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Abstract
Treatment of malignant glioma is a challenge facing cancer therapy. In addition to surgery, and
chemotherapy, radiotherapy (RT) is one of the most effective modalities of glioma treatment. However,
there are two crucial challenges for RT facing malignant glioma therapy: first, gliomas are known to be
resistant to radiation due to their intratumoral hypoxia; second, radiosensitizers may exhibit a lack of
target specificity, which may cause a lower concentration of radiosensitizers in tumors and toxic side
effects in normal tissues. Thus, novel angiopep-2-lipid-poly-(metronidazoles)n (ALP-(MIs)n) hypoxic
radiosensitizer-polyprodrug nanoparticles (NPs) were designed to enhance the radiosensitizing effect on
gliomas.
Methods: In this study, different degrees and biodegradabilites of hypoxic radiosensitizer MIs-based
polyprodrug (P-(MIs)n) were synthesized as a hydrophobic core. P-(MIs)n were mixed with
DSPE-PEG2000, angiopep-2-DSPE-PEG2000 and lecithin to self-assemble ALP-(MIs)n through a
single-step nanoprecipitation method. The ALP-(MIs)n encapsulate doxorubicin (DOX)
(ALP-(MIs)n/DOX) and provoke the release of DOX under hypoxic conditions for glioma chemo- and
radiotherapy. In vivo glioma targeting was tested in an orthotopic glioma using live animal
fluorescence/bioluminescence imaging. The effect on sensitization to RT of ALP-(MIs)n and the
combination of chemotherapy and RT of ALP-(MIs)n/DOX for glioma treatment were also investigated
both in vitro and in vivo.
Results: ALP-(MIs)n/DOX effectively accumulated in gliomas and could reach the hypoxic glioma site
after systemic in vivo administration. These ALP-(MIs)n showed a significant radiosensitizing effect on
gliomas and realized combination chemotherapy and RT for glioma treatment both in vitro and in vivo.
Conclusions: In summary, we constructed a lipid-poly-(hypoxic radiosensitized polyprodrug)
nanoparticles for enhancing the RT sensitivity of gliomas and achieving the combination of radiation and
chemotherapy for gliomas.
Key words: glioma, radiosensitized polyprodrug, chemo- and radiotherapy, hypoxia-responsive, blood-brain
barrier
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Introduction
Glioblastoma multiforme (GBM) represents the
most aggressive subgroup of malignant gliomas with
a median survival of 14.6 months with surgery,
radiation, and chemotherapy [1-4]. RT has long been
the standard adjuvant approach for glioblastoma, and
it remains the primary treatment modality for
unresectable glioblastoma. However, there are two
crucial challenges of RT for malignant glioma therapy:
first, gliomas are known to be more resistant to
radiation due to their intratumoral hypoxia [5-7];
second, the lack of target specificity of radiosensitizers
may cause lower radiosensitizer concentration in
tumor and toxic side effects to normal tissues.
Therefore, the development of new approaches to
improve RT is necessary for glioma treatment.
Hypoxic cells are common in tumors and are
resistant to RT [8, 9]. Hypoxia occurs in the core
region of the glioma and is recognized as a major
cause of failure of RT. Accumulating evidence shows
that hypoxia causes glioma tumoral cells to become
radioresistant, and the extent of hypoxia in malignant
gliomas before RT is closely correlated with overall
survival of patients [10, 11]. Adams and Cooke
introduced
the
concept
of
hypoxic
cell
radiosensitizers, which are chemicals that mimic
oxygen and thereby enhance radiation damage. These
researchers demonstrated that the efficiency of
radiosensitization is directly related to electron
affinity. Because these drugs mimic the effect of
oxygen, they should not increase the toxic effects of
RT to the well-oxygenated normal tissues
surrounding the tumor [12, 13]. Nitroimidazoles such
as 5-nitroimidazole, metronidazole or flagyl have
been proposed as hypoxic cell radiosensitizers since
they were found to mimic the effect of oxygen during
the radiochemical process [14, 15]. MIs as specific
radiosensitizers of hypoxic cells have been used in
controlled trials to evaluate the possible enhancement
of the radiation effect in patients with a malignant
glioma [16-19]. However, the results of these clinical
trials have generally been disappointing. The most
important factor underlying the failure of MIs to
achieve a useful advantage is undoubtedly the low
plasma concentrations that are achievable with the
permitted dose of this neurotoxic drug [20-22]. Hence,
the major challenge facing the use of nitroimidazoles
for hypoxic cell radiosensitization is development of a
method to elevate the drug concentration in the tumor
and to minimize their toxic side effects on normal
tissues.
Nanocarriers, which have been considered to be
emerging vehicles in the field of cancer therapy, can
overcome these obstacles [23, 24]. Nanocarriers were
designed to overcome hurdles such as the side effects
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of chemotherapy drugs, to increase the intratumor
concentration of the drug and to achieve glioma
targeting [25]. Various nanocarriers have been
designed to deliver drugs for cancer-targeted therapy,
such as liposomes [26-28], micelles [29] and
polymersomes [30, 31]. A hypoxic radiosensitizerprodrug liposome (MLP) was developed in our
previous study. MLP was shown to enhance the
glioma targeting ability, minimize toxic side effects to
normal tissues and increase the RT treatment effects
on gliomas. However, assistance lipid molecules were
used to comprise the MLP and resulted in a low MIs
loading content. Moreover, Shen Y et al. reported that
the use of nanoparticles to deliver therapeutic drugs
introduces excessive inert material and they may
increase toxicity in patients [32].
Recently, nitroimidazoles have been widely
utilized in the development of drug carriers due to
their hypoxia responsiveness and hydrophobic
properties [27, 33, 34]. Gu et al. developed
hypoxia-responsive
vesicles
formed
from
2-nitroimidazole-conjugated hyaluronic acid for
insulin
delivery
[33].
Further,
2-nitroimidazole-modified
CP
[34]
and
carboxymethyl dextran [35] as hypoxia-responsive
nanoparticles were created to deliver doxorubicin
(DOX) in order to enhance its drug release rate and
increase anticancer therapy effectiveness. Thus,
biodegradable
nitroimidazole
polymers
were
synthesized as the hydrophobic cores of nanocarriers
to increase nitroimidazoles loading in this study.
In this study, we designed a novel angiopep-2lipid-poly(MIs)n (ALP-(MIs)n), which demonstrated
radiosensitization effects on hypoxic tumor cells. The
ALP-(MIs)n comprises three distinct functional
components: 1) a hydrophobic P-(MIs)n core where
poorly water-soluble drugs can be encapsulated; 2)
nitro groups of the hydrophobic P-(MIs)n core that are
converted into hydrophilic amino groups under low
oxygen conditions to mimic the oxygen-increased
sensitization to RT and to provoke the release of
poorly water-soluble drugs; 3) a lipid monolayer at
the interface of the core and the shell to modify
angiopep-2 (a specific ligand for low-density
lipoprotein receptor-related protein-1 (LRP-1)
expressed in brain microvascular endothelial cells
(BMEC), which primarily form the BBB, and human
glioma cells [36-38]), thereby enhancing drug
deposition in gliomas. In this paper, DOX, a widely
used anticancer drug, was used as a model drug
combination with chemotherapy and radiation for
glioma
treatment.
These
features
make
ALP-(MIs)n/DOX an excellent carrier for the specific
delivery of DOX concurrent with chemotherapy and
RT. Most importantly, the effect of ALP-(MIs)n on
http://www.thno.org
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sensitization to RT and the combination of
chemotherapy and RT using ALP-(MIs)n/DOX for
glioma treatment were also investigated both in vitro
and in vivo.
After tail vein injection, ALP-(MIs)n/DOX
entered the glioma and were later internalized into
cells by endocytosis. And then, ALP-(MIs)n/DOX
destabilized and rapidly released DOX in the
cytoplasm, due to the conversion of hydrophobic
P-(MIs)n core to hydrophilic poly-aminoimidazoles
under the hypoxic environment via a single-electron
reduction catalyzed by intracellular nitroreductases
[39,
40].
Meanwhile,
MIs
increased
the
radiosensitivity of radio-resistant hypoxic cells,
enhancing the DNA damage induced by ionizing
radiation, because of their electron affinity. The
released DOX transported to the nucleus to kill the
tumor cells and, when combined with the P-(MIs)n
radiosensitization effects, enhanced the effect of
chemoradiotherapy against gliomas (Scheme 1).

Materials and methods
Materials
2-(dimethylamino)ethyl
methacrylate
(DMAEMA, Aldrich, 98%) was brought from Sigma
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Aldrich (Saint Louis, MO, USA) and was purified by
passing
through
an
alumina
column.
4,
4'-Azobis(4-cyanovaleric acid) (V-501, Aldrich, 99%)
was obtained from J&K Scientific Ltd (Beijing, China)
and was purified by precipitation in methyl alcohol
followed by drying under vacuum at 25 oC overnight.
The chain-transfer agent (4-cyanopentanoic acid
dithiobenzoate, CPADB) for RAFT polymerization
was also got from J&K Scientific Ltd (Beijing, China).
1,2-dioleoylsn-glycero-3-phosphoethanolamine-n[poly(ethyleneglycol)]2000 (DSPE-PEG2000) were
purchased from Shanghai Advance Vehicle
Technology Pharmaceutical L.T.D (Shanghai, China).
DSPE-PEG2000-PDP was purchased from Xian Ruixi
Biological Technology Co., Ltd (Xian, China).
Angiopep-2
(TFFYGGSRGKRNNFKTEEY)
was
purchased from GL Biochem Ltd (Shanghai, China).
DOX and D-Luciferin potassium salt were got from
Dalian Meilun Biotech Co., Ltd (Dalian, China).
Poly-lactic-co-glycolic
acid
(PLGA),
3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromi
de
(MTT),
4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI) were purchased from Sigma
Aldrich (Saint Louis, MO, USA). γ-H2AX, and Ki67
antibodies were obtained from CellSignaling
Technology,
Inc.
(Danvers,
MA,
USA).

Scheme 1. Schematic of the hypoxia-responsive and hypoxia RT sensitization ALP-(MIs)n drug-delivery system. (A) Mechanism of ALP-(MIs)n RT sensitization and
DOX release under hypoxic condition and formation of ALP-(MIs)n/DOX. Six electrons are transferred in the complete reduction of nitro (R-NO2) to amine (R-NH2)
under hypoxic conditions via a single-electron reduction catalyzed by a series of intracellular nitroreductases. (B) Formation of AL-PLGA/DOX as the control group.
(C) Schematic illustrating ALP-(MIs)n applications: i) hypoxic cell radiosensitizer; ii) hypoxia-responsive release of DOX into the cytoplasm, and then transports it to
the nucleus to kill tumor cells.
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Hypoxyprobe-1 Plus Kit was purchased from
hypoxyprobe, Inc. (Burlington, MA, USA). In Situ Cell
Death Detection Kit was purchased from Roche
(Mannheim, Germany).

angiopep-2-DSPE-PEG2000. The ALP-(MIs)n NPs size
were adjusted based on the total lipid (lecithin:
DSPE-PEG2000:
angiopep-2-DSPE-PEG2000)/P(MIs)n weight ratio of 1; 3.8.

Nanoparticle preparation and
characterization

Preparation of ALP-(MIs)n and ALP-(MIs)n/DOX

Preparation of MI-MA
Metronidazole (MI, 8.55 g, 50 mmol),
methacrylic acid (MA, 6.45 g, 75 mmol) and
4-dimethylaminopyridine (DMAP, 3.05 g, 25 mmol)
were dissolved in 100 mL of dry dichloromethane
(DCM) in an oven-dried 250 mL three-necked
round-bottom flask attached to a 100 mL
slow-addition apparatus. Next, the mixture was
stirred under argon flow for 1 h, then dicyclohexyl
carbodiimide (DCC, 20.6 g, 100 mmol, dissolved in 50
mL DCM) was added dropwise. The mixture was
stirred at 30 oC overnight. The mixture was cooled
down to room temperature and filtered. The filter
cake was washed with DCM (50.0 × 3 mL). The filtrate
was combined and washed with water (50.0 × 3 mL).
And then, the organic layer was dried with anhydrous
Na2SO4, and concentrated under reduced pressure.
The product was subjected to silica gel column
chromatography PE/EA (v/v = 1/1) to afford MI-MA
(10.9 g, yield 91.5%) as a white solid. 1H NMR (300
MHz, DMSO-d6, ppm): δ 8.04 (s, 1H), 5.95 (s, 1H), 5.68
(s, 1H), 4.70 (m, 2H), 4.49 (m, 2H), 2.50 (s, 3H), 1.82 (s,
3H). 13C NMR (DMSO-d6) : δ = 14.35, 18.28, 45.03,
63.09, 126.70 133.61, 135.78, 139.03, 151.91, 166.50
ppm. MS (m/z): 240.09 [M + H]+ calcd for C10H13N3O4
239.09, found 239.09.

Preparation of Poly-(MIs)n
The polymerization was carried out in a baked
Schlenk tube under argon protection. MI-MA (718 mg,
300 mmol), V-501 (4.8 mg, 30 mg), CPADB (16.8 mg,
60 mmol) and DMSO (1 mL) were added to tube. The
solution was deoxygenated by three standard freeze
pump thaw cycles. Then, the reaction tube was placed
into an oil bath preset at 70 oC. After maintained at
70 oC for predetermined time, the reaction tube was
placed into a cooling water bath. The resultant
polymer after participation in methanol appeared as
orangered oil, and dried under vacuum at 25 oC for
24 h.

Preparation of angiopep-2-DSPE-PEG2000
DSPE-PEG2000-PDP and agiopep-2 with the
same mol were added to the DMSO. The reaction
mixture was stirred gently at room temperature for 36
h. The released 2-pyridinethione was measured to
characterize the obtained product. The resolution was
lyophilized
to
obtain
the
final
product

DSPE-PEG2000 (0.44 mg), lecithin (0.13 mg),
angiopep-2-DSPE-PEG2000 (0.06 mg), P-(MIs)n (2.40
mg) were completely solubilized in DMSO. The
mixtures were added together and vortexed
vigorously for 2 min, and dripped into water solution
under vigorous stirring conditions for 20 min
followed by gently stirring for 2 h at room
temperature to form ALP-(MIs)n.
2.0 mg of DOX.HCl was dissolved in 1 mL
DMSO, and 0.05 mL of triethylamine was then added
into the solution to remove hydrochloride [41].
DSPE-PEG2000 (0.44 mg), lecithin (0.13 mg),
angiopep-2-DSPE-PEG2000 (0.06 mg), P-(MIs)n (2.40
mg) and DOX (0.53 mg) were completely solubilized
in DMSO. DOX with 15% weight of ALP-(MIs)n/DOX
were added to prepare ALP-(MIs)n/DOX. The
mixtures were added together and vortexed
vigorously for 2 min, and dripped into water solution
under vigorous stirring conditions for 20 min
followed by gently stirring for 2 h at room
temperature to form ALP-(MIs)n/DOX.
And then, ALP-(MIs)n and ALP-(MIs)n/DOX
were purified by being dialyzed against PBS (pH 7.4)
for 12 h in order to remove the free DOX and DMSO.
The AL-PLGA and AL-PLGA/DOX were prepared
with the similar described above.

DOX loading and characterization of
ALP-(MIs)n and ALP-(MIs)n/DOX
The experimental method was performed as
previously described [27]. The DOX were measured
using a UV-vis spectrophotometer (Bio Tek Synergy2)
at 480 nm. The loading efficiency and content of DOX
were calculated as:
Loading efficiency (%) = (weight of loaded
drug)/(weight of drug in feed) × 100%;
Loading content (%) = (weight of loaded drug)/(total
weight of NPs) × 100%.
The loading efficiency and content of DOX into
the ALP-(MIs)n/DOX were found to be 96.0% and
14.4 wt%, respectively.
The condition of hypoxia was generated by the
direct depletion of oxygen in sealed environment
using the glucose (10 Mm), glucose oxidase (2 units
mL-1) and catalase (120 units mL-1) dual enzyme
system as previously described [42]. NADPH (100
mM) was added as electron donor.
Hydrodynamic diameter, poly-dispersity (PDI),
http://www.thno.org
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and zeta potential of the ALP-(MIs)n, AL-PLGA,
ALP-(MIs)n/DOX, and AL-PLGA/DOX were
determined by dynamic light scattering (DLS) using a
ZEN3600 Zetasizer NanoZS (Malvern Instruments
Ltd., Massachusetts, U.S.A.). Hydrodynamic diameter
and PDI of the ALP-(MIs)n, and AL-PLGA, which
were incubated in hypoxic conditions for 15 min, were
determined by DLS.
For transmission electron microscopy (TEM)
characterization, ALP-(MIs)n, AL-PLGA under
normoxic and hypoxic conditions (for 15 min) were
dropped onto a TEM copper grid and then stained
with 2% (w: v) phosphotungstic acid for 1 min. After
air-drying, the samples were observed by TEM.

Cell lines
C6-GFP-Luci cells were constructed by lentivirus
transduction and could stably express firely luciferase
protein. Mice glioma cell line C6 and C6-GFP-Luci
cells were grown in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine
serum (Hyclone). Cell cultures under normoxic
conditions (pO2: 21%) were maintained in a
humidified incubator at 37 ℃ in 5% CO2 and 95% air.
Hypoxic conditions (pO2: 2%) were produced by
placing cells in a hypoxia incubator (Thermo Scientific
HERAcell 150i) in a mixture of 2% O2, 5%CO2 and 93%
N2, as previously described [27].

Cellular DOX uptake and intracellular release
of DOX
C6 cells were seeded in 12-well plates at the
density of 1 × 105 cells/well at 37 °C and in 5% CO2.
After cultured for 24 h, C6 cells were pretreated with
200 µM of free angiopep-2 before treated with
ALP-(MIs)n/DOX. The cells were harvested, and cell
uptake determined from DOX fluorescence per cell
using a BD FACSCalibur flow cytometer (Bedford,
MA) and FlowJo software for analysis. C6 cells were
incubated
with
the
LP-(MIs)n/DOX
and
ALP-(MIs)n/DOX for 4 h. The DOX fluorescence
intensity was analyzed by OLYMPUS TH4-200
fluorescence microscopy and flow cytometry. C6 cells
were seeded in 12-well plates at the density of 1 × 105
cells/well and incubated with either free DOX or the
ALP-(MIs)n/DOX and AL-PLGA/DOX under 2%
oxygen concentrations (normoxia, 2%) conditions for
2 h. The cellular release of DOX from ALP(MIs)n/DOX and AL-PLGA/DOX was tested by
OLYMPUS TH4-200 fluorescence microscopy and
flow cytometry.

Colony formation assay
The experimental method was performed as
previously described [43]. In order to examine the
effects of ALP-(MIs)n and AL-PLGA on the
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radiosensitivity of C6 cells, C6 cells were seeded in
6-well plates in triplicate at densities of 600, 800, 1000,
2000, and 4000 per well and were correspondingly
exposed to 0, 2, 4, 6 and 8 Gy IR. 24 h later, cells were
treated with NPs at the dose of 0.18 mg mL-1 MIs or
PLGA for 5 h. After 5 h, cells were irradiated with 0, 2,
4, 6 and 8 Gy, respectively. For 1 h later, fresh
complete DMEM were added after removing the
existed culture medium and then incubated for
another 14 days. Cell clones were fixed with 4%
paraformaldehyde and stained with crystal violet
after 14 days. All colonies with exceeding 50 cells
were calculated. The plating efficiency was calculated
as dividing the number of colonies. The
radiosensitivity was evaluated by the sensitization
enhancement ratio (SER). As our previously reported,
the radiosensitivity enhancement ratio was calculated
by several parameters; For instance, the surviving
fraction at 2 Gy (SF2), radiation dose (D), mean lethal
dose (D0), quasi-threshold dose (Dq). Above all, the
sensitization enhancement ratio (SER) was calculated
as dividing the D0 of control group by the D0 of
experimental group [43].

Cell immunofluorescence for H2AX
The experimental method was performed as
previously described [44]. C6 cells were seeded at 10
000 cells per well in a 12-well plate for 24 h before
treatment. Cells were treated by incubation with
AL-PLGA, ALP-(MIs)25, and ALP-(MIs)48 4 h under
hypoxic condition (pO2: 2%) and ALP-(MIs)25 under
normoxic condition, followed by irradiation with 2
Gy. Cells were stained with an anti-γ-H2AX antibody
(red) and DAPI (blue) 24 h after RT. Cells were
analyzed using ﬂuorescence microscopy and
photographed (Olympus, Japan).

Animals
Male ICR mice with 18-20 g weight were
purchased from Beijing HFK Bioscience Co., Ltd.
(Beijing, China). All animals received care according
to the guidelines in the Guide for the Care and Use of
Laboratory Animals. All procedures were approved
by Xuzhou Medical University of China Animal Care
and Use Committee. Glioma-bearing ICR mice were
prepared by intracranial injection (striatum, 1.8 mm
right lateral to the bregma and 3 mm of depth) of 1 ×
105 C6-GFP-Luci cells suspended in 5 µL of serum-free
media into ICR mice, as previously described [45].

In vivo distribution of ALP-(MIs)n/DOX and
AL-PLGA/DOX
The experimental method was performed as
previously described [46]. ALP-(MIs)n/DOX and
AL-PLGA/DOX in glioma model nude mice: glioma
http://www.thno.org
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model nude mice were first injected with freshly
prepared luciferin substrate and imaged with the
Xenogen IVIS Spectrum optical imaging device to
prove to have similar volume tumors in the brain, at
the 7 th day after implantation. After that, glioma
model ICR mice were injected intravenously with
ALP-(MIs)n/DOX and AL-PLGA/DOX through the
tail vein at the dose of 3 mg kg-1 DOX and 14.1 mg kg-1
P-(MIs)n (n = 25, 48) per animal. Then at 24 h after
administration, the mice were sacrificed by cervical
dislocation under anesthesia with isoflurane. And
then, the glioma model brains as well as other
principal organs (heart, liver, spleen, lung and
kidneys) were excised carefully and visualized under
the in vivo real-time fluorescence imaging system. The
concentrations of DOX from brains were measured by
a microplate reader (Bio Tek Synergy H4 Hybrid
Reader) with excitation at 480 nm and emission at 570
nm.

Examination of tissue hypoxia pimonidazole
The experimental method was performed as
previously
described
[27].
Pimonidazole
hydrochloride (HypoxyprobeTM-1) as a hypoxic
staining probe was used to stain the hypoxic tissue.
The slices were treated according to the
manufacturer's
instruction
and
sections
immunofluorescence was evaluated by fluorescence
microscopy (Olympus, Japan).

Blood pharmacokinetics
Either DOX.HCl (at 3 mg kg-1) or
ALP-(MIs)n/DOX (at DOX concentration of 3 mg
kg-1) was intravenously injected into ICR mice
through the tail vein to determine pharmacokinetics
[27]. A blood sample (40 μL) was collected from the
tail vein at different time points post-injection and
mixed with K3-EDTA (0.5 μL, an anticoagulation
agent). Fluorescence was measured using a
microplate reader (Bio Tek Synergy H4 Hybrid
Reader) with excitation at 480 nm and emission at 570
nm. The dataset was analysed using PKSlover
software.

In vivo antiglioma efficiency
The experimental method was performed as
previously described [46]. Glioma C6 cells were
transformed with luciferase gene (C6-GFP-Luci). The
real-time fluorescence imaging analysis was used to
examine the therapeutic efficiency of different types
of formulation from 10 to 27 days after tumor
implantation. After 10 days of xenograft glioma, mice
were randomly divided into 8 groups (n = 10) to test
the antiglioma effect, which mice treated with PBS,
PBS + RT, LP-(MIs)25/DOX + RT, LP-(MIs)48/DOX +
RT,
ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX,

5093
ALP-(MIs)25/DOX + RT, and ALP-(MIs)48/DOX +
RT. To further evaluate the radiosensitivity effect,
mice were randomly divided into 9 groups (n = 10),
which received PBS, PBS+RT, AL-PLGA + RT, free
DOX + RT, ALP-(MIs)25 + RT, ALP-(MIs)48 + RT,
AL-PLGA/DOX + RT, ALP-(MIs)25/DOX + RT and
ALP-(MIs)48/DOX + RT, after 10 days of xenograft
glioma. At days 12, 14 and 16 after implantation, DOX
(3 mg kg-1) and P-(MIs)25, P-(MIs)48, PLGA (14.1 mg
kg-1) per dose were injected via the tail vein and
radiation therapy with 2 Gy RT per dose . Radiation
treatment was performed by using X-ray (0.3 Gy
minute-1 and 6MV) with whole brain RT. The mice
were injected with 15 mg kg-1 of freshly prepared
luciferin substrate and imaged using the IVIS kinetic
imaging system (Caliper Life Sciences, Hopkinton,
MA, USA). Tumor growth was monitored by live
bioluminescence imaging with the Xenogen IVIS
Spectrum optical imaging device (Caliper Life
Sciences) at different time points. The relative tumor
inhibition rate was calculated using the following
formulas: The relative tumor inhibition rate = the
tumor bioluminescence intensity of 27 days/the
tumor bioluminescence intensity of 10 days.
Mice were euthanized when they became
moribund and the date recorded. Kaplan-Meier
survival curves were plotted for each group. In the
whole study, mice were weighted regularly.

Toxicity evaluation
C6-bearing ICR mice received injections of PBS,
PBS + RT, free DOX + RT, AL-PLGA + RT,
ALP-(MIs)25
+
RT,
ALP-(MIs)48
+
RT,
AL-PLGA/DOX + RT, ALP-(MIs)25/DOX + RT,
ALP-(MIs)48/DOX + RT via the tail vein containing
DOX (3 mg kg-1) and P-(MIs)n, PLGA (14.1 mg kg-1)
per dose with 2 Gy RT per dose on days 12, 14 and 16.
One day after the last treatment, two mice of per
group were sacrificed, and sections of the main organs
(brain, heart, liver, spleen, lung, kidneys) were
stained with hematoxylin and eosin.

In vivo biocompatibility
To evaluate the biocompatibility in vivo toxicity
of the ALP-(MIs)n/DOX. PBS, free DOX,
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX were
administered intravenously to healthy tumor-free ICR
mice at a single dose of PBS, 3 mg kg-1 of free DOX,
14.1 mg kg-1 of P-(MIs)25 and P-(MIs)48 (n = 3). The
hemanalysis and biochemical analyses were
performed on blood withdrawn from the mice on 24 h
post drug treatment. The blood samples were
centrifuged at 5000 rpm for 10 min to separate the
plasma. The plasma was then submitted to the
Nanjing Biomedical Research Institute Affiliated to
http://www.thno.org
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Nanjing University for analysis of ALT, AST, TBIL,
BUN and CREA levels, which studied the samples by
7020 Japan Hitachi fully automatic biochemical
analyzer.

Immunohistology
The brain sections containing the tumor were
incubated with 0.3% triton X-100 followed by 10%
goat serum and were then incubated overnight with
TdT-dependent dUTP-biotin nick end labeling
(TUNEL) and Ki67 primary antibody at 4 ℃. Cell
nuclei were stained with DAPI.

Statistical analyses
Statistical analyses were performed using SPSS
version 13.0 and analyzed using one-way ANOVA.
The experimental results were given in the format of
mean ± SD in the figures (*p< 0.05, **p< 0.01, ***p<
0.001).

Results and discussion
Synthesis and characterization of P-(MIs)n
In this study, P-(MIs)n were prepared according
to the steps shown in Figure S1A. First, MI-MA was
synthesized. The formation of MI-MA was confirmed
by 1H NMR and 13C NMR spectroscopy, which
revealed all of the characteristic peaks and integration
values of MI-MA, as seen in Figure S2A-B. The
resultant MI-MA was further examined with
high-resolution
mass
spectrometry
for
the
determination of its mass and molecular formula. The
results were consistent with the expected formula of
MI-MA (Figure S2C). These data verify that MI-MA
had been synthesized. Second, P-(MIs)n was prepared
by RAFT polymerization. P-(MIs)25 and P-(MIs)48
were obtained. The 1H NMR spectra fully confirmed
the chemical structures, and the polymerization
degree (DP) of P-(MIs)n was calculated using 1H
NMR end group analysis (Figure S3A-B). The GPC
results showed that P-(MIs)25 and P-(MIs)48 had a
narrow distribution of molecular weights with PDIs
of 1.12 and 1.15 (Table S1). DSPE-PEG2000-PDP was
chemically
modified
with
angiopep-2
via
thiol-disulfide exchange (Figure S1B) [47]. The
absorbance peak at 343 nm, assigned to the released
2-pyridinethione, indicated that angiopep-2 had
conjugated to DSPE-PEG2000-PDP to form
angiopep-2-DSPE-PEG2000. There was no change in
the absorbance peak at 343 nm after 30 h, indicating
that the thiol exchange reaction was approximately
completed (Figure S4) [48].

Fabrication and characterization of
ALP-(MIs)n/DOX
After their successful synthesis, P-(MIs)25 and
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P-(MIs)48,
DSPE-PEG2000,
angiopep-2-DSPEPEG2000, DOX and lecithin were allowed to
self-assemble into ALP-(MIs)n/DOX via a single-step
nanoprecipitation [49, 50]. For comparison, we used a
control PLGA as a hydrophobic core to form
AL-PLGA/DOX without hypoxia-responsive or
radiosensitization effects on the hypoxic tumor cells.
To achieve the optimal ALP-(MIs)n pharmacokinetic
properties in vivo, the nanoparticle size (diameter, nm)
and PDI were adjusted. The nanosize and PDI could
be determined by adjusting the molar ratio of lecithin,
DSPE-PEG2000, angiopep-DSPE-PEG2000, and the
weight ratio of total lipids (lecithin + DSPE-PEG2000
+ angiopep-DSPE-PEG2000) and the polymer mass.
As shown in Table S2-S10, experiments have shown
that the molar ratio of lecithin, DSPE-PEG2000 and
angiopep-2-DSPE-PEG2000 (7: 2.8: 0.2) and the weight
ratio of total lipids (lecithin + DSPE-PEG2000 +
angiopep-2-DSPE-PEG2000) and polymer mass (1:
3.8), which we choose ultimately achieved the
smallest size and a narrow PDI value. The average
diameters of ALP-(MIs)25, ALP-(MIs)48 and
AL-PLGA were approximately 88.81 ± 0.98 nm, 76.76
± 2.31 nm, and 80.38 ± 1.07 nm, and the average PDI of
ALP-(MIs)25, ALP-(MIs)48 and AL-PLGA were 0.23 ±
0.02, 0.19 ± 0.02, and 0.21 ± 0.02 nm, respectively
(Figure
1A).
The
average
diameters
of
ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX
and
AL-PLGA/DOX were similar to those of
ALP-(MIs)25, ALP-(MIs)48 and AL-PLGA at 79.52 ±
0.70 nm, 61.66 ± 1.28 nm, and 76.71 ± 2.83 nm, and the
average PDI of ALP-(MIs)25, ALP-(MIs)48 and
AL-PLGA were 0.23 ± 0.02, 0.21 ± 0.02, and 0.26 ± 0.04
nm, respectively (Figure 1B). The zeta potential of
these NPs was spread in the range of -17 mV and -30
mV. The DOX loading content of ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX
and
AL-PLGA/DOX
was
approximately 14.4%, and the MI loading content of
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX was
approximately 67.2%. Cytotoxicity was evaluated in
C6 cells using an MTT assay. As shown in Figure S5,
the viability of the cells was greater than 85% with
ALP-(MIs)25,
ALP-(MIs)48
and
AL-PLGA
concentrations up to 800 μg mL-1, demonstrating the
fairly low cytotoxicity of these NPs. The stability of
ALP-(MIs)25,
ALP-(MIs)48,
AL-PLGA,
ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX
and
AL-PLGA/DOX NPs were investigated in DMEM
containing 10% FBS. As shown in Figure 1C, there
were no significant increases in the size of
ALP-(MIs)25,
ALP-(MIs)48,
AL-PLGA,
ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX
and
AL-PLGA/DOX NPs over six days. This result
suggests that ALP-(MIs)25, ALP-(MIs)48, AL-PLGA,
ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX
and
http://www.thno.org
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AL-PLGA/DOX had a good colloidal stability in 10%
FBS. These results are important because the negative
surface charge should enhance colloidal stability and
prolong the NPs residence time in the body by
reducing protein adsorption and aggregation.
To test the hypoxic sensitivity of P-(MIs)n, the
changes in size of ALP-(MIs)25, ALP-(MIs)48 and
AL-PLGA were measured under normoxia (21%
oxygen concentration) and hypoxia (2% oxygen
concentration) using DLS. As shown in Figure 1D-F,
ALP-(MIs)25 and ALP-(MIs)48 exhibited considerable
swelling. The size of AL-PLGA did not change
significantly under hypoxic conditions in comparison
to that of AL-PLGA under normoxic conditions. To
further confirm the size change of ALP-(MIs)25 and
ALP-(MIs)48,
ALP-(MIs)25/DOX
and
ALP-(MIs)48/DOX were incubated under hypoxic
and normoxic conditions and were photographed. As
shown in Figure 1G, the size of ALP-(MIs)25/DOX
and ALP-(MIs)48/DOX increased and precipitated
under hypoxic conditions. There was no red
precipitation in the AL-PLGA/DOX control group
under hypoxic conditions, and the size of
AL-PLGA/DOX did not change significantly under
hypoxic conditions in comparison to that of
AL-PLGA/DOX under normoxic conditions. To
further confirm the change in ALP-(MIs)n
morphology, we selected ALP-(MIs)25 as treatment
group and AL-PLGA as a control for characterization
under normoxic and hypoxic conditions using TEM.
The TEM images suggested that the AL-PLGA and
ALP-(MIs)25 were spherical NPs with a unimodal size
distribution under normoxic conditions (Figure 1H).
In sharp contrast, the conformation of ALP-(MIs)25
was disassembled, and the conformation of AL-PLGA
remained unchanged under hypoxic conditions.
These results support our prediction that ALP-(MIs)n
would experience destabilization and conformational
change due to the conversion of the MI nitro group to
an amino group under hypoxic conditions.
The nitro group of MI is converted to an amino
group under low-oxygen conditions, as previously
reported [27]. To confirm the conversion of NO2 to
NH2, there was a characteristic peak of MI at 325 nm
under normoxic conditions. Meanwhile, under
hypoxic conditions, the characteristic peak of MI at
325 nm completely disappeared, indicating that the
nitro group of MI is converted to an amino group
under low-oxygen conditions. To further confirm the
conversion of the MI nitro group to an amino group in
ALP-(MIs)n, the OD value was measured. There is a
characteristic peak of P-(MIs)n at 325 nm under
normoxic condition. As shown in Figure 1I, the
characteristic peak of ALP-(MIs)n at 325 nm was seen
to completely disappear under hypoxic conditions.
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The result suggests that the nitro groups of
ALP-(MIs)n were converted to amino groups under
hypoxic conditions.
We predicated that ALP-(MIs)n have great
potential for hypoxia-responsive controlled drug
release. Thus, the release mechanism of DOX from
ALP-(MIs)25/DOX was investigated under both
hypoxic and normoxic conditions at pH 7.4 PBS and
37 ℃. Under hypoxic conditions, ALP-(MIs)25/DOX
and ALP-(MIs)48/DOX released DOX within 4 h
(Figure 1J, blue and purple squares), suggesting that
ALP-(MIs)n/DOX selectively dissociates and releases
DOX under hypoxia. However, no significant DOX
release was found from ALP-PLGA/DOX under
hypoxic or normoxic conditions (Figure 1J, yellow
and green squares). These results support our
prediction that ALP-(MIs)n would experience
destabilization and conformational change due to the
conversion of the MI nitro group to an amino group
under hypoxic conditions.
For glioma therapy, selective uptake by glioma
cells is an important factor that affects the ultimate
therapeutic efficacy. Angiopep-2, a specific ligand for
LRP-1 that is expressed in the BBB and human glioma
cells, was modified on the surface of LP-(MIs)25 to
enhance the glioma distribution of NPs. Beliveau et al.
reported that hypoxia was associated with a
statistically significant increase in LRP1 protein
expression in glioma cells [51].
Angiopep-2-conjugated DSPE-PEG2000 was
used to decorate LP-(MIs)25 to enhance their
glioma-targeting ability (denoted as ALP-(MIs)25). To
evaluate the glioma-targeting ability of ALP-(MIs)25,
C6 cells were incubated with LP-(MIs)25 and
ALP-(MIs)25/DOX under normoxic conditions. As
shown in Figure 2A-B, DOX fluorescence intensity
clearly increased in the ALP-(MIs)25/DOX-treated
group under normoxic conditions. To verify the above
results,
C6
cells
were
cultured
with
ALP-(MIs)25/DOX and ALP-(MIs)25/DOX + free
angiopep-2 under hypoxic and normoxic conditions
for 4 h before being collected and analyzed using flow
cytometry. As shown in Figure S6, DOX fluorescence
intensity
clearly
increased
in
the
ALP-(MIs)25/DOX-treated group under hypoxic
conditions and this elevation could be rescued by
pretreating with free angiopep-2. The aforementioned
results reveal that the angiopep-2-modified
LP-(MIs)25/DOX enhanced cellular uptake by the
receptor-mediated transcytosis (RMT) strategy.
Additionally,
compared
with
the
ALP-(MIs)25/DOX-treated group under normoxic
conditions, DOX fluorescence intensity was elevated
in the ALP-(MIs)25/DOX-treated group under
hypoxic conditions. After 4 h incubation, more DOX
http://www.thno.org
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can enter into nuclei under hypoxic conditions
(Figure S7). This result is in accordance with the
literature reported that the hypoxic environment
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could enhance the uptake of ALP-(MIs)25/DOX by
upregulation of LRP1 [51].

Figure 1. (A) Size distribution of AL-PLGA, ALP-(MIs)25, and ALP-(MIs)48 under normoxic conditions. (B) Size distribution of AL-PLGA/DOX, ALP-(MIs)25/DOX,
and ALP-(MIs)48/DOX under normoxic conditions. (C) The stability of ALP-(MIs)25, ALP-(MIs)48, AL-PLGA, ALP-(MIs)25/DOX, ALP-(MIs)48/DOX and
AL-PLGA/DOX NPs were investigated in DMEM containing 10% FBS over six days. (D-F) Size distribution of AL-PLGA, ALP-(MIs)25, and ALP-(MIs)48 under
normoxic and hypoxic conditions. (G) The appearance change of AL-PLGA/DOX, ALP-(MIs)25/DOX, and ALP-(MIs)48/DOX under hypoxic conditions. (H) TEM
images of ALP-(MIs)25 and AL-PLGA under normoxic and under hypoxic conditions. (I) Absorption spectra of ALP-(MIs)25, ALP-(MIs)48 and AL-PLGA when
incubated under hypoxic and normoxic conditions for 2 h. (J) Hypoxic-responsive drug release from AL-PLGA/DOX, ALP-(MIs)25/DOX, and ALP-(MIs)48/DOX.
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Figure 2. (A) Intracellular release of DOX from LP-(MIs)25/DOX and ALP-(MIs)25/DOX. Samples were incubated with C6 cells under normoxic and hypoxic
conditions for 4 h. Scale bar: 50 μm. (B) Cellular uptake of LP-(MIs)25/DOX and ALP-(MIs)25/DOX was analyzed using flow cytometry after 4 h incubation under
normoxic and hypoxic conditions. (C) Intracellular release of DOX from AL-PLGA/DOX and ALP-(MIs)25/DOX. Samples were incubated with C6 cells under
normoxic and hypoxic conditions for 4 h. Scale bar, 50 μm. (D) Cellular uptake of AL-PLGA/DOX and ALP-(MIs)25/DOX was analyzed using flow cytometry after
4 h incubation under normoxic and hypoxic conditions.

We
have
already
demonstrated
that
ALP-(MIs)25 is completely destabilized under
hypoxia. The P-(MIs)n core was then expected to
provoke the rapid release of DOX when present in a
hypoxic environment. DOX fluorescence was
examined in C6 cells incubated under normoxia (21%
oxygen concentration) and hypoxia (2% oxygen
concentration) for 4 h. As shown in Figure 2C-D,
ALP-(MIs)25 displayed higher DOX fluorescence and
most of DOX accumulated into nuclear under hypoxic
conditions than under normoxic conditions. As a
control, the DOX fluorescence of AL-PLGA/DOX was
similar under normoxic and hypoxic conditions.
These results demonstrate that the conformation of
ALP-(MIs)25 was destabilized under hypoxia due to
conversion of the hydrophobic P-(MIs)25 core to
hydrophilic poly-aminoimidazoles via a series of
selective bioreductions, triggering the release of DOX.

Radiosensitization by ALP-(MIs)n in vitro
Hypoxia can induce conversion of the
hydrophobic
P-(MIs)n
core
to
hydrophilic
poly-aminoimidazoles through the transfer of six

electrons. Due to their electron affinity, MIs increase
the radiosensitivity of radio-resistant hypoxic cells,
enhancing the DNA damage induced by ionizing
radiation. DNA damage arising from ionizing
radiation triggers cell apoptosis if DNA repair
proteins fail to repair the damage [52]. To test whether
ALP-(MIs)n could increase the RT sensitivity of
hypoxic tumor cells, a colony-forming assay and
immunofluorescence of phospho-Histone H2AX were
conducted as the standard method to evaluate
RT-induced apoptosis. As observed from cell survival
in response to ionizing radiation depicted in Figure
3A-B, ALP-(MIs)n, including ALP-(MIs)25, and
ALP-(MIs)48, were all observed to have an RT
sensitization function in C6 cells under hypoxic
conditions (2% oxygen concentration), as indicated by
their colony formation capacity and the downward
shift of the survival curves following the
administration of both ALP-(MIs)n and X-rays.
Meanwhile,
AL-PLGA
under
hypoxia
and
ALP-(MIs)25 under normoxia (21% oxygen
concentration) as the control groups showed no
obvious radiosensitizing effect on C6 cells; the SER of
http://www.thno.org
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ALP-(MIs)25 and ALP-(MIs)48 in C6 cells were 1.34
and 1.46. The degree of DNA damage caused by RT
can be assessed using γ-H2AX immunohistochemistry staining, a biomaker for DSBs [53-55].
Compared with AL-PLGA under hypoxic conditions
and ALP-(MIs)25 under normoxic conditions, the
administration of ALP-(MIs)25 and ALP-(MIs)48 in
conjunction with RT significantly increased γ-H2AX
under hypoxic conditions because ALP-(MIs)n acts as
a hypoxic radiosensitizer to enhance the DNA
damage caused by radiation (Figure 3C-D). These
results demonstrate that ALP-(MIs)n can effectively
enhance the therapeutic X-ray effects and are as
potential radiosensitizers. Given that ALP-(MIs)25
and ALP-(MIs)48 all had a good effect on RT
sensitization and a nanosize of less than 80 nm, we
chose the two drugs with different degrees of
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polymerization to continue the subsequent in vivo
experiments due to their beneficial effects for
targeting gliomas.

Tumor therapy monitoring in mice
For glioma-therapy monitoring, orthotopic
mouse models of C6-GFP-Luci were developed in ICR
mice. Despite the structural integrity of the BBB partly
broken in glioma, the BBB surrounding the
proliferating cells at the tumor’s edge remains intact
[56, 57]. ALP-(MIs)n/DOX was anticipated to be able
to enter the glioma through active targeting due to the
angiopep-2 modification of ALP-(MIs)n/DOX. To
evaluate the glioma targeting properties of ALP(MIs)n/DOX, we applied an in vivo fluorescence
imaging technique to examine the distribution of
ALP-(MIs)n/DOX after intravenous injection into an

Figure 3. Radiosensitization by ALP-(MIs)n in vitro. (A) Representative images of clonogenic survival assays of C6 cells cultured with AL-PLGA, ALP-(MIs)25,
and ALP-(MIs)48 under hypoxic condition (pO2: 2%) and ALP-(MIs)25 under normoxic condition following treatment with 0, 2, 4, 6 and 8 Gy. (B) Clonogenic
survival curves of C6 cells cultured with AL-PLGA, ALP-(MIs)25, and ALP-(MIs)48 under hypoxic condition (pO2: 2%) and ALP-(MIs)25 under normoxic condition
following treatment with 0, 2, 4, 6 and 8 Gy. (C) Immunocytochemical analysis of γ-H2AX expressed by C6 cells. Cells were treated by incubation with AL-PLGA,
ALP-(MIs)25, and ALP-(MIs)48 for 4 h under hypoxic condition (pO2: 2%) and ALP-(MIs)25 under normoxic condition followed by irradiation with 2 Gy using a dose
rate of 0.3 Gy min-1. Cells were stained with an anti-γ-H2AX antibody (red) and DAPI (blue) 24 h after RT. Scale bar, 100 μm. (D) Quantitation of percentage of
γ-H2AX positive cells. (Mean ± SD, n = 5, **p < 0.01).
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Figure 4. DOX glioma distribution 24 h after intravenous injection of mice with either free DOX, LP-(MIs)25/DOX, LP-(MIs)48/DOX, ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX, and AL-PLGA/DOX. (A) Bioluminescence of luciferase-expressing tumor cells 10 min after injection with luciferin solution and fluorescence
images of excised mouse brains. (B) Quantitative analysis of DOX fluorescence intensity in excised mouse brains. (Mean ± SD, n = 4, *p < 0.05) (C) Mean DOX
concentration in excised mouse brains. (Mean ± SD, n = 4, *p < 0.05)

orthotopic implantation model of C6-GFP-Luci
glioma cells in ICR mice. As shown in Figure 4A, at 7
days after orthotopic implantation of C6-GFP-Luci
glioma cells in ICR mice, the luciferase signal was
detected, confirming the presence of a brain glioma
with approximately the same volume. Free DOX, LP(MIs)25/DOX, LP-(MIs)48/DOX, AL-PLGA/DOX,
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX were then
injected via tail vein at 24 h post injection, gliomas
were carefully excised and visualized using an in vivo
real-time fluorescence imaging system. As shown in
Figure 4A-B, compared with free DOX and
LP-(MIs)n/DOX, the strongest DOX fluorescence was
observed in the gliomas of mice that had received
ALP-(MIs)n/DOX, indicating angiopep-2 modified
ALP-(MIs)n/DOX improvement the BBB crossing and
targeting glioma abilities due to the angiopep-2 effect.
We also found more DOX fluorescence in the
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX groups
than in the AL-PLGA/DOX group 24 h after injection
due to the conformation of ALP-(MIs)25 and
ALP-(MIs)48 destabilizing in the hypoxic tumor
microenvironment, triggering intracellular DOX
release. Approximately no DOX fluorescence was
observed in animals that received an injection of free
DOX into their bloodstream because it was rapidly
filtered and excreted via the kidneys into the urine.
Therefore, free DOX showed less tumor accumulation

than DOX encapsulated in the NPs. To confirm the
tumor distribution of free DOX, LP-(MIs)25/DOX,
LP-(MIs)48/DOX,
ALP-(MIs)25/DOX,
ALP-(MIs)48/DOX, and AL-PLGA/DOX, the DOX
content in excised mouse brains was measured
(Figure 4C). The results from the concentration of
DOX analysis were consistent with the results of DOX
fluorescence intensity (Figure 4B). This similar result
indicates that the DOX fluorescence observed in the
imaging experiments is of released DOX, as DOX
fluorescence is quenched in the nanoparticle due to
intermolecular π-π stacking and hydrophobic
interactions [58, 59]. Once released from the NPs, the
fluorescence of DOX is restored and concentration
dependent.
In above in vitro experiments, ALP(MIs)25/DOX was demonstrated to sensitize glioma
cells to RT under hypoxic conditions. Thus, it is
essential for ALP-(MIs)25/DOX reaching hypoxic
regions in glioma to enhance the therapeutic effect of
RT. The ALP-(MIs)25/DOX distribution in the C6
orthotopic transplantation model was assessed using
an immunofluorescence assay. Hypoxic tissues were
stained with a FITC-labeled monoclonal antibody and
were found to contain a large amount of imbedded
ALP-(MIs)25/DOX (Figure S8). ALP-(MIs)25/DOX
was thus able to effectively reach the hypoxic tumor
site after systemic in vivo administration, validating
http://www.thno.org
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the feasibility of the in vivo anti-glioma efficacy test by
combining RT with ALP-(MIs)25/DOX.
We also evaluated the pharmacokinetics and
biodistribution of free DOX, ALP-(MIs)25/DOX, and
ALP-(MIs)48/DOX after intravenous injection into
C6-GFP-Luci-bearing ICR mice by quantitatively
detecting the amounts of DOX in the plasma and
different tissues, including tissues of the heart, liver,
spleen, lung, kidneys and brain. The major organs
were harvested at 4 h after injection, and the
biodistribution is shown in Figure 5A-B. Free DOX,
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX showed
high accumulation in the liver and kidneys. However,
liver and kidney accumulations of free DOX were
more than 2.64-fold and 3.18-fold higher than those of
ALP-(MIs)25/DOX. The DOX distribution of
ALP-(MIs)25/DOX was approximately the same as
that of ALP-(MIs)48/DOX. As shown in Figure 5C,
free DOX was rapidly cleared from the blood, with a
half-life (t1/2) of approximately 0.21 h. In contrast, the
of
ALP-(MIs)25/DOX
and
half-lives
(t1/2)
ALP-(MIs)48/DOX were approximately 5.88 h and
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5.91 h due to their nano size and PEG shell extending
the blood circulation time of DOX. Together, these
findings demonstrate that ALP-(MIs)25/DOX and
ALP-(MIs)48/DOX can successfully deliver DOX and
target the tumor in vivo, extensively prolonging the
serum retention time of DOX.
Finally, the antiglioma efficacy of ALP(MIs)n/DOX
was
estimated
in
orthotopic
C6-GFP-Luci-bearing ICR mice (Figure 6). C6 cells
were genetically modified to express the luciferase
enzyme, and bioluminescence imaging was used to
measure in vivo growth. Mice were treated with
different groups after confirming the presence of
brain glioma at 10 days using in vivo imaging.
P-(MIs)n had been proven to increase the
radiosensitivity of hypoxic cells in vitro. As shown in
Figure 6B-C, ALP-(MIs)n/DOX + RT had significant
effects on inhibiting glioma growth compared with
LP-(MIs)n/DOX + RT, and ALP-(MIs)n/DOX groups
(n = 25, 48). Survival of C6-GFP-Luci glioma-bearing
mice receiving different treatments is presented in a
Kaplan-Meier plot (Figure 6D). For mice treated with

Figure 5. (A) Fluorescence images of free DOX, ALP-(MIs)25/DOX and ALP-(MIs)48/DOX tissue distribution (at a DOX concentration of 3 mg kg-1) in
intravenously injected C6-GFP-Luci-bearing ICR mice. (B) Quantitative analysis of DOX in tissues. (C) Blood retention kinetics of free DOX, ALP-(MIs)25/DOX and
ALP-(MIs)48/DOX in ICR mice (DOX concentration of 3 mg kg-1). All the data of blood retention kinetics were analyzed by Drug and Statistics (DAS) 3.23 software
(mean ± SD, n = 4).
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ALP-(MIs)25/DOX
+
RT
(57
days)
and
ALP-(MIs)48/DOX + RT (59 days), the median
survival times were significantly different than those
of mice treated with LP-(MIs)25/DOX + RT (49 days)
and LP-(MIs)48/DOX + RT (49.5 days) groups (P <
0.05). The body weights of mice treated with
ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX + RT
decreased more slowly than those of mice treated
with LP-(MIs)25/DOX + RT, LP-(MIs)48/DOX + RT,
ALP-(MIs)25/DOX, and ALP-(MIs)48/DOX (Figure
6E). Compared with LP-(MIs)n/DOX + RT,
ALP-(MIs)n/DOX + RT had a strong inhibitory action
on
gliomas,
since
angiopep-2-modified
LP-(MIs)n/DOX effectively accumulated in the
glioma and improved the curative effect of glioma.
ALP-(MIs)n/DOX + RT significantly inhibited the
growth of gliomas compared with ALP-(MIs)n/DOX
without RT. However, these results cannot directly
demonstrate that the anti-glioma effect was caused by
the combination of P-(MIs)n and DOX with RT.
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To further investigate the radiosensitization
effect of P-(MIs)n, the polymer PLGA without a
radiosensitizing effect was used as the control group.
As shown in Figure 7B, D, the PBS, AL-PLGA, free
DOX, ALP-(MIs)25, ALP-(MIs)48, AL-PLGA/DOX,
ALP-(MIs)25/DOX,
and
ALP-(MIs)48/DOX
formulations with RT significantly inhibited glioma
growth compared with the PBS group (glioma
inhibition rate of 236.4) as a negative control. In
contrast, as the polymer PLGA does not have a
radiosensitizing effect, the glioma inhibition rate of
the AL-PLGA + RT group (172.3) was approximately
the same as that of the PBS + RT group (184.5). Both
the glioma inhibition rates of ALP-(MIs)25 (83.1) and
ALP-(MIs)48 (79.2) presented a remarkably higher
inhibition efficacy towards glioma growth than the
PBS + RT group and the AL-PLGA + RT group (p <
0.01), which suggests that P-(MIs)25 and P-(MIs)48
possess a radiosensitizing effect.

Figure 6. In vivo efficacy in the C6-GFP-Luci glioma mouse model. (A) C6-GFP-Luci-bearing mice received three injections of PBS, PBS + RT,
ALP-(MIs)25/DOX, ALP-(MIs)48/DOX, LP-(MIs)25/DOX + RT, LP-(MIs)48/DOX + RT, ALP-(MIs)25/DOX + RT, and ALP-(MIs)48/DOX + RT at a dose of 3 mg kg-1
DOX and 14.1 mg kg-1 P-(MIs) on days 12, 14, and 16, with 2 Gy RT. (B) Bioluminescence signal change correlating to tumor growth over time following inoculation.
(C) Quantification of the tumor bioluminescence signal. (n = 5 mice per group); *p < 0.05, ***p < 0.001, one-way ANOVA; n.s. indicates no statistical significance. (D)
Kaplan-Meier survival curves for the mice (n = 10). *p < 0.05, one-way ANOVA. (E) Body weight change. Data are presented as the mean ± SD.
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Figure 7. In vivo efficacy in the C6-GFP-Luci glioma mouse model. (A) C6-GFP-Luci-bearing mice received three injections of PBS, PBS + RT, free DOX +
RT, AL-PLGA + RT, ALP-(MIs)25 + RT, ALP-(MIs)48 + RT, AL-PLGA/DOX + RT group, ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX + RT at a dose of 3 mg kg-1
DOX and 14.1 mg kg-1 P-(MIs) on days 12, 14, and 16, with 2 Gy RT. (B) Bioluminescence signal change correlating to tumor growth over time following inoculation.
(C) Quantification of the tumor bioluminescence signal (n = 5 mice per group); ** p < 0.01, one-way ANOVA; n.s. indicates no statistical significance. (D) Relative
tumor inhibitory rate for each treatment; ** p < 0.01, one-way ANOVA; n.s. indicates no statistical significance. (E) Representative H&E-stained images of coronal
sections from mouse brains with orthotopic tumors. (F) Ki67 staining of coronal sections from mouse brains with orthotopic tumors. Scale bar, 50 µm. (G) TUNEL
staining of coronal sections from mouse brains with orthotopic tumors. Scale bar, 50 µm. (H) Kaplan-Meier survival curves for the mice (n = 10), *** p < 0.001,
one-way ANOVA. (I) Body weight change. Data are presented as the mean ± SD.

Using the same P-(MIs)25 and P-(MIs)48 doses
for mice, there were no significant differences (p > 0.05)
in glioma inhibition rates. These results show that the

polymerization degree of P-(MIs)n did not affect the
radiosensitizing effect of MTZ due to the formation of
P-(MIs)n by biodegradable ester linkages between
http://www.thno.org
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MTZ monomers. The glioma inhibition rates in the
AL-PLGA/DOX + RT, ALP-(MIs)25/DOX + RT and
ALP-(MIs)48/DOX + RT groups were 68.3, 19.6 and
13.7, respectively. Moreover, compared with the
glioma inhibition rates determined for ALP-(MIs)25
(83.1), the ALP-(MIs)48 (79.2), AL-PLGA/DOX + RT
(68.3),
ALP-(MIs)25/DOX
+
RT
and
ALP-(MIs)48/DOX + RT groups clearly demonstrated
the strongest inhibition of glioma growth (p < 0.01),
suggesting
that
the
combination
of
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX with RT
enhanced the inhibition of glioma growth. As shown
in Figure 7E, at 18 days after glioma transplantation,
the transplanted gliomas in ALP-(MIs)25 + RT and
ALP-(MIs)48 + RT-treated mice were visibly smaller
than in the AL-PLGA + RT-treated mice. Based on
H&E staining of coronal sections of mouse brains, the
smallest glioma volumes were observed in
ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX +
RT-treated mice. To further evaluate the antiglioma
effects of these NPs on tumor growth, Ki67 and
TUNEL were used to show cell proliferation and
apoptosis in xenografts, respectively.
We also observed a decrease of proliferation and
an enhancement of apoptosis in ALP-(MIs)25 + RT,
ALP-(MIs)48 + RT, ALP-(MIs)25/DOX + RT and
ALP-(MIs)48/DOX + RT-treated mice (Figure 7F-G).
Collectively, these results suggest the following: 1)
ALP-(MIs)25 and ALP-(MIs)48 effectively enhanced
the therapeutic X-ray effects and were as potential
radiosensitizers; and 2) the combination of DOX,
hypoxic RT sensitization (P-(MIs)n) and RT in
ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX +
RT-treated mice effectively inhibited glioma growth.
To further estimate the antitumor efficacy, the
C6-GFP-Luci-bearing ICR mice were monitored for
body weight changes and median survival times. As
shown in Figure 7H, the median survival times for
mice treated with PBS, PBS + RT, AL-PLGA + RT, free
DOX + RT, ALP-(MIs)25 + RT, ALP-(MIs)48 + RT,
AL-PLGA/DOX + RT, ALP-(MIs)25/DOX + RT and
ALP-(MIs)48/DOX + RT were 31, 35, 36, 42.5, 45, 45.5,
47, 61 and 63 days, respectively. The median survival
times for the mice treated with ALP-(MIs)25 + RT and
ALP-(MIs)48 + RT were longer than those of PBS, PBS
+ RT and AL-PLGA + RT, suggesting that
ALP-(MIs)25 and ALP-(MIs)48 improved the efficacy
of the radiotherapy. The groups that received
ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX + RT
displayed the longest survival times among all the
groups, with high statistical significance compared
with the ALP-(MIs)25 + RT, ALP-(MIs)48 + RT and
AL-PLGA/DOX + RT groups, indicating that the
combination of chemotherapy and RT enhanced the
inhibition of glioma growth. The dominance of
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ALP-(MIs)25
+
RT,
ALP-(MIs)48
+
RT,
ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX + RT
was also reflected by comparing the changes in body
weight. The body weights of mice treated with
ALP-(MIs)25
+
RT,
ALP-(MIs)48
+
RT,
ALP-(MIs)25/DOX + RT and ALP-(MIs)48/DOX + RT
slowly decreased, while all other groups lost weight
rapidly (Figure 7I). Collectively, our results verified
that ALP-(MIs)25 and ALP-(MIs)48 were potent
radiosensitizers and drug carriers for the delivery of
hydrophobic
chemotherapeutics,
achieving
concurrent RT and chemotherapy for glioma
treatment.
Tissue-specific toxicity was examined by
histological analysis of various tissues (heart, liver,
spleen, lung or kidneys). As shown in Figure S9,
H&E-stained images of major organs revealed no
noticeable tissue damage or obvious changes in
morphology in any of the organs in the ALP-(MIs)25,
ALP-(MIs)48,
ALP-(MIs)25/DOX
and
ALP-(MIs)48/DOX groups compared with the PBS
group. The in vivo results suggest that the
ALP-(MIs)25, ALP-(MIs)48, ALP-(MIs)25/DOX and
ALP-(MIs)48/DOX groups were biocompatible and
had potentially positive biological applications with
few side effects. To further assess the potential in vivo
toxicity of NPs on the physiology of ICR mice, a
serum biochemistry assay was performed on four
groups, i.e., the PBS control group, the free DOX
group, the ALP-(MIs)25/DOX group, and the
ALP-(MIs)48/DOX group (Figure S10). Liver function
(AST, ALT, TBIL) and renal function (CREA, BUN)
showed
no
obvious
changes
for
the
ALP-(MIs)25/DOX and ALP-(MIs)48/DOX groups
compared with the PBS control group 24 h after
intravenous
injection,
indicating
that
the
physiological function and health conditions were not
affected by ALP-(MIs)n. In contrast, the free DOX
group elicited a remarkable increase in AST, ALT and
TBIL in the liver due to the high concentration of DOX
that was accumulated in the liver leading to potential
liver toxicity. The liver status is mainly reflected by
the level of ALT. These results suggest that the DOX
encapsulated in the NPs (ALP-(MIs)25/DOX group,
and ALP-(MIs)48/DOX group) does not alter liver
function or renal function while exerting more control
over drug loading and release compared to free DOX.

Conclusions
We
successfully
developed
a
new
hypoxia-responsive polyprodrug NP with RT hypoxic
sensitization effects for targeted glioma therapy. The
RT hypoxic sensitization effects of ALP-(MIs)n
polyprodrug NPs can deliver hydrophobic
chemotherapy, achieving the effect of concurrent
http://www.thno.org
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chemotherapy and radiation and inducing the release
of hydrophobic chemotherapeutics under hypoxic
conditions. The in vitro and in vivo results demonstrate
that these ALP-(MIs)n polyprodrug NPs can
efficiently target gliomas and lead to significant
inhibition of glioma growth. Therefore, our
ALP-(MIs)n polyprodrug NPs may represent a
powerful new strategy for enhancing the RT
sensitivity of gliomas and achieving combination of
radiation and chemotherapy for gliomas.
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