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Antitumoral Cascade-Targeting Ligand for IL-6
Receptor-Mediated Gene Delivery to Glioma
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The effective treatment of glioma is largely hindered by the
poor transfer of drug delivery systems across the blood-brain
barrier (BBB) and the difficulty in distinguishing healthy
and tumorous cells. In this work, for the first time, an inter-
leukin-6 receptor binding I6P7 peptide was exploited as a
cascade-targeting ligand in combination with a succinoyl tet-
raethylene pentamine (Stp)-histidine oligomer-based nonviral
gene delivery system (I6P7-Stp-His/DNA). The I6P7 peptide
provides multiple functions, including the cascade-targeting
potential represented by a combined BBB-crossing and subse-
quent glioma-targeting ability, as well as a direct tumor-inhib-
iting effect. I6P7-Stp-His/DNA nanoparticles (NPs) mediated
higher gene expression in human glioma U87 cells than in
healthy human astrocytes and a deeper penetration into gli-
oma spheroids than scrambled peptide-modified NPs. Trans-
port of I6P7-modified, but not the control, NPs across the
BBB was demonstrated in vitro in a transwell bEnd.3 cell
model resulting in transfection of underlying U87 cells and
also in vivo in glioma-bearing mice. Intravenous administra-
tion of I6P7-Stp-His/plasmid DNA (pDNA)-encoding inhibi-
tor of growth 4 (pING4) significantly prolonged the survival
time of orthotopic U87 glioma-bearing mice. The results
denote that I6P7 peptide is a roborant cascade-targeting
ligand, and I6P7-modified NPs might be exploited for efficient
glioma therapy.
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INTRODUCTION
Glioma has long been considered the most refractory primary brain
malignancy because of the difficulty for efficient drug delivery to
the tumor without adverse effects on normal tissues.1 The blood-
brain barrier (BBB), the natural protective barrier of the brain, plays
a pivotal role in restricting the penetration of systemically adminis-
trated drugs to glioma, especially at early tumor stage.2 Almost all
large molecular drugs (including genes, recombinant proteins, and
monoclonal antibodies) and more than 98% of small molecular drugs
are excluded from the central nervous system by the BBB.3 Effective
glioma therapy is also restricted by potential adverse effects on
normal tissues in consequence of required high drug doses.4 Thus,
for glioma therapy, ideal drug delivery systems must efficiently trans-
port the therapeutic agents across the BBB and subsequently mediate
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specific entry into glioma cells; this goal may be achieved by the
cascade-targeting strategy presented in the current work.

Receptor-targeted drug delivery has been demonstrated as a potential
approach to achieve drug accumulation in glioma. A series of recep-
tors that are expressed on the endothelium of the BBB, as well as gli-
oma cells, including transferrin receptor, lactoferrin receptor, low-
density lipoprotein receptor, and folate receptor, have been exploited
for this purpose.5–8 Research has continued to identify new receptors
and their specific ligands. Interleukin-6 receptor (IL-6R), a mem-
brane-bound glycoprotein, has been detected to be expressed on the
BBB and various brain tumors including glioblastoma, astrocytoma,
and pituitary tumors, but not in healthy astrocytes.9–11 The natural
ligand of IL-6R is interleukin-6 (IL-6), a member of the inflammatory
cytokine family, which was initially described as a central mediator of
the immune system, hematopoiesis, and inflammation.12,13 Further-
more, it is well established that the interaction of IL-6 and IL-6R trig-
gers a biological activity, which promotes glioma growth and progres-
sion.14–16 Thus, IL-6 itself is not suitable as a ligand in glioma
pharmacotherapy. Recently, a heptapeptide (N to C terminus:
LSLITRL), designated as I6P7, which can specifically bind to IL-6R,
was shown to inhibit the binding between IL-6 and IL-6R, and
thereby retard tumor growth.11,16 In this regard, the interaction of
IL-6R with I6P7 as targeting ligand might not only increase the BBB
transport of therapeutic agents toward glioma, but also inhibit glioma
growth and progression. Also, compared with protein or antibody li-
gands, the I6P7 peptide has several advantages, such as small size, sim-
ple chemical synthesis, and sufficient stability during additional syn-
thetic manipulations. In addition, compared with previously reported
two ligand-mediated targeting strategies, I6P7 could act as both a
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BBB-crossing and a glioma-targeting ligand to realize a cascade-tar-
geting effect of drug delivery.17,18

Current treatment regimens have only a modest therapeutic effect on
the progressive course of glioma, despite recent advances in surgical
intervention, radiotherapy, and chemotherapy.19 Effective gene ther-
apy presents an encouraging new modality, but it has been greatly
hindered by the development of suitable gene vectors. Non-viral
gene transfer has been widely studied because of its inherent safety
compared with virus-based strategies. Efficient vectors for gene ther-
apy should possess three important features: nucleic acid binding,
cellular uptake, and subsequent endolysosomal escape.20 Different
non-viral vectors, especially cationic polymers, have been most
intensely studied.21–23 However, classical polymers such as polyethy-
lenimine, because of the nature of polymer chemistry, generally
exhibit a certain degree of heterogeneity.23 From the clinical point
of view, more defined molecules would be highly appreciated. To
meet this demand, precise sequence-defined and well-tolerated oli-
go(ethanamino)amide-based oligomers were generated utilizing
solid-phase chemistry to act as nanocarriers.24,25 Members of this
oligomer compound class containing repeats of the building block
succinoyl tetraethylene pentamine (Stp) and histidine have been
shown to efficiently deliver nucleic acid cargos into tumor cells.20

Therefore, we fabricated optimized histidine and Stp-based oligo(e-
thanamino)amide oligomers containing a shielding polyethylene gly-
col (PEG) and the multifunctional I6P7 peptide to mediate effective
and receptor-specific gene transfer. In addition, a PEG-free three-
arm Stp-histidine oligomer has been assembled to compensate com-
plex disturbance by a high PEG content, further enhancing endolyso-
somal escape and condensing DNA into rod- or toroid-like struc-
tures.25 Hence, the PEGylated two-arm targeting oligomer and the
PEG-free three-arm DNA-compacted oligomer were mixed together
at suitable ratio to form a bi-component oligomer blend in order to
get a promising gene vector.

The nanocarrier based on the Stp-histidine oligomers containing I6P7
and complexed DNA was exploited to form a cascade-targeting gene
delivery system (I6P7-Stp-His/DNA) (Figure 1). The therapeutic gene
construct used here was a plasmid DNA-encoding inhibitor of growth
4 (pING4). The tumor suppressor ING4 had been proven to inhibit
the tumorigenesis and progression of glioma.26 Therefore, the ING4
gene was successfully applied in several vector-mediated gene therapy
systems.26–28 In addition, another analogous nanoparticle (NP)
modified with a scrambled I6P7 sequence was prepared as control
group (I6P7scr-Stp-His/DNA). Overall properties of the different
NPs including formulation optimization, glioma cell targeting effi-
ciency, cellular uptake mechanisms, and BBB-crossing potential
were systematically investigated in vitro, and the anti-glioma effects
were evaluated in vivo in a murine orthotopic glioma model.

RESULTS AND DISCUSSION
Functionalization of the Precise Oligomers

A peptide ligand I6P7, which can specifically bind to IL-6R, was
selected to functionalize a gene delivery system for cascade targeting
to glioma. To achieve this objective, we assembled a PEGylated two-
arm Stp-histidine oligomer with I6P7 via a fully controlled and precise
solid-phase assisted methodology.29,30 The chemical structures of the
precise oligomers are shown in Figure 1. Besides the multifunctional
peptide, a monodisperse PEG moiety with 24 oxyethylene units was
introduced to the oligomer for surface shielding. Repeats of the Stp
and histidine in the oligomer sequence were used for improving the
nucleic acid packaging and endosomal buffer capacity. The non-tar-
geting control oligomer, I6P7scr-Stp-His, has the analogous PEG-con-
taining structure to I6P7-Stp-His except the scrambled ligand
sequence. Importantly, a cationic three-arm oligomer was synthesized
and utilized in combination with the PEG-containing oligomers for
improving the DNA compaction efficiency and endolysosomal escape
of NPs. The physicochemical characterizations of the oligomers are
described in the Supplemental Information.

NP Formation, Optimization, and Physicochemical

Characterizations

First, the precise oligomer/DNA complexes with different N/P ratios
were tested via agarose gel electrophoresis to monitor the NP forma-
tion. As shown in Figures 2A and 2B, two kinds of NPs with an olig-
omer nitrogen-to-DNA phosphate (N/P) ratio greater than 1.5 could
encapsulate DNA completely without migration in the gel as
compared with naked DNA. NPs with the N/P ratios of 12, 24, 36,
and 48 were used in the following experiments.

Second, the in vitro gene expression of different NPs was assessed in
U87 cells, using EGFP expression and fluorescencemicroscopy qualita-
tively, as well as luciferase expression and bioluminescence assay quan-
titatively, to further optimize the formulation of NPs. As shown in Fig-
ure 2C, fluorescent images showed that U87 cells treated with different
NPs exhibited increasing gene expression levels with increasing N/P
ratios up to 36, where expression saturated. Furthermore, EGFP expres-
sion of I6P7-modified NPs was significantly higher than that of scram-
bledpeptide-modifiedNPs. Consistentwith the results of EGFP expres-
sion, the luciferase expression efficiency of the I6P7-Stp-His/pGL6 NPs
was 2.2-, 2.3-, 1.5-, and 1.6-fold higher than that of I6P7scr-Stp-His/
pGL6 at the N/P ratios 12, 24, 36, and 48, respectively (Figure 2D).
In vitro transfection, however, represents a static cell culture model,
where NPs are in close proximity to cells over a long period of time
and, especially regarding receptor interactions, the relevance for dy-
namic in vivo conditions is limited. Considering the obtained gene
expression levels, the N/P ratio was fixed at 36 to prepare the precise
oligomer/DNA NPs in the subsequent experiments.

Particle sizes and zeta potentials of different NPs were further deter-
mined (Table 1). As the N/P ratio increased, the sizes of all NPs signif-
icantly reduced, whereas zeta potentials increased. The positive zeta
potentials demonstrated that all NPs were capable of condensing
DNA effectively. A transmission electron microscopy (TEM) image
showed that the I6P7-Stp-His/DNA NPs were generally spherical
and well dispersed at N/P = 36 (Figure 2F). The particle size observed
by TEM was consistent with the results obtained by dynamic light
scattering (DLS) (Figure 2E).
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Figure 1. Schematic Diagram of the Formation of

I6P7-Stp-His/DNA NPs and Their In Vivo Delivery

Process

Molecular Therapy
Targeting and Spheroid-Penetrating Ability

In order to assess glioma-targeting efficiency in vitro, we applied U87
cells and astrocyte line 1800 cells as the cell culture models for EGFP
expression. As shown in Figures 3A–3H, higher transfection effi-
ciency was found in U87 cells for I6P7-Stp-His/plasmid EGFP
(pEGFP) as compared with I6P7scr-Stp-His/pEGFP NPs. Also, the
I6P7-modified NPs mediated higher gene expression levels in U87 gli-
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oma than in 1800 astrocyte cells, demonstrating
the tumor-targeting ability of I6P7. This was
probably attributed to the apparently higher
expression of IL-6R on U87 glioma cells than
in healthy astrocytes.11,14 A better transfection
of dividing tumor cells during the stage of
mitosis as compared with nondividing healthy
cells may also contribute.31

Owing to the difference between the two-
dimensional (2D) cultured monolayers and
three-dimensional (3D) solid tumors, in vitro
glioma spheroid penetration might reflect
more accurately the glioma-accumulating effect
of different NPs.32 Thus, the distribution of the
different NPs in glioma spheroids was observed
(Figures 3I–3L). The results demonstrated
that I6P7-Stp-His/DNA NPs possess better
spheroid-penetrating efficiency than I6P7scr-
Stp-His/DNA NPs.

Cellular Uptake Mechanisms

The cellular uptake mechanisms of the olig-
omer/DNA NPs were studied in U87 cells. First,
the fluorescence intensity of cells treated with
YOYO-3-labeled I6P7-Stp-His/DNA NPs was
far higher than for I6P7scr-Stp-His/DNA NP-
treated cells, both after 37�C and 4�C incubation
(Figures S1A–S1D). This proved that I6P7 pos-
sesses significantly enhanced ability to deliver
NPs into U87 cells. Furthermore, both NPs
showed higher cellular uptake at 37�C
compared with 4�C. The temperature depen-
dency indicates the involvement of energy-
dependent processes during the cellular inter-
nalization. Second, the fluorescent intensity
within cells decreased significantly after being
treated with excessive free I6P7 peptide (100�
excess) (Figure S1E) compared with that of the
untreated group (Figure S1A). This competitive
inhibition indicates a receptor-mediated process
and that I6P7 has sufficient affinity for IL-6R as mediator for cellular
uptake into U87 cells.26 To further elucidate the endocytosis pathways
involved in the internalization of I6P7-Stp-His/DNA NPs, we investi-
gated the cellular uptake of NPs after pretreatment with various endo-
cytosis inhibitors. Phenylarsine oxide (PhAsO), filipin, and colchicine
were utilized as inhibitors of clathrin-dependent endocytosis, caveo-
lae-mediated endocytosis, and macropinocytosis, respectively.26 As



Figure 2. Optimization and Physical

Characterizations of I6P7-Stp-His/DNA and I6P7scr-

Stp-His/DNA NPs

DNA binding capacity of I6P7-Stp-His (A) and I6P7scr-Stp-

His (B) oligomers was determined by an agarose gel shift

assay at a range of N/P ratios. Lane M: DNA marker, Hind

III digested; lane C: naked DNA; lane 1: 0.75 (N/P); lane 2:

1.5 (N/P); lane 3: 3 (N/P); lane 4: 6 (N/P); lane 5: 12 (N/P);

lane 6: 24 (N/P); lane 7: 36 (N/P); lane 8: 48 (N/P). (C)

EGFP gene expression of I6P7-Stp-His/pEGFP and

I6P7scr-Stp-His/pEGFP NPs in U87 cells at an N/P ratio of

12, 24, 36, and 48, respectively. Green represents EGFP.

(D) Luciferase expression levels of I6P7-Stp-His/pGL6 and

I6P7scr-Stp-His/pGL6 NPs in U87 cells at different N/P

ratios (12, 24, 36, 48). (E and F) The particle size distri-

bution of I6P7-Stp-His/pGL6 at an N/P ratio of 36 was

analyzed by dynamic light scattering (E) and transmission

electron microscope (F). Scale bars, 200 mm. **p < 0.01;

***p < 0.001.
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shown in Figures S1F–S1H, the fluorescent intensity of the I6P7-Stp-
His/DNA NPs declined to some extent in all three inhibitors. This
suggests that all investigated pathways, the clathrin-mediated endocy-
tosis, the caveolae-mediated endocytosis, and macropinocytosis may
contribute to the cellular internalization process of I6P7-modified
NPs. These results are also consistent with other reports about recep-
tor-mediated transport processes.26,33

BBB-Penetrating Efficiency and Cascade-Targeting Expression

In order to verify the BBB-penetrating efficiency of the gene delivery
system, we established an in vitro BBB model (Figure 4A), and NPs
were labeled with YOYO-3 for their detection. The results of trans-
port studies were shown in Figure 4B. The apparent permeability
(Papp) of I6P7-Stp-His/DNA NPs, which reached (81.10 ± 4.66) �
10�6 cm/s at 30 min, was approximately 2.8-fold higher than that
of I6P7scr-Stp-His/DNA. This indicated that the modification of
I6P7 could facilitate the BBB penetration of NPs because of the specific
binding of I6P7 to IL-6R, which possesses transport function across
the BBB. The transendothelial electrical resistance (TEER) showed
no obvious reduction compared with that of a control (data not
shown), indicating the integrity of the BBB and that the transport
of I6P7 did not disrupt the cell layer. Also, the cumulative transport
amount of I6P7-Stp-His/DNA NPs was much higher than that of
the I6P7scr counterpart (Figure 4C). These results revealed that I6P7
modification exerted its effect on the transport of NPs across the BBB.

In order to verify cascade-targeting effects, using a luciferase assay,
we further evaluated the gene expression of NPs in glioma cells
after crossing the BBB monolayer. A schematic illustration of the
bEnd.3/U87 cell co-culture model is shown in Figure 4A. As depicted
in Figure 4D, I6P7-Stp-His/DNA NPs, which had crossed the bEnd.3
M

layer, exhibited a higher luciferase expression in
U87 glioma cells than control NPs, consistent
with the data from the transport studies. These
results demonstrate that NPs modified with I6P7 exhibit favorable
cascade-targeting potential: crossing the artificial BBB and then tar-
geting and transfecting glioma cells.

In order to evaluate BBB-penetrating efficiency and transgene expres-
sion of proteins in the glioma in vivo, we obtained frozen sections
2 days after intravenous administration of NPs encoding RFP (red
fluorescent protein), and brain capillaries were stained with anti-
CD31 antibody. As demonstrated in Figure 4E, compared with injec-
tion of I6P7scr-Stp-His/pRFP, the injection of I6P7-Stp-His/pRFPNPs
remarkably improved the gene expression product RFP in the glioma
site, indicating a favorable glioma-targeting ability of I6P7 peptide that
was consistent with the previous results in vitro. The red fluorescence
of RFP partially co-localized with the green fluorescence of brain cap-
illaries, suggesting that a small part of NPs remained within the brain
capillary and mediated gene expression there. However, the stronger
red fluorescent signal demonstrated that most of the I6P7-modified
NPs mediated the gene expression in glioma tissue.

In Vivo Biodistribution

To investigate the in vivo targeting behavior of I6P7-Stp-His/DNA
NPs, we carried out in vivo imaging in glioma-bearing mice admin-
istrated with YOYO-3-labeled precise oligomer/DNA NPs. As shown
in Figure 5A, the fluorescence intensity in the brain of I6P7-Stp-His/
DNA-treated mice was significantly higher than in I6P7scr-Stp-His/
DNA-treated mice at 0.5 hr after injection; this pattern was main-
tained for the entire study (from 0.5 to 3 hr postinjection). The
ex vivo imaging of brains at 3 hr and the fluorescence quantitative
analysis results showed that the I6P7-Stp-His/DNA NPs were obvi-
ously accumulated in glioma tissue rather than normal brain tissue
(Figures 5B and 5C). In contrast, glioma tissue accumulation of the
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Table 1. Sizes and Zeta Potentials of NPs with Different N/P Ratios

N/P

I6P7-Stp-His/DNA I6P7scr-Stp-His/DNA

Mean Size
(nm)

Zeta Potential
(mV)

Mean Size
(nm)

Zeta Potential
(mV)

12 283.5 ± 11.2 13.2 ± 0.53 298.7 ± 9.9 14.9 ± 0.31

24 132.8 ± 25.6 15.3 ± 0.39 124.6 ± 5.2 15.9 ± 0.55

36 99.0 ± 15.0 15.9 ± 0.56 111.6 ± 10.6 17.5 ± 0.38

48 96.9 ± 17.2 19.0 ± 0.29 96.0 ± 8.7 19.6 ± 0.42

Data represent mean ± SD. n = 3.
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control NPs was much lower compared with I6P7-Stp-His/DNA, but
displayed higher accumulation in liver and kidney (Figure 5B). These
results indicate that I6P7 is an effective targeting ligand that can facil-
itate transport of NPs across the BBB and improve their accumulation
in glioma via the IL-6R-mediated pathway.

Anti-glioma Effect

In order to evaluate the effect of I6P7 peptide on cell growth, we per-
formed a Cell Counting Kit-8 (CCK-8) assay. As shown in Figure S2,
incubation with I6P7-Stp-His/DNA NPs for 48 or 72 hr resulted in
lower U87 cell viability than in the case of I6P7scr-Stp-His/DNA
NPs, although none of the formulations affected cell viability upon
24 hr of incubation. Free I6P7 peptide also led to lower U87 cell
viability with extended incubation time. These results show that free
I6P7 peptide and I6P7-modified NPs both can inhibit U87 cell growth,
and that the inhibitory effect is related to the incubation time and the
amount of I6P7 peptide. To somemodest extent, I6P7scr-Stp-His/DNA
NPs can also cause cytotoxicity, presumably because of unspecific
adverse effects of the cationic oligomer backbone. Further assessment
of the in vivo anti-glioma effect is presented in Figure 6. Western blot
assay was performed to analyze the ING4 expression level of different
tissues after intravenous administration (Figures 6A, 6B, and S4).
Compared with healthy brain tissues, glioma exhibits decreased
expression levels of ING4.34 After intravenous administration, ING4
expression in glioma tissues significantly increased in the I6P7-Stp-
His/pING4 group compared with the other treatment groups. This
suggests that the increased inhibition of glioma by I6P7-Stp-His/
pING4was partly caused by a higher expression level of ING4 protein;
the data further verify the efficiency of I6P7-Stp-His/pING4. As
demonstrated in Figure S4, ING4 protein could be detected bywestern
blot analysis in all tissues, which is consistent with previous studies.34

Besides, the I6P7-Stp-His/pING4 and I6P7scr-Stp-His/pING4 group
enhanced the ING4 gene expression level in liver and kidney, which
might be because of a significant accumulation of NPs. As shown in
Figure 6C, TdT-mediated dUTP nick end labeling (TUNEL) assay
was used to examine the induction of apoptosis by different treat-
ments. Groups of glioma-bearing mice treated with either temozolo-
mide or saline were used as the positive or negative control, respec-
tively. Remarkably, the largest number of apoptotic cells in tumor
tissue was induced by the treatment with I6P7-Stp-His/pING4.
Furthermore, this treatment showed the presence of apoptotic cells
mainly in the tumor tissue, possibly by an IL-6R-mediated effect.
1560 Molecular Therapy Vol. 25 No 7 July 2017
Even more interesting, it was found that intravenous injection of
I6P7 peptide or I6P7-Stp-His/pGL6 NPs (luciferase transgene as con-
trol) could also induce apoptosis in glioma. This might be attributed
to a blockade of the IL-6-mediated JAK/STAT tumor growth pathway
(glioma cell growth factor IL-6 is overexpressed in vivo) by I6P7 pep-
tide. Other treatment groups, except the saline negative control, also
mediated apoptosis to some extent, but not as pronounced. The anti-
tumor effect was also evaluated via monitoring the body weight and
the median survival time of nude mice bearing glioma. As shown in
Figure 6D, glioma-bearing mice treated with I6P7-Stp-His/pING4
maintained the body weight compared with other groups’ best.
The median survival times for the saline, temozolomide, I6P7 peptide,
I6P7-Stp-His/pGL6, I6P7scr-Stp-His/pING4, and I6P7-Stp-His/pING4
groups were 25.5, 46.5, 34, 36.5, 30.5, and 53 days, respectively.
Compared with the control groups, I6P7-Stp-His/pING4 treatment
significantly prolonged the survival time (Figure 6E). This might be
because of the multiple functions of I6P7 peptide, increasing the BBB
crossing and glioma cellular uptake of NPs and retarding the glioma
growth by interfering with the interaction between IL-6 and IL-6R.
All results indicate that I6P7-Stp-His/pING4 could be a promising
nanomedicine for targeted glioma therapy.

Safety Assessment

The histological examination of the tissue slices after different treat-
ments was performed to evaluate the in vivo toxicity of NPs (Fig-
ure S5). The H&E staining images of normal brain tissue, heart, liver,
spleen, lung, and kidney revealed that none of the treatments caused
apparent inflammatory response or damage in main organs, which
suggests that the NPs of this study exhibited low toxicity.

In order to further evaluate the safety of all preparations in vivo, we
monitored the hematopoietic cell counts and important cytokines.
As shown in Figure S6, although individual differences were noted,
the hematopoietic cell counts of mice treated with NPs were on a
similar level as in control mice (saline group) and within normal
ranges. ELISA results clearly indicated IL-6 and IL-10 serum levels
had no obvious change in the NPs groups compared with the saline
control group. The above results demonstrated that these formula-
tions including I6P7-modified NPs had no obvious side effects on
mice upon systemic administration.

Conclusions

In this study, the IL-6R was used as receptor for targeted drug delivery
in glioma therapy, with the multifunctional peptide I6P7 being ex-
ploited as corresponding targeting ligand moiety. The cascade-target-
ing gene transfer system could not only demonstrate high transfection
efficiency and low toxicity, but also improved brain-penetrating and
glioma-targeting efficiency, as well as elevated transgene expression.
In vivo experiments indicate that the I6P7 modification of NPs could
enhance the BBB-crossing and glioma-targeting efficiency. Intrave-
nous administration of I6P7 NPs encoding ING4 reduced the growth
of orthotopic glioma without any obvious sign of toxicity to normal
tissues. In sum, the I6P7-modified NPs display an encouraging poten-
tial for future therapeutic development against glioma.



Figure 3. I6P7-Stp-His/DNA NPs Improve Gene Expression in U87 Cells and

Glioma Spheroid Penetration In Vitro

(A–H) Gene expression of I6P7-Stp-His/pEGFP and I6P7scr-Stp-His/pEGFP NPs in

U87 glioma cells (A–D) and 1800 astrocyte cells (E–H). (A, C, E, and G) I6P7-Stp-His/

pEGFP NPs. (B, D, F, and H) I6P7scr-Stp-His/pEGFP NPs. (A), (B), (E), and (F) are
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MATERIALS AND METHODS
Materials

The plasmid pEGFP-N2 (Clontech), the plasmid-encoding luciferase
pGL6-control vector (Genomeditech), and pcDNA3.1-ING4 (ING4;
Boshang Biotech) were purified using QIAGEN Plasmid Mega Kit
(QIAGEN) according to the manufacturer’s specifications. HEPES
and glucose were purchased from GIBCO. Fluorescent dye YOYO-3
iodide (YOYO-3) was purchased from Molecular Probes. Bright-Glo
luciferase assay buffer and substrate were obtained from Promega.
CCK-8 was purchased from Dojindo Molecular Technologies.
TUNEL apoptosis detection kit (fluorescein isothiocyanate [FITC]-
labeled) was purchased from KeyGEN Biotech. Temozolomide
was purchased from Meilun Biotech. Dichloromethane (DCM) and
n-hexane were purchased from Brenntag. Methanol (MeOH), 1-hy-
droxy-benzotriazole (HOBt), triisopropylsilane (TIS), 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU), fluorescein sodium (NaF), PhAsO,
filipin complex (from Streptomyces filipinesis), colchicine, and other
reagents, if not specified, were purchased from Sigma-Aldrich. All of
the chemicals were used without further purification.
Synthesis and Characterizations of Precise Oligomers

The polymer, three-arm Stp-His was synthesized as described previ-
ously.25 The synthesis of I6P7-Stp-His and I6P7scr-Stp-His was car-
ried out with a SyroWave synthesizer (Biotage) as described in the
Supplemental Information.

After synthesis, the oligomers were solubilized in D2O and analyzed
by 1H nuclear magnetic resonance (NMR) spectrometry. In addition,
the compounds were further analyzed by mass spectrometry.
Preparation of Oligomer/DNA NPs

The precise oligomer/DNA NPs in this study are formed with a bi-
component oligomer blend composed of the PEGylated oligomer
and the three-arm PEG-free oligomer. The calculated amounts of
oligomer blend were mixed together in a total volume of 10 mL of
HBG (20 mM HEPES-buffered 5% glucose [pH 7.4]), and 200 ng
of DNAwas diluted to the same volume of 10 mL of HBG in a separate
tube. The oligomer blend was added to the DNA solution and rapidly
vortexed for 30 s. NP formation was accomplished after incubation at
room temperature for 40 min.

Plasmid DNA was labeled with the fluorescent dye YOYO-3 accord-
ing to the manufacturer’s protocol. Fluorescent NPs were prepared
using YOYO-3-labeled plasmid DNA for specific experiments where
indicated.
corresponding bright-field images of fluorescent images (C), (D), (G), and (H). Green

represents EGFP. (I–L) Glioma spheroid penetration of I6P7-Stp-His/DNA and

I6P7scr-Stp-His/DNA NPs after 12 hr incubation. (I and K) I6P7-Stp-His/DNA NPs.

(J and L) I6P7scr-Stp-His/DNA NPs. (I) and (J) are the corresponding 2D images of

glioma spheroid. (K) and (L) are the corresponding 2.5D images of glioma spheroid

obtained from the middle of z planes. DNA was pre-labeled by YOYO-3. Red

represents YOYO-3. Scale bars, 200 mm.
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Figure 4. Effect of I6P7-Stp-His/DNA NPs on BBB-

Penetrating Efficiency and Cascade-Targeting

Expression in U87 Cells

(A) Schematic illustration of the in vitro BBB model (a)

and the b.End3/U87 cell co-culture model (b). (B and C)

The apparent permeability (B) and cumulative transport

amount (C) of different NPs across BBB monolayer

at various incubation times. DNA was pre-labeled by

YOYO-3. (D) Luciferase expression levels of different NPs

in U87 cells after transporting across the BBB. Results are

presented as mean ± SD (n = 3). **p < 0.01; ***p < 0.001.

(E) Immunofluorescence images of glioma sections from

glioma-bearing mice injected with I6P7scr-Stp-His/pRFP

and I6P7-Stp-His/pRFP NPs. Red represents red fluo-

rescent protein (RFP); green represents anti-CD31-

labeled brain capillary; blue represents DAPI-labeled cell

nuclei. White arrows: co-localization of RFP and brain

capillary. Scale bars, 100 mm.
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Agarose Gel Retardation Assay

An agarose gel retardation assay was performed to investigate the
binding of DNA by the oligomer blend. The precise oligomer/DNA
NPs at various oligomer blend-to-DNA ratios (nitrogen/phosphate
[N/P] ratios) were mixed with appropriate amounts of 1� Tris-ace-
tate-EDTA (TAE) loading buffer and then subjected to electropho-
resis on 0.7% (w/v) agarose gel containing ethidium bromide
(0.25 mg/mL) at a voltage of 80 V for 30 min. The DNA in the gel
was visualized by ethidium bromide staining and imaged using the
Fluor Chem Imaging System (Alpha Innotech).

Cell Culture

Brain capillary endothelial cells (bEnd.3) and healthy human astro-
cytes (1800 cells) were both obtained from American Type Culture
Collection (ATCC) and routinely cultured in special DMEM supple-
mented with 20% heat-inactivated fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, and
cultured in incubators maintained at 37�C under a humidified atmo-
sphere containing 5% CO2. Human glioma cells (U87) were obtained
from Shanghai Cell Bank, Chinese Academy of Sciences and cultured
in DMEM with the addition of 10% FBS, 1% L-glutamine, 1% peni-
cillin, and 1% streptomycin, at 37�C and in 5% CO2 atmosphere.
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Quantitative and Qualitative Gene

Expression In Vitro

For qualitative analysis of gene expression, U87
cells were seeded in 24-well plates at a density
of 4 � 104 cells/well and allowed to grow
for 48 hr. After rinsing once with PBS, cells
were treated with different NPs containing
the plasmid DNA-encoding EGFP (pEGFP),
together with oligomer blend at an N/P ratio
of 36, at 37�C for 8 hr in the presence of
serum-free medium. Subsequently, the trans-
fection agents were replaced by fresh complete
culture medium, and the cells were incubated
for another 48 hr. Cells were photographed under a DMI4000B
inverted fluorescence microscope to acquire the fluorescent images
of GFP. Under the same condition, 1800 cells were treated with
different NPs at an N/P ratio of 36 as controls to examine the tar-
geting efficiency in vitro.

To quantify the gene expression level, we performed luciferase gene
transfections with different NPs on U87 cells. In brief, U87 cells
were seeded in 96-well plates at a density of 1 � 104 cells/well
and allowed to grow for 48 hr. The transfection procedure was
the same as described above, except that the reporter gene construct
was changed to pGL6. Two days later, 100 mL of Bright-Glo lucif-
erase assay reagent was added to cells grown in 100 mL of medium.
After at least 2 min to allow complete cell lysis, luciferase expres-
sion was measured in a Tecan Infinite M1000 Pro microplate
reader.

Physicochemical Characterizations of NPs

The mean diameter and zeta potentials of the precise oligomer/DNA
NPs at various N/P ratios (12, 24, 36, and 48) were measured by DLS
using a Nano-ZS instrument. The shape and morphology of precise
oligomer/DNA NPs were observed using TEM (JEOL).



Figure 5. In Vivo Biodistribution of I6P7-Stp-His/DNA NPs

(A) In vivo fluorescent images of glioma-bearing mice at different time points after

intravenous (i.v.) administration of I6P7-Stp-His/DNA (left) and I6P7scr-Stp-His/DNA

(right). (B) Ex vivo fluorescent images of the organs harvested at 3 hr after i.v.

administration of I6P7-Stp-His/DNA (top) and I6P7scr-Stp-His/DNANPs (bottom). (C)

Fluorescence quantitative analysis of ex vivo organs of U87 tumor-bearing mice at

different time intervals after intravenous injection. DNA was pre-labeled by YOYO-3.
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Penetration of Different NPs into U87 Glioma Spheroid

For the construction of in vitro 3D glioma spheroids, U87 cells were
seeded onto 2% (w/v) sterilized agarose-coated 48-well plate at a den-
sity of 4� 103 cells/well and incubated for 7 days. Afterward, different
YOYO-3-labeled fluorescent NPs at the DNA concentration of
50 mg/mL were added to the wells with U87 spheroids. After 12 hr,
the glioma spheroids were rinsed with PBS twice and fixed with 4%
paraformaldehyde. Fluorescent images were taken with a laser scan-
ning confocal microscope (Carl Zeiss LSM710; Zeiss).
Exploration of Cellular Uptake Mechanism

U87 cells were incubated with YOYO-3-labeled fluorescent NPs at
different temperatures to explore cellular uptake mechanism. In
brief, U87 cells were seeded in 24-well plates at a density of 4 �
104 cells/well and allowed to grow for 48 hr. After rinsing once
with PBS, cells were treated with different NPs at an N/P ratio
of 36 for 1 hr at 4�C and 37�C, respectively. Then cells were
rinsed with PBS twice and were photographed with a DMI4000B
inverted fluorescent microscope to acquire the red fluorescence
images.

To further identify the endocytosis pathways involved in the cellular
internalization of I6P7-Stp-His/DNA NPs, we performed cellular as-
sociation and uptake studies of NPs at an N/P ratio of 36 in the
presence of excessive I6P7 peptide or various endocytosis inhibitors.
U87 cells were seeded in 24-well plates at a density of 4 � 104 cells/
well and incubated for 48 hr. The medium was removed and the
cells were pretreated with 100� excess I6P7 peptide for 20 min
before YOYO-3-labeled I6P7-Stp-His/DNA NPs. After 1 hr incuba-
tion, cells were rinsed twice with PBS and then photographed
under a DMI4000B inverted fluorescent microscope to acquire
the red fluorescent images. In the case of inhibition groups,
different inhibitors including PhAsO, filipin, and colchicine were
pre-incubated with cells for 10 min, following the addition of the
YOYO-3-labeled I6P7-Stp-His/DNA NPs treated at the condition
mentioned above.
Evaluation of Cascade Targeting

In order to establish an in vitro BBB model, we seeded bEnd.3 cells
at a density of 4� 104 cells/cm2 onto polycarbonate 24-well transwell
filters (Falcon Cell Culture Insert).26 The culture medium was
changed every other day. Seven days later, complete confluency of
the BBB model was observed under the microscope. The integrity
was monitored using an epithelial volt-ohmmeter (Millicell ERS) to
measure the TEER. Only the in vitro BBB model with TEER above
200 U cm2 could be used for the following experiment.

Different NPs, in which DNA was labeled by YOYO-3, were added
into the donor chamber at the DNA concentration of 50 mg/mL.
Simultaneously, NaF (100 mg/mL) was added to monitor the integrity
of the BBBmodel during the whole experiment. Then cells were incu-
bated on a 37�C shaking platform. The volume of a 300 mL sample
was taken from each acceptor chamber at 5, 10, 15, 30, and 60 min,
and 300 mL of fresh medium was added immediately after each
sampling. The BBB transport ratios of NPs were determined by a
Tecan Infinite M1000 Pro microplate reader. The Papp was calculated
according to Irvine et al.29 as follows:

Papp =
vQ

vt,C0,A
;

where vQ=vt is the permeability rate (nmol/s), C0 is the initial con-
centration (nmol/mL) in the donor chamber, and A is the surface
area (cm2) of the membrane filter.35 The data of cumulative transport
amount of NPs were also presented.
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Figure 6. Antitumor Effect of I6P7-Stp-His/DNA NPs

(A and B) Western blot analysis for ING4 expression in

glioma tissues for different experimental animal groups (A)

and quantitative analysis of the protein level (B). Data

are expressed as mean ± SD (n = 3). (C) Apoptosis of

glioma-bearing mice treated with saline (a, g, m, and s),

temozolomide (b, h, n, and t), I6P7 peptide (c, i, o, and u),

I6P7-Stp-His/pGL6 (d, j, p, and v), I6P7scr-Stp-His/pING4

(e, k, q, and w), and I6P7-Stp-His/pING4 (f, l, r, and x).

Slides were subjected to TUNEL apoptosis detection kit

(FITC-labeled). Blue represents DAPI-labeled cell nuclei;

green represents FITC-labeled apoptotic cells. Yellow

dotted lines indicate borders of glioma, and arrows point

to the inner sides of glioma. (s–x) Corresponding bright-

field images. (D) The average change in body weight of

glioma-bearing mice after different treatments. (E) Kaplan-

Meier survival curves of glioma-bearingmice after different

treatments.
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In order to verify cascade-targeting effects, we established a BBB/
U87 cells co-culture model. U87 cells were seeded on the basolateral
compartment of the transwell filters at a density of 4 � 104 cells/
well, co-cultured with the BBB model for 24 hr when the TEER
was sustained over 200 U cm2. Different NPs containing pGL6
were added into the donor chamber in the presence of serum-free
medium. Eight hours later, all transwell filters were removed and
the U87 cells were cultured for another 48 hr. A total of 400 mL
of Bright-Glo luciferase assay reagent was added to cells grown in
400 mL of medium. After at least 2 min to allow complete cell lysis,
luciferase expression was measured in a Tecan Infinite M1000 Pro
microplate reader.

Orthotopic Glioma-Bearing Mouse Model

Nude mice of 20–24 g body weight were purchased from Shanghai
Laboratory Animal Center and maintained under standard condi-
tions. All animal experiments were performed in accordance with
protocols evaluated and approved by the ethics committee of Fudan
University.
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The orthotopic glioma-bearing mouse model
was established using human U87 glioma cells.
In brief, a 5 mL suspension containing 5 � 105

U87 cells was slowly implanted into the right
corpus striatum of the nude mice using a stereo-
tactic fixation device with a mouse adaptor.
After surgery, the skin incision closed, and
mice were further maintained under standard
housing conditions.

Immunofluorescence Assay

I6P7scr-Stp-His/pRFP and I6P7-Stp-His/pRFP
NPs were injected into the tail veins of ortho-
topic glioma-bearing mice at a dose of 50 mg
of DNA/mouse. Two days after injection, the
mice were humanely sacrificed. The brains
were harvested, carefully washed with saline, fixed at 4% paraformal-
dehyde overnight, and dehydrated with 15% sucrose PBS solution un-
til subsidence and then 30% sucrose PBS solution until subsidence. Af-
terward, the brains were coated withOCT embeddingmedium, frozen
at�80�C, and cut into 20mmsections. Then the sections were blocked
with 10%goat serumat room temperature. Onehour later, the sections
were incubatedwith the primary antibody (1:30 dilution of rabbit anti-
CD31 polyclonal antibody) overnight at 4�C. After being washed with
immunology staining wash buffer for three times, the sections were
immediately incubated with the secondary antibody (1:200 dilution
of Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary anti-
body) for 2 hr at room temperature. Followed by three washes with
immunology staining wash buffer, the sections were stained with
1 mg/mL DAPI for 15 min. Finally, fluorescent images of the sections
were captured through a laser scanning confocal microscope.

In Vivo Biodistribution

The YOYO-3-labeled precise oligomer/DNA NPs were injected into
the tail veins of orthotopic glioma-bearing mice at dose of 50 mg of
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DNA/mouse. Then the in vivo fluorescent imaging was visualized at
different time points (0.5, 1, 2, and 3 hr) postinjection using the
In Vivo IVIS spectrum imaging system (PerkinElmer). At 3 hr post-
injection, the mice were sacrificed and all major organs including
brains were harvested; the ex vivo imaging of the organs was also car-
ried out.

CCK-8 Assay

The inhibitory effect of the precise oligomer/DNA NPs at different
N/P ratios was evaluated in U87 cells by CCK-8 assay. U87 cells
were seeded in 96-well plates at a density of 1 � 104 cells/well and al-
lowed to grow for 48 hr. After rinsing once with PBS, cells were treated
with different NPs containing 1 mg of DNAor the same amount of free
I6P7 peptide in 100 mL of medium. After 24, 48, and 72 hr, 10 mL of
CCK-8 reagent was added to each well and incubated for another
1 hr. The absorbance was measured in a microplate reader (absorp-
tion: 450 nm). Corresponding cells without any treatment were used
as controls, and the assays were performed in quadruplicate.

In Vivo Anti-glioma Efficacy and H&E Staining

The orthotopic glioma-bearing mice were established as described
above. Eleven days after surgery, the mice were intravenously admin-
istered with saline, I6P7scr-Stp-His/pING4 and I6P7-Stp-His/pING4
(N/P ratio of 36, containing 50 mg of DNA/dose/mouse) on every
other day for three times. For the positive control, mice were intragas-
trically administered with temozolomide at a dose of 50 mg/kg once a
day for five days. Two days after administration of all preparations,
two nude mice from each group were sacrificed, and all major organs
were harvested. Part of the fresh excised tissues was used to analyze
ING4 gene expression by western blot. These excised tissues were
lysed using radioimmunoprecipitation (RIPA) lysis buffer. Proteins
were separated by 12% SDS-PAGE gels and then transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% defatted milk in 0.5% Tris-buffered saline containing
Tween 20 (TBST) for 1 hr and then incubated with primary anti-
bodies ING4 and ACTIN overnight at 4�C. After washing with
TBST three times, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies for 30 min at room tem-
perature. Finally, protein expression levels were visualized by using
the enhanced chemiluminescence detection system. Another part
was fixed with 4% paraformaldehyde for 48 hr, embedded in paraffin
wax, and cut into slices of 4 mm thickness, followed by staining with
H&E. In addition, frozen sections (10 mm) were stained using TUNEL
apoptosis detection kit according to the manufacturer’s instruction.
Finally, all sections were observed under a fluorescent microscope.
Eight nude mice from each group were continually maintained to
monitor survival and measure the body weight every other day.

Preliminary Safety Assessment

Two days after healthy ICR mice were administered with all prepara-
tions, whole blood was collected from the orbit (n = 3). Part of the
whole blood was directly used for basic blood tests detected by auto-
mated hematology cell analyzer. Another part was centrifuged at
3,000 rpm for 5 min, and the serum was collected carefully and
then assayed by IL-6 and IL-10 ELISA kit according to the manufac-
turer’s instruction.

Statistical Analysis

Statistical analysis was performed with GraphPad InStat 3 software.
All quantitative results were carried out as mean ± SD. Statistical
comparisons were assessed using two-tailed Student’s t test. The sur-
vival data were analyzed with a log rank test by GraphPad Prism 5 and
presented as Kaplan-Meier plots.
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