/carrier complexes. The pHSVtk
lioblastoma model. After 24 h, livers were subjected to H&E stai
HSVtk/PHR-EM and Cy5-pHSVtk/PHR-EM-T7. bEND.3 mouse 
ndothelial cells were seeded on the apical side of the 
ranswell and cultured for production of endothelial layer. C6 
ells were cultured on the bottom wells. Cy5-pHSVtk/PHR-EM 

nd Cy5-pHSVtk/PHR-EM-T7 were added to the bEND.3 cells in 

he transwell. After 24 h, the cells in the transwell and bottom 

ell were analyzed by flow cytometry. The results showed 

hat the fluorescence signals in C6 cells were increased in 

he Cy5-pHSVtk/PHR-EM-T7 group, compared with the Cy5- 
HSVtk/PHR/EM group ( Fig. 6 C). In addition, the fluorescence 

evel in the bEND.3 cells of the Cy5-pHSVtk/PHR-EM-T7 
roup was lower than that of the Cy5-pHSVtk/PHR-EM group 

 Fig. 6 C). The results suggest that the transcytosis process was 
acilitated by T7 decoration. 

.3. In vivo biodistribution and liver toxicity in a 

lioblastoma animal model 

n vivo pDNA delivery was evaluated in the glioblastoma 
nimals by intravenous injection. Cy5.5-pHSVtk was 
omplexed with lipofectamine, PHR, PHR-EM, and PHR-EM-T7.
fter 2 h of injection, ex vivo fluorescence was investigated 

n an image box to evaluate biodistribution. Most of the 
y5.5-pHSVtk/lipofectamine complexes were taken up by 

he liver ( Fig. 7 ). This result suggests that positively-charged 

HSVtk/lipofectamine complexes were taken up by Kupffer 
ells [ 42 ,45 ]. In contrast, the pDNA/PHR, pDNA/PHR-EM,
nd pDNA/PHR-EM-T7 complexes accumulated more in the 
idneys than the liver ( Fig. 7 ). This showed that the complexes
re more likely to be cleared rather than consumed in the 
iver. Fluorescence signals in the brain of the pDNA/PHR-EM 

roup were higher than those in the pDNA/PHR group. This 
ay be due to reduced clearance of pDNA/PHR-EM, allowing 
/carrier complexes were injected intravenously into the rat 
ning (A) and TUNEL assay (B). Scale bar: 200 μm. 
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Fig. 9 – Expression of HSVtk and apoptosis, and tumor size. The pHSVtk/carrier complexes were injected intravenously into 

the rat glioblastoma model. After 24 h, the brains were harvested and subjected to (A) immunohistochemistry with 

anti-HSVtk antibody and TUNEL assay. (B) Quantitation of the HSVtk level ( n = 4). ∗P < 0.05 compared with the other groups. 
(C) Quantification of the TUNEL signal ( n = 4). ∗P < 0.05 compared with the control, pHSVtk/lipofectamine, and pHSVtk/PHR. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

it a longer time to enter the brain. Another possibility is that
EM from C6 cells may have a homotypic targeting effect,
considering that cell-membranes from the cancer cells have
targeting effects for the same types of cells [ 46 ]. pDNA/PHR-
EM-T7 showed the highest fluorescence signals in the brain,
confirming the effect of T7 peptides on transcytosis into the
brain ( Fig. 7 ). However, some of pDNA/PHR-EM-T7 complexes
may accumulate in the endothelial cells in BBB or healthy
cells in the brain. Therefore, we do not exclude the possibility
that the complexes may induce cytotoxicity to healthy cells
in the brain. 

The H&E staining of the liver tissues was performed to
evaluate the toxicity of the intravenous injection of the
complexes ( Fig. 8 A). The pDNA/lipofectamine complexes in
the liver induced damage, and this might be due to the positive
charge of the pDNA/lipofectamine complex. This result agrees
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Fig. 10 – The pHSVtk/carrier complexes were injected 

intravenously into the rat glioblastoma model. After 24 h, 
the brains were harvested and subjected to Nissl staining. 
The tumor size is presented as percent of control ( n = 6). ∗

P < 0.05 compared with control and pHSVtk/PHR. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this 
article.) 
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ith the hemocompatibility assays ( Fig. 5 ). Microsteatosis 
f hepatocytes was predominantly observed only two hours 
rom injection. In contrast, there was no distinct damage 
n the pDNA/PHR group, but neutrophil infiltration was 
bserved. These suggested that pDNA/PHR may induce 

mmune responses in the liver, although cytotoxicity of PHR 

s relatively low. On the other hand, the pDNA/PHR-EM and 

DNA/PHR-EM-T7 showed similar histochemical results to the 
ontrol and naked groups ( Fig. 8 A). The apoptosis level in 

he liver tissues after intravenous injection of the complexes 
as measured by TUNEL assay. The number of apoptotic cells 
as not high in all the groups, but the apoptosis level was 

he highest in the pDNA/lipofectamine group ( Fig. 8 B). Overall 
esults indicate that formation of a hybrid-complex with EM 

r EM-T7 may reduce cytotoxicity in vivo . 

.4. Therapeutic effect of pHSVtk delivery in the 
rthotopic glioblastoma model 

HSVtk/carrier complexes were injected intravenously into 
he orthotopic glioblastoma model. Seven days after injection,
he rats were sacrificed, and the brains were analyzed.
he gene expression and cell death caused by delivery of 
HSVtk and GCV were observed by immunofluorescence 
taining with anti-HSVtk antibody and TUNEL assay ( Fig. 9 A).
he results showed that HSVtk expression was induced 
y pHSVtk/PHR-EM and pHSVtk/PHR-EM-T7 compared with 

HSVtk/lipofectamine and pHSVtk/PHR complexes ( Fig. 9 A 

nd 9B). In particular, the HSVtk expression caused by 
HSVtk/PHR-EM-T7 was higher than that by pHSVtk/PHR- 
M, suggesting targeted delivery of the T7 peptide ( Fig. 9 A 

nd 9B). Interestingly, as in Fig. 4 , pDNA/PHR had higher 
ransfection efficiency than pDNA/PHR-EM or pDNA/PHR-EM- 
7 in the in vitro transfection assay. However, the tendency was 
ifferent in vivo animal experiments. The enhanced delivery 
fficiency of EM-coated pDNA/EM complexes may be due to 
educed interaction of blood components and opsonization,
esulting in increase in circulation and delivery into the brain.
n addition, T7 on the surface of the pDNA/PHR-EM complex 

ight increase delivery efficiency of pDNA into the brain. 
The TUNEL assay showed that the pHSVtk/PHR-EM 

omplexes increased the apoptosis level compared with 

HSVtk/lipofectamine and pHSVtk/PHR ( Fig. 9 A and 9C).
owever, apoptosis of the tumor cells was induced most 
ffectively by pHSVtk/PHR-EM-T7 compared with the other 
omplexes ( Fig. 9 A and 9C). This suggests that the delivery of
HSVtk by PHR-EM-T7 may induce gene expression, resulting 

n enhanced apoptosis. 
Nissl staining was performed to evaluate tumor size 

 Fig. 10 ). The results showed that the pDNA/PHR-EM and 

DNA/PHR-EM-T7 reduced the tumor size compared with 

he controls. Although there was no statistical difference,
he tumor size in the pHSVtk/PHR-EM-T7 group was smaller 
han that in the pHSVtk/PHR-EM group. Therefore, HSVtk 
mmunostaining, TUNEL assay, and Nissl staining indicated 

hat the pHSVtk/pHR-EM-T7 hybrid-complex increased the 
elivery efficiency of pDNA into the brain. In Fig. 8 A and 

B, HSVtk expression was induced by PHR-EM-T7, compared 

ith PHR-EM. This result suggests that PHR-EM-T7 had higher 
elivery efficiency than PHR-EM. However, the apoptosis 

evels between pHSVtk/PHR-EM and pHSVtk/PHR-EM-T7 were 
ot statistically different ( Fig. 9 C). In addition, the tumor 
izes of pHSVtk/PHR-EM and pHSVtk/PHR-EM-T7 were not 
tatistically different ( Fig. 10 ). These results suggested that 
poptosis was induced effectively by pHSVtk/PHR-EM in the 
lioblastoma animal model and therefore, further induction 

f apoptosis might not be significant, although pHSVtk/PHR- 
M-T7 had higher delivery efficiency than pHSVtk/PHR-EM. 

. Conclusion 

n this study, pDNA/PHR-EM-T7 was developed for 
ystemic delivery of pDNA into a glioblastoma. pDNA/PHR- 
M-T7 had an improved targeting delivery effect to 
lioblastoma after intravenous administration compared 

ith pDNA/lipofectamine, pDNA/PHR, and pDNA/PHR-EM.
n addition, therapeutic effects of pHSVtk/PHR-EM-T7 in the 
lioblastoma model were higher than those of pHSVtk/PHR 

nd pHSVtk/lipofectamine. The enhanced tumor targeting 
s attributed to T7 peptide modification, which facilitates 
lioblastoma cell targeting and transcytosis through BBB.
ased on all the data, enhanced targeting capability and 

herapeutic efficacy highlight potential of pDNA/PHR-EM-T7 
s a promising approach for systemic pDNA delivery to 
lioblastoma. 
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For future applications, this platform technology could
overcome the limitations of various carriers that face
challenges in systemic delivery due to opsonization caused
by positive charges. The method of attaching hydrophobic
moieties, such as cholesterol, can be applied to other targeting
peptides, making it feasible to use this approach for various
tumors beyond glioblastoma. By utilizing different targeting
peptides specific to other tumors, this technology can be
adapted to a wide range of cancers, enhancing its versatility
and potential impact in targeted cancer therapy. 
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