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Abstract: A safe and effective therapy for epilepsy requires
a drug delivery system that can penetrate the blood–brain
barrier and subsequently release antiepileptic drugs rapidly to
suppress neuronal discharges in a timely manner. We have
developed electro-responsive hydrogel nanoparticles
(ERHNPs) modified with angiopep-2 (ANG) to facilitate the
delivery of the antiepileptic drug phenytoin sodium. The
resulting ANG-ERHNPs had an average diameter of (102.3�
16.8) nm and were electro-sensitive with regard to particle size
and drug release in vitro. ANG-ERHNPs have the character-
istics of penetrate the BBB easily, resulting in a higher
distribution in the central system. The improved antiepileptic
effects were investigated with the amygdala kindling model.
The results demonstrate that the ANG-ERHNPs were able to
transport antiepileptic drugs into the brain and release them
under electroencephalograph epileptiform abnormalities to
greatly improve the therapeutic index of existing drugs in
clinical use.

Epilepsy is one of the most prevalent neurological disorders,
affecting nearly 1% of the population. For most patients,
antiepileptic drugs (AEDs) are the mainstay of the manage-
ment of epilepsy.[1] However, the relatively narrow therapeu-
tic window and low permeability across the blood–brain
barrier (BBB) for conventional AEDs, such as phenytoin
sodium (PHT), result in intolerable side effects, and drug
resistance, and further the inability of completely controlling
the seizures.[2, 3] Thus, a safe and effective therapy for epilepsy

requires a drug delivery system that can penetrate the BBB
and subsequently release antiepileptic drugs rapidly to
suppress neuronal discharges in a timely manner.

In the last few years, a number of nanostructured drug
delivery carriers have been developed and explored to
transport drugs to the brain, including polymeric nanoparti-
cles,[4–6] liposomes,[7, 8] polymeric micelles,[9] and dendrimers.[10]

Although numerous drug delivery carriers were developed to
transport antiepileptic drugs to the brain,[11–13] only a few of
these carriers advanced due to the physiological and patho-
logical characteristics of epileptic seizures. Stimuli-responsive
“smart” hydrogels have attracted great interest in the fields of
biotechnology and biomedicine over the last two decades.[14]

Among these materials, electro-responsive polymers can
transform electrical energy into mechanical energy and have
been successfully used to trigger the release of molecules from
polymeric bulk materials or implantable electronic delivery
devices.[15] The variation of osmotic pressure based on the
voltage-induced directional motion of ions in the solution
caused the gel to be deformed and the drug to be
released.[16, 17] Epileptic seizure is a paroxysmal abnormality
in the synchronization of the electrical activity in brain
neurons, which reflect voltage fluctuations resulting from
ionic current flows within the neurons of the brain.[18]

Therefore, constraining the paroxysmal abnormality in the
synchronization of the electrical activity to the local site and
further suppressing it in a timely manner are the key points in
preventing epileptic seizures.

In this study, electro-responsive hydrogel nanoparticles
(ERHNPs), which are characterized by the stimuli-sensitive
drug release upon external electrical fields and their size in
the nanometer range, were designed and modified with the
brain-targeting angiopep-2 peptide, a ligand of the low-
density lipoprotein receptor-related protein (LPR),[19] for
antiepileptic therapy (Scheme 1).

Hydrogel nanoparticles were obtained from the soap-free
emulsion copolymerization using 2-dimethylamino ethyl
methacrylate (DMAEMA), sodium 4-vinylbenzene sulfonate
(NaSS), styrene (ST), and acrylate-poly(ethylene glycol)-N-
hydroxysuccinimidylester (ACLT-PEG-NHS) as the mono-
mers and N,N’-methylene bisacrylamide (MBA) as the cross-
linker (Figure 1A). The obtained hydrogel nanoparticles
have characteristics both of a hydrogel system and of
a nanoparticle. Under high concentrations (above
100 mgmL�1), a gel was formed (see the dish in Figure 1B);
however, under dilute conditions (10 mgmL�1 and
50 mg mL�1), a nanoparticle dispersion was observed (two
bottles in Figure 1B). The average diameter of the obtained
nanoparticle in 10 mgmL�1 was (96.8� 12.2) nm, as deter-
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mined by dynamic light scattering (DLS) (Figure 1C). This
result was close to that from transmission electron microscopy
(TEM) imaging (Figure 1D).

To facilitate the brain delivery of the hydrogel nano-
particles, angiopep-2 was used as a brain targeting peptide to
further modify the hydrogel nanoparticles by coupling the N-
hydroxysuccinimidylester on the surface of the ERHNPs to
the amino groups of the peptide (Figure 1A). The composi-
tion of the synthesized angiopep-2 modified ERHNPs (ANG-
ERHNPs) was analyzed by FTIR spectroscopy. The IR
spectra of ANG-ERHNPs (Figure S1) show a new peak at
1668 cm�1 that indicates the presence of a carboxyl group in
the peptide. After the modification with the angiopep-2
peptide, the average diameter of the ANG-ERHNPs was
(102.3� 16.8) nm similar to that of the ERHNPs. When
loaded with PHT, the average diameter of ANG-PHT-
ERHNPs and PHT-ERHNPs increased to (130.8� 22.4) and
(142.8� 18.2) nm, with encapsulating efficiencies of (81.2�

6.4)% and (80.1� 5.8)%, respectively (see the Supporting
Information Table S1).

Because of the presence of the polyelectrolyte poly(so-
dium 4-vinylbenzene sulfonate) (PSS) in the hydrogel nano-
particles, their conductivity accelerated the ionization of the
sulfonate groups in the polymer chains. The increased degree
of ionization of the polyelectrolyte hydrogel under an electric
field has been reported to be responsible for the higher
swelling ratio.[20] We investigated the particle size variation of
hydrogel nanoparticles versus an applied electric field (50–
500 mA) using two platinum electrodes separated by a distance
of 1 cm. The current in the present study was chosen to be 5–
50 mVm�1 m�2, similar to the values measured during a seiz-
ure onset, in which the extracellular field potential can reach
as high as 20 mVm�1 m�2. The results show that the particle
size increased to up to (388.0� 20.4) nm when the current of
the external electric field increased from 50 to 500 mA for
1 min (Figure 2A). The size increase occurred within 1 min in

response to the electric field (Figure 2 B), indicating the
practicality of this approach for the clinical prophylaxis of
epilepsy. The in vitro release showed that a sustained release
of PHT from the ANG-PHT-ERHNPs was achieved for 24 h,
whereas almost all was released within 2 h from the PHT
solution (Figure 2C). The triggered release capabilities of
ANG-PHT-ERHNPs increased significantly under an electric
field. The percentage of accumulated PHT release increased
from 34.6 % to 60.8 % and 87.3% (nearly 1- and 1.5-fold),
when currents of 100 and 200 mA were applied, respectively
(Figure 2D). These results indicated that the ANG-PHT-
ERHNPs can quickly release PHT to produce an antiepileptic
effect upon detecting the onset of epileptic seizures.

Figure 1. Synthesis and characterization of the ANG-ERHNPs. A) The
synthesis of the ANG-ERHNPs. B) Photograph of the ERHNPs disper-
sion. C) Particle size distribution of the ERHNPs. D) TEM images of
the ERHNPs

Figure 2. The electric-field-responsive behavior of the hydrogel nano-
particles with regard to drug release and diameter. A) The diameter of
the ERHNPs changes after the application of various currents for
1 min. B) The diameter of the ERHNPs changes after the application
of a 100 mA current for various times. C) The percentage of released
PHT versus the release time of a PHT solution and ANG-PHT-ERHNPs
in pH 7.4 PBS buffer. D) The percentage of PHT from ANG-PHT-
ERHNPs with (100 mA and 200 mA) or without an external electric field
for 4 h. *P<0.05, **P<0.01, ***P<0.001 compared to a control
group. A one-way ANOVA with Tukey’s t-test was used for (D).

Scheme 1. PHT-loaded electro-responsive hydrogel nanoparticles modi-
fied with angiopep-2 (ANG-PHT-ERHNPs) for antiepileptic therapy.
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The efficiency and low toxicity are essential requirements
for therapeutic nanoparticles.[21, 22] The cytotoxicity of the
synthesized ERHNPs and ANG-ERHNPs was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium (MTT) method in bEnd3 cells (mouse brain micro-
vascular endothelial cells). The half-maximal inhibitory con-
centration (IC50) values of the ERHNPs and ANG-ERHNPs
were determined as 449.0 mgmL�1 and 414.9 mgmL�1, respec-
tively (Figure S2), suggesting a relatively low cytotoxicity. To
investigate the ability of the ERHNPs to cross the BBB after
modification with angiopep-2, we first examined the transport
ratio of hydrogel nanoparticles labeled with fluorescein
isothiocyanate (FITC) across an in vitro BBB model. As
shown in Figure 3A, the transport of the FITC-ERHNPs and

FITC-ANG-ERHNPs across the bEnd3 BBB models was
time-dependent and the transport percentage in 4 h increased
from (6.90� 1.21) % to (11.71� 0.65)% after the ERHNPs
had been modified with ANG. FITC-ERHNPs and FITC-
ANG-ERHNPs were further used to investigate the cellular
uptake of the nanoparticles. A time-dependent uptake was
observed for both types of nanoparticles in both qualitative
and quantitative investigations, and the cellular uptake of the
FITC-ANG-ERHNPs was significantly higher than that of
the FITC-ERHNPs without angiopep-2 modification (Fig-
ure S3A–C). This might be due to the enhanced BBB
transport ability mediated by angiopep-2. It should be
mentioned that after pretreatment with free angiopep-2, the
cellular uptake of FITC-ANG-ERHNPs was significantly
reduced within the following 2 h (Figure S3 A,C); this
reduced uptake was similar to that observed with FITC-
ERHNPs.

To further investigate the brain targeting ability of the
ANG-ERHNPs in vivo, Cy5.5 labeled ANG-ERHNPs were

prepared and injected (intraperitoneal, i.p.) and the fluores-
cence intensity of the brains was determined using an in vivo
imaging system. The stronger fluorescence intensity in the
hippocampus and brainstem regions of the brain were found
in the ANG-ERHNPs group (Figure 3C). To analyze the
brain targeting ability of ANG-PHT-ERHNPs quantitatively,
we used an assay measuring PHT concentrations in the brain.
Higher concentrations of PHT were found in the hippo-
campus, amygdale, cerebellum, and brainstem regions of the
brain (Figures S4 and 3B); these regions are thought to play
an important role in seizure initiation and spread.[23, 24] The
difference of the PHT levels in the brain became evident
15 min after treatment with PHT-ERHNPs and ANG-PHT-
ERHNPs, at which time an increase by 1.49- and 1.97-fold,
respectively, was observed compared to the PHT control
(Figure 3B). This may be due to the angiopep-2 brain
targeting effect as well as the nanoparticle characteristics,
i.e. their small size and their prolonged blood circulation time
owing to PEGylation.[25]

Figure 3. A) The transport percentage of FITC, ERHNPs, and ANG-
ERHNPs across an in vitro BBB model at various times. *P<0.05,
**P<0.01 compared to FITC, #P<0.05 represents the difference
between the ERHNPs and ANG-ERHNPs. B) PHT concentrations in
the hippocampus after the administration of PHT, PHT-ERHNPs, and
ANG-PHT-ERHNPs at the dose of 50 mgkg�1 for various times.
C) Ex vivo fluorescence imaging of coronal brain slices. Arrows indicate
the hippocampus and triangles indicate the brainstem.

Figure 4. Antiepileptic effects of the ANG-PHT-ERHNPs on amygdala-
kindled seizures. A) The behavioral stages, B) the incidence of general-
ized seizures, C) the afterdischarge duration (ADD), and D) the
generalized seizure duration (GSD) during amygdala-kindled seizures
in rats; E) the behavioral stages and F) the ADD at various time points
after drug delivery. *P<0.05, **P<0.01, ***P<0.001 compared to
the solvent; #P<0.05 and ##P<0.01 represent the difference
between the PHT solution and PHT preparation. A one-way ANOVA
with Tukey’s t-test was used for (A) and (C–F); the chi-square test was
used for (B).
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Finally, we evaluated the antiepileptic efficacy of ANG-
PHT-ERHNPs in the amygdala kindling seizure model, which
resembles complex partial seizures with secondary general-
ization in clinical manifestation.[26] Both the PHT solution and
the ANG-PHT-ERHNPs greatly reduced the kindling-stim-
ulation-induced seizures compared to the saline group as
shown by the seizure stage, the incidence of generalized
seizure, the afterdischarge duration (ADD), and the gener-
alized seizure duration (GSD). At the dose of 50 mg kg�1, the
ANG-PHT-ERHNPs significantly lowered seizure stages and
shortened the ADD and GSD, whereas the PHT solution
showed a relatively weak effect at the same dose (Figure 4 A–
C). The ANG-PHT-ERHNPs even lowered the severity of
the seizure behavior at a dose of 20 mg kg�1, whereas the PHT
solution did not have a protective effect at the lower dose
(Figure 4A,B,D). Representative afterdischarges and their
corresponding energy spectra are shown in Figure 5A,B. In
addition, the EEG spectrum analysis further showed that
ANG-PHT-ERHNPs treatment greatly reduced the severity
of the afterdischarges onset (Figure 5C). We further analyzed

the long-acting effect and found that the protective effect of
ANG-PHT-ERHNPs can last as long as 8 h whereas the PHT
solution only had a narrow therapeutic window of approx-
imately 2 h (Figure 4E,F).

In conclusion, we have developed an electro-responsive
hydrogel nanoparticle modified with angiopep-2 as the
targeting ligand for antiepileptic drug delivery. Rapid PHT
release from our hydrogel nanoparticles could be readily
achieved upon the application of an electric field. The long-
circulating property and angiopep-2 ligand of the ANG-PHT-
ERHNPs allowed for a rapid, long-term, and accurate in vivo
brain targeting and improved the antiepileptic efficacy of
PHT in amygdala kindling models. Here we have shown that
angiopep-conjugated ERHNPs are a promising targeted drug
delivery system for the treatment of epilepsy.

Experimental Section
Experimental details: See the Supporting Information for the syn-
thesis and characterization of ERHNPs, ANG-ERHNPs, and drug-
loaded ANG-ERHNPs, in vivo antiepileptic therapy, etc. All animal
experiments were performed in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals with the approval of the Scientific Investigation Board of
Zhejiang University, Hangzhou, China.
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