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Clinically, surgery assisted by chemotherapy is the most effective treatment of cancer. But from our clinical observation, the
median survival of patients with glioblastoma is still not so good with only 15-16 months. The low therapeutic index is mainly
due to the blood-brain barrier (BBB) which significantly hindered the chemotherapeutic drug accumulation in tumor tissue.
One main composition of the BBB is astrocyte, which contains a lipophilic cell membrane, which prevents more than 98% of
small-molecule drugs from entering the brain. Previously, we found that the nanogel with passive targeting function can
increase the BBB penetration ability, which indicates that it could be used to overcome the above mentioned in vivo obstacles
which promoted drug accumulation in the tumor. In this study, thermosensitive targeted nanogel delivery systems (DPPC)
with cell-penetrating peptides (CPP) are introduced onto the particle surface for active astrocyte breaking. The hydrodynamic
radius of DPPC is around 300 nm, the potential is about 0-5mV, and the TEM and DLS studies further confirm its well
spherical morphology and uniform distribution. The DPPC is verified as the biocompatible carriers for further application by
cell viability tests. The in vitro-constructed BBB model successfully proves that DPPC can efficiently penetrate the BBB, which
is attributed to both the temperature-sensitive passive targeting and the active CPP penetration. Consequently, the intracellular
doxorubicin (DOX) promotes such functional DPPC at the relatively high temperature inside tumor microenvironment (TME)
(~42°C), which obviously improves intratumor drug accumulation and tumor cell-killing effects. The dual-targeted nanogel
delivery systems designed in this study provides a more effective strategy for the treatment of glioma.

1. Introduction

Gliomas account for about 80 percent of all tumors in the
brain with an occurrence of 7 of 100,000 worldwide. Most of
the gliomas are so-called diffuse, which are characterized by
diffuse infiltration of tumor cells in the brain tissue [1, 2].
According to the cell phenotype, diffuse gliomas are classified
as different types in the WHO 2007 which includes astrocytes,
oligodendrocytes, or oligodendrocyte tumors [3–5]. Although
the malignant brain cancer can be suppressed by current clin-
ical treatments for like a combination of surgery, radiotherapy,

and chemotherapy, it is difficult to completely be ablated by
surgery due to above mentioned diffuse infiltration. Chemo-
therapy is thus an effective treatment for promotingmalignant
brain cancer [1, 6, 7]. However, the function of the central ner-
vous system (CNS) blood vessels is essential for full brain
function, not only to effectively provide nutrients and oxygen
to the brain but also to protect the brain from potential neuro-
toxic compounds, a protective blood barrier known as the
blood-brain barrier (BBB) [8–11]. The therapeutic efficiency
of chemotherapeutic drugs is thus limited due to this BBB.
The BBB consists mainly of tightly sealed cerebral capillary

Hindawi
Journal of Nanomaterials
Volume 2021, Article ID 6623031, 11 pages
https://doi.org/10.1155/2021/6623031

https://orcid.org/0000-0002-2809-506X
https://orcid.org/0000-0003-4257-3715
https://orcid.org/0000-0002-0573-2783
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6623031


endothelial cells (BCEC), which are surrounded by the end of
the astrocytic perivascular vessels and the pericytes [12–17].

On the other hand, both the lipid nature of BCEC and
the transport systems in the lumen as well as the lumen
membrane provide an opportunity to transport substrates
to the brain. In addition, the high metabolic demand of
high-grade glioma generates the hypoxic region, which
results in the increase of vascular endothelial growth factor
(VEGF) level and angiogenesis [18, 19]. All these factors
contributed to the formation of abnormal blood vessels
and the dysfunction of the blood-brain-tumor barrier
(BBTB). However, even if the BBTB is considered “leaky”
in the core of high-grade glioblastoma, the scale of this local
damage is unlikely to be large enough to allow a meaningful
amount of drug penetration. In addition, for most glioblas-
tomas, especially for low-grade diffuse gliomas, the BBTB
behaves like the complete blood-brain barrier (BBB) and
blocks the effective passage of cancer drugs, including small
molecules and antibodies [13, 20–23]. Therefore, the BBB
and BBTB are major barriers which hinder the treatment
of brain tumors both in low- and high-grade gliomas.

Consequently, it is an urgent problem to overcome the
blood-brain barrier and consider the side effects of the drug
delivery system and the effective drug delivery volume. Many
strategies have been developed for overcoming the BBB and/
or BBTB referring to their structural characteristics. The
methods mainly include the penetration destruction of BBB,
interleukin receptor-mediated BBTB opening, inhibition of
drug efflux transporters, and receptor-mediated transport
delivery systems [24–28]. Among which, the nanosized deliv-
ery systems including polymer nanogels, micelles, liposomes,
protein nanocages, and inorganic nanoparticles have been
extensively reported for effective systemic brain tumor delivery
using well-established endogenous BBB transport pathways
[29–40]. Our team has a lot of experience in the field of nano-
sized delivery system research [41, 42]. In our previous study,
we found that the thermosensitive poly(N-isopropylacryla-
mide)-based nanogel with the volume phase change temper-
ature (VPTT) around 38°C was an excellent candidate for
brain tumor drug delivery system. This system successfully
overcame the BBB and transported the protein drug with
high therapeutic efficiency due to its high in vivo/vitro stable
structure and its thermosensitive passive targeting function
(TSPT) [42–44].

For further promoting the drug delivery efficiency, it is
highly desired to develop a nanogel with intelligent active
targeting properties or by the fine carrier’s tailoring referring
to the classic “Li-Teruo” plot [31, 32, 42, 45], which can be
utilized to increase the BBB and or BBTB crossing ability.
It has been reported that cell penetration peptide (CPP, a
short amphiphilic or cationic peptide) has a high BBB cross-
ing ability [45–47]. Thus, this CPP can be utilized to conju-
gate with the PNIPAM-based nanogel to obtain a nanogel
system with passive and active dual targeting function.

Based on the physiological structure of the blood-brain
barrier (BBB) and our previous studies, in this paper, a pas-
sive and active dual targeting nanogel will be prepared by
conjugating the thermosensitive polymer PNIPAM to the
side chain of cationic polymer PEI and linking the CPP on

the surface. Then, the chemotherapeutic drug doxorubicin
(DOX) will be loaded into the nanogel resulting in an intel-
ligent delivery system DOX@PNIPAM-PEI-CPP (DPPC).
More importantly, the BBB penetrability mechanism of
DPPC will be detailedly investigated and illustrated by using
an in vitro BBB model. The drug delivery system designed in
this study provides a new therapeutic strategy for the treat-
ment of glioma.

2. Materials and Methods

2.1. Materials. The materials used are as follows: doxorubicin
hydrochloride (Dalian Meilun Bio Co); NIPAM monomer
(≥99%) and PEI (Mw = 1000g/mol) (Aldrich Co); cell pene-
trating peptide (99%, Jill Biochemical Co); glioma cells (ATCC
cell bank); Dulbecco’s Modified Eagle’s Medium (DMEM)
and fetal bovine serum (FBS) (Gibco Co, USA); cell counting
kit-8 (Dojindo, Japan); UV-VIS spectrophotometer (Cary300,
Varian, CA, USA); dynamic light scattering (DLS, ALV/CGS-
3, Germany); transmission electron microscope (Hitachi, H-
7000 Electron Microscope); and confocal laser scanning
microscope (CLSM, Zeiss LSM 710; Carl Zeiss Meditec AG,
Jena, Germany).

2.2. Synthesis Process of DPPC

2.2.1. Synthesis of Nanogels. PNIPAM was grafted onto the
main chain of the PEI chain, and the PNIPAM-G-PEI
(PPP) graft copolymer was synthesized. NIPAM monomer
(0.5 g) was mixed with PEI (1.0 g) and MBA (0.5% weight
percentage of total monomer mass) in 25mL water. Remove
oxygen with N2, and heat to 70°C. Tert-butyl hydroperoxides
(250L 0.01M) were injected. The copolymer was synthesized
by free radical graft copolymerization at 80°C under N2 pro-
tection. In general, the white solution is purified by centrifuga-
tion three times. The nanogel was redissolved in water, and the
solution concentration was calculated by freeze-drying.
Finally, the mother solution with a concentration of 5mg/
mL was obtained and stored in the refrigerator for later use.

2.2.2. Preparation of Nanogel Modified by Cell Penetration
Peptide (CPP). PNINAM-G-PEI 500μL was taken, and
20μL/mL peptide and 200μL were added into the pump at
the speed of 0.5mL/h. After reacting for 1 h, the solution
was dialyzed with a dialysis bag (MW cutoff 1000) against
PBS for 12 h in order to obtain DPPC solution and remove
the unreacted peptide.

2.2.3. Preparation of Nanogel (DPPC) Drug Loading. The
final nanogel system was configured according to the mass
concentration 1 : 1. 1mg/mL of DOX and 1mg/mL of the
above gel were taken, and the turbulence was shaken for 1
hour. The synthesis path is shown in Figure 1.

2.3. Morphology Characterization. Nanogels were diluted
with Milli-Q water into 0.1mg/mL; then, the hydrodynamic
diameter and particle size distribution of nanogel and the
nanogels with NIR-light solution were evaluated by DLS at
the scattering angle of 90°. The mother solution of the nano-
gel was diluted to 10 g/mL of water and dropped onto the
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silicon chip. Its morphology was tested by scanning electron
microscopy (SEM). The zeta potential was analyzed with a
Zetasizer Nano ZSP by diluting the gel solution in di-H2O.

2.4. Temperature Sensitivity of PEI-PNAPAM Gel. By testing
the gel at room temperature with a particle size of about
600nm, the particle size makes it difficult to enter the cell
and harder to penetrate the BBB. In order to verify that the car-
rier could achieve cross-BBB drug delivery, we further explored
the particle size distribution of the gel at different temperatures.
The temperature sensitivity properties of DPPC gels were mea-
sured by DLS with temperature control. The radiuses of DPPC
solution (concentration ~2mg/mL) at different temperatures
were detected at the scattering angle of 90°.

2.5. DOX Encapsulation Efficiency. Encapsulation efficiency
(EE) and the drug loading capacity (DLC) of DOX in the
DPPC gels were calculated by a UV-VIS spectrophotometer
at a wavelength of 485nm. The DPPC gels were stirred for
72 h at room temperature to release DOX and detected at
485nm by the UV-VIS spectrophotometer. The encapsula-
tion efficiency and the drug loading capacity of DOX in
the DPPC gels were calculated according to the following
equations:

EE% = ME

MF
× 100%,

LC% =
ME

MT
× 100%:

ð1Þ

In the formula, ME means the amount of DOX wrapped
in the DPPC gels,MF means the amount of DOX invested in
the synthetic gels, and MT is the total weight of the DPPC
gels [42, 45–48].

2.6. Serum Stability of DPPC. BSA was used as a protein in
the simulated systemic circulation to detect serum stability
of DPPC. The mixture solutions of BSA (50mg/mL) and
DPPC gels (1mg/mL) in PBS were measured by DLS at the
scattering angle of 90°.

2.7. In Vitro Drug Release. Add 4mL of DPPC/DOX gel solu-
tion to the dialysis bag, and the initial DOX concentration in
the gels is about 0.15mg/mL. Put the dialysis bag into a beaker,
and dialyze with 1000mL PBS at different temperatures. At
the times 0, 2, 4, 6, 8, 10, 12, 24, 48, and 72 hours, remove
200μL of gel solution from the dialysis bag; then, detect the

accumulated DOX concentration by a UV-VIS spectropho-
tometer at a wavelength of 485nm.

DOXrelease =
MT −MR

MT
× 100%, ð2Þ

where MR was the DOX concentration we detected and MT
was the initial DOX concentration of DPPC gels.

2.8. Cytotoxicity Test of DPPC at Different Temperatures. The
trypsin of U87 cells was digested and counted. The cells were
placed in a 96-well plate and cultured in a cell incubator at
37°C with 5% CO2. By using an ultraviolet spectrophotometer
instrument to detect the parcel drug synthesis system, with
complete medium dilution system making the concentration
of Adriamycin to 0.3μg/mL, cells grow to 70%, sucked out
of the original culture medium, DPPC/DOX system for
medium, respectively, at 37°C, 39°C, 40°C, and 42°C under
cultivation; in each temperature setting after three holes, culti-
vation is done in the incubator for 24 hours. Differences in cell
morphology and number were observed under themicroscope
among each group. The original medium was sucked out and
gently washed with PBS for 2 times. 10% CCK-8 reagent was
prepared with incomplete medium, 100μL reagent was added
to each group, and a blank control group was set. After the
operation, 96-well plates were put into incubators (bubbles
were avoided in this process as far as possible), and the reac-
tion lasted for 1-4 hours (according to the actual situation).
When the color of the medium changed to orange, we used
the machine to detect.

2.9. Endocytosis Detected by LSCM. For the U87 cells in the
logarithmic growth stage, 1 × 105 cells/well were inoculated
in a confocal plate, U87 cells were seeded into confocal cul-
ture dish (5 × 103 cells/dish) with 2.0mL DMEM culture
medium and cultured for 24 hours; then, they were treated
with DPPC/DOX for 24 h at 37°C, 39°C, 40°C, and 42°C.
The medium of U87 cells was piped out and rinsed with
PBS twice. Then, it was fixed for 10min with 1.0mL parafor-
maldehyde solution and rinsed with PBS three times and the
nucleus of U87 cells was stained with DAPI working
solution for 10min. Finally, the U87 cells were visualized
by LSCM.

2.10. In Vitro BBB Model Establishment. In vitro blood-brain
barrier was established by coculture of microvascular endo-
thelial cells and astrocytes. An appropriate amount of brain
microvascular endothelial cells were taken and inoculated

Nanogel CPP DOX DPPC

Figure 1: The schematic illustrating the self-assembly process of dual-targeted DPPC.
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on the Transwell ventricular membrane with a cell density of
1:6 × 105/mL. An additional amount of astrocytes were
taken and inoculated at the bottom of the Transwell plate
with a cell density of 2:5 × 105/mL. 1.5 and 2.5mL special
medium and common medium were added to the upper
and lower chambers, respectively. After proliferation into
monolayer and complete fusion in vitro, the cells were
closely connected to each other. The astrocytes in the lower
layer were used to evaluate the penetrability of substances to
the PBEC layer. The establishment of the culture system is
shown in Figure 2. A characteristic of the in vitro BBB model
in Transwell polycarbonate membrane surface formed a uni-
form layer of the brain capillary endothelial cell monolayer,
through the surface of astrocyte processes under film hole
want to contact with brain capillary endothelial cells, are
similar to simulate the BBB structure in the body, on the cell
model can cultivate pools can be divided into two parts, for
the pool and the pool for pool represent brain capillary
lumens, the pool on behalf of the blood-brain barrier outside
the brain.

2.11. BBB Penetration Ability Evaluation. DPPC/DOX with
a concentration of 1mL of 10mg/L was fully dispersed and
added to the Transwell upper chamber to calculate the pen-
etration coefficient of nanogel-DOX according to the
method of sodium fluorescein. The penetration coefficient
of DPPC/DOX at 30min was ð2:25 ± 0:03Þ × 10−3 cm/min,
showing higher penetration than FLU at the same time
point.

In addition, we seeded U87 cells in the lower compart-
ment of the model and measured the uptake of DOX and
nanogel-DOX by U87 cells in the lower compartment
through flow cytometry analysis.

2.12. Statistical Analysis. The results were statistically ana-
lyzed using SPSS software, version 21.0. Unpaired t-test
was used for statistical analysis for the comparison of the
mean between the two groups, one-way ANOVA was used
for statistical test for the comparison of the mean between
the three groups and/or more than three groups, and the
mean between the two groups was paired by LSD-t-test.
The experimental results were expressed as the standard
deviation of mean score, and p < 0:05 was used as the crite-
rion for the statistical difference between the groups.

3. Results

3.1. Preparation and Characterization of the DPPC System. As
mentioned above, the physiological structure of the blood-
brain barrier (BBB) is utilized to construct a nanogel system
a passive and active dual targeting as well as stable structure.
In the experiments, passive targeting function as realized by
thermosensitive polymer PNIPAM was conjugated to the side
chain of cationic polymer PEI as reported in previous studies
[49]. The grafting copolymer PEI-PNIPAM at the reaction
temperature is larger than that of LCST. The hydrophobic
PNIPAMwill aggregate each other and form a nano structure,
which will be further cross-linked by the cross-linkers, and
form PNIPAM-PEI nanogels. Then, the CPP is conjugated
onto the surface of this nanogel to form an active and passive
targeting dual functional nanogel with positive-charged sur-
face. Then, the chemotherapeutic drug doxorubicin (DOX)
will be loaded into the nanogel by physical mixing resulting
in an intelligent delivery system DOX@PNIPAM-PEI-CPP
(DPPC) as schemed in Figure 1. More importantly, the BBB
penetrability mechanism of DPPC will be detailedly investi-
gated and illustrated by using an in vitro BBBmodel. The drug
delivery system designed in this study provides a new thera-
peutic strategy for the treatment of glioma.

The size and size distribution of the DPPC were then eval-
uated by DLS as shown in Figure 3(a). It can be seen from
Figure 3(a) that the hydrodynamic radius of DPPC is around
300nm. This size is coincided to that obtained in TEM as
shown in Figure 3(b). Both the TEM and DLS further confirm
its well spherical morphology and uniform distribution, which
is attributed to the cross-linked 3D structure as finely regu-
lated in the radical polymerization process. Such stable struc-
ture is essential for promoting in vivo circulation.

On the other hand, the cytotoxicity of the nanogel should
be as low as possible because the PEI is known to be toxic to
cells by the membrane breaking. However, after the PNIAPM
modification, the cytotoxicity of PEI decreases obviously due
to the low potential. The cytotoxicity against nontumor cells
(HEK293T) is shown in Figure 3(c), which indicates that the
DPPC is a biocompatible carrier for further application. In
addition, it is known that a weak cationic surface is preferable
for enhancing the BBB penetration by the cell membrane
merging. Here, the surface properties especially the surface
potential of DPPC are tested by the Zetasizer Nano ZSP as

U87

Astrocytes
PBEC

BBB co-culture
In vitro

DPPC

Figure 2: The schematic illustration of the in vitro BBB model for DPPC penetration evaluation.
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shown in Figure 3(d). The potential of PEI is about 30mV,
which decreases to about 0-5mV step to step. All these indi-
cate that this nanogel is an excellent candidate for the BBB
penetration as it arrives at the tumor.

3.2. The Passive and Active Dual-Targeting Evaluation. It is
known that the LCST of PNIPAM is about 32°C, which
can be further increased or decreased by the hydrophilic or
hydrophobic modification for different applications. In this
study, the composition and structure of PNIPAM-PEI nano-
gel are the same as the previous study [47]. Although it was
hydrophilically modified by PEI, the LCST of the nanogel is
still about 32°C because the PNIPAM chains are introduced
to PEI and aggregation together to form a PNIPAM core.
The PNIPAM chain backbone has little changes as a result

of similar LCST as PNIAPM as shown in Figure 4(a). Noted
here, the passive targeting will be realized by the thermosen-
sitive PNIPAM polymer as the temperature larger than that
of LCST through the TSPT as illustrated above [41, 42].

When the tumor temperature is higher than the volume
phase change temperature (VPTT), the thermosensitive poly-
mer- (PNIPAM) based nanogel can enhance the absorption of
cells and increase the aggregation in the tumor, and this pas-
sive targeting significantly promotes tumor inhibition. The
in vitro cytotoxicity of DPPC is shown in Figure 4(b). The
cytotoxicity increases as the temperature clearly indicates the
TSPT function, which can be utilized to enhance the BBB pen-
etration as described in the following. As mentioned above,
the CPP peptide is utilized to break the cellular membrane.
In this study, such CPP is mainly for the astrocyte which is
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Figure 3: The size and size distribution of DPPC (a); TEM image of DPPC/DOX (b); the cytotoxicity of PEI, PPP, and DPPC (c); the surface
potential of different groups (d).
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the main part of the BBB. If the CPP can assist the nanogel to
penetrate through the astrocyte, the CPP will increase the BBB
penetration ability. A fluorescent microscopy is conducted to
evaluate this BBB penetration ability of DPPC with CPP
onside the surface. The cellular level interaction between
DPPC and astrocyte cells is shown in Figure 4(c).

3.3. The In Vitro Serum Stability and Drug Release Profile. As
the DPPC accumulated in tumor cells, the successful DOX
release is important for the glioblastoma therapy. In this study,
the thermosensitive PNIPAM-based nanogel will not only pro-
mote the U87 tumor cells passive targeting but also enhance
the drug release inside tumor due to the well-known high tem-
perature of tumor microenvironment as reported previously

[32, 41, 42]. Thus, the temperature-enhanced drug release pro-
file is evaluated as shown in Figure 5(b). The volume phase
transition temperature (VPTT) of DPPC is about 32°C as
shown in Figure 4(a). Noted here, the transition temperature
of DPPC is used as VPTT but not LCST because the tempera-
ture is tested by UV and monitored by the absorption of the
DPPC solution. So the temperature is the transmission of
DPPC which reflects the inter-DPPC aggregation after the
phase transition of PNIPAM as T > VPTT [32, 41, 42]. When
T > VPTT, the drug release increases sharply, which is attrib-
uted to the shrinking of DPPC as a result of increased osmotic
pressure and high drug diffusion from DPPC. This high drug
release is also indirectly reflected in the enhanced cytotoxicity
of DPPC against tumor cell as shown in Figure 4.
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intensity of DOX at different CPP concentrations (c).

6 Journal of Nanomaterials



On the other hand, the serum stability plays an impor-
tant role in the in vivo drug delivery. As reported in previous
studies, the serum stability of nanomedicine can be evalu-
ated by the DLS. In the experiment, DPPC nanogel is mixed
with the serum proteins. Then, the DLS is used to detect the
size and size distribution of BSA, DPPC/DOX, and their
blends in solutions. It is well-known that the size of BSA is
about 10 nm (data not shown here). Figure 5(a) shows the
size and size distribution of the BSA and DPPC blends. It
is found that the size of BSA is well separated from that of
the DPPC. The two distinct peaks indicate the little interac-
tion between the BSA and DPPC which includes absorption
of BSA onto the DPPC.

3.4. Successful In Vitro BBB Penetration by DPPC. For further
evaluation the BBB penetration ability of DPPC as constructed
in this study, the in vitro BBB model is set up as shown in
Figure 2. Here, the upper-cubicle is used to culture the astrocyte
cells, which mainly compose astrocyte for outside barrier mim-
icking for BBB. In the experiments, the DPPC is cultured with
the astrocyte in this up cell for evaluating its penetration ability.
Once DPPC successfully penetrates the astrocyte-based barrier,
it will go down to the lower cell, where the gliomas (U87) are
cultured in medium. Given the DPPC pass through the BBB
and cocultured with U87 cells, it will be internalized by tumor
cell following by the DOX release. Then, the U87 will be killed
by the drug with low viability in the CCK-8 assay.

The effects of temperature and CPP on the astrocyte-based
barrier penetration are investigated by the FCM. Firstly, the
temperature dependence of BBB penetration ability is evalu-
ated by tuning the temperature of the setup in a water bath.
The fluorescence intensity in the U87 cells is shown in
Figure 6(a). It is easy to find that the penetration ability of

DPPC increases as the temperature increases. As mentioned
above, this increased MFI is attributed to two factors. One is
the many factors which come from the passive targeting of
DPPC to the tumor cells named as TSPT. Another is partly
due to the temperature-enhanced drug release. On the other
hand, the CPP also plays an important role in the BBB pene-
tration as mentioned above. The effects of CPP on the
astrocyte-based barrier penetration are also evaluated by mon-
itoring the DOX concentration through flow cytometry anal-
ysis as shown in Figure 6(b). The DOX content in the control
group has a C of about 2mg/mL; the DOX obtained from
DPPC group is about 32.5mg/mL, as compared with the drug
the concentration obtained in the tumor cells which is much
higher than that of DPPC. This increased drug concentration
is also attributed to two factors. One is the DPPC enhances
the cell uptake. Another is attributed to the CPP, which is
the main factor by successfully breaking the cell membrane
as mentioned above.

Subsequently, the cytotoxicity of DPPC against U87 cells is
then tested by the CCK-8 assay for further confirming the BBB
penetration ability. The effects of temperature-regulated TSPT
(passive targeting) and CPP-mediated active targeting on the
cell viability are shown in Figure 6(c). It is clearly shown that,
as compared with the control, the viability of U87 cells
decreases as the CPP is introduced onto the nanogel surface
(DPPC of the second column). In addition, this cell viability
of DPPC at T > VPTT is even lower than that of DPPC at
room temperature. Taken together, it is helpful to conclude
that the astrometry-based barrier penetration ability can be
increased by introducing thermosensitive PNIPAM polymer
to the nanogel for enhancing its TSPT. On the other hand, this
BBB penetration ability of nanogel can be further enhanced by
linking the CPP onto the surface.
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Figure 5: The serum stability of DPPC as evaluated by DLS (a). The effects of temperature on the drug release profile (b).
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4. Discussion

Glioblastoma is the most fatal brain tumor in adults. Recent
developments in molecular medicine have improved its origi-
nal pathology. In success through BBB treatment, the clinical
application faces the biggest challenges including poor drug
targeting because of the low blood-brain barrier (BBB) perme-
ability and/or rapid elimination resulting in most of the central
nervous system drugs, 1-4%. Clinical alternative methods like
the in-site injection of drugs may be caused by physical BBB
damage which will enhance toxins to the brain including the
neuronal dysfunction or incidence of central nervous system
infection. Therefore, the ideal method of blood-brain barrier
penetration should be controllable, transient, reversible, spe-

cific, and low toxic. Although many strategies associated with
nanosized delivery system shave been developed for overcom-
ing the BBB and glioblastoma treatment [24–40], new nano-
sized particles with better application potential still need to be
developed. In this paper, we developed a new nanosized drug
delivery system for glioblastoma treatment, and the DPPC drug
delivery system designed in this study can effectively overcome
the shortcomings that appeared in traditional treatments with
high BBB penetration and low side effects. Our DPPC drug
delivery system was designed based on our previous study on
transporting protein drug system with thermosensitive passive
targeting function (TSPT) [42–44], and the combination of
thermosensitive PNIPAM and CPP in chemical drug delivery
for BBB overcoming and glioblastoma treatment also has
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innovation at some degree. As illustrated above, the DPPC is
constructed by introducing thermosensitive PNIPAM to the
side chain of PEI which can assemble for a core shell structural
nanogel. Then, the CPP is linked onto the surface of the nano-
gel resulting in temperature and biotargeting dual functions.
The 3D cross-linking structure with mass CPP surrounding
the surface offers DPPC high serum stability and compatibility.

As we know, the PNIPAM inside core of DPPC shows the
temperature-sensitive passive targeting (TSPT). On the other
hand, the CPP onside of the nanogel results in an active target-
ing function. The chemotherapeutic drug doxorubicin (DOX)
will be loaded into the nanogel resulting in an intelligent deliv-
ery system DOX@PNIPAM-PEI-CPP (DPPC). The introduc-
tion of biocompatible PINPAM to the PEI branch chain
reduces the surface potential and thus reduces the toxicity.
More importantly, the BBB penetrability mechanism of DPPC
is thus obviously enhanced by this passive and active dual-
targeting functional nanogel. The detailed penetrating mecha-
nism is schemed in Figure 7. The obviously enhanced BBB
penetration ability is mainly attributed to two factors. One is
the astrocyte cellular membrane breaking by the active target-
ing CPP, which strongly promotes the BBB across ability with
large intratumor accumulation of DPPC. On the other hand, it
is well-known that the normal organism’s temperature is
about 37°C, while the temperature of the tumormicroenviron-
ment is around 42°C, which is larger than that of VPTT or
DPPC. So when the DPPC arrives at the tumor cell, the TSPT
promotes the internalization of DPPC by U87 cells. The
enhanced tumor cell’s uptake further promotes the intracellu-
lar drug concentration which induces the high tumor cell-
killing efficiency. All these well coincide with the results as
investigated through the in vitro BBB model.

5. Conclusion

In this study, we designed a thermally sensitive and CPP con-
jugating dual-targeted nanogel delivery system DPPC. The
in vitro-constructed BBB-model showed that DPPC can effi-
ciently penetrate the BBB and concentrate in the tumor site

through the TSPT and astrocyte cellular membrane breaking.
It was found that doxorubicin (DOX) was successfully in-site
released out by such functional DPPC automatically attributed
to the relative high temperature inside tumor microenviron-
ment (TME) (~42°C), which obviously improved intratumor
drug accumulation and tumor cell-killing effects. The drug
delivery system designed in this study provides a new thera-
peutic strategy for the treatment of glioma.
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