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ABSTRACT 
Ischemic stroke is the leading cause of disability and death worldwide. Currently, the only proven treatment for ischemic stroke is 
restoring the cerebral blood supply. In addition, some of the tissue is damaged during the subsequent reperfusion because of the 
overproduction of reactive oxygen species (ROS). Furthermore, antioxidant therapies have shown promise in preclinical studies for 
the treatment of ischemia-reperfusion injury. However, their therapeutic efficacy has been limited because of their low 
bioavailability in brain. To resolve this issue, we synthesized ROS-responsive, fan-shaped dendrimer nanoparticles (NPs) and 
conjugated them with a blood-brain barrier (BBB)-targeting peptide, COG1410, and salvianic acid A (SA), which is an effective 
antioxidant in ischemic stroke. The BBB targeting peptide acts as a ligand of the nanocarrier system and penetrates the BBB 
through the endocytosis of the ligand receptor. The results showed that T-SA-NPs not only target and accumulate in the infarct 
area, they also reduce over 2 times of the infarct area and reverse the behavioral deficits in MCAO mice, which illustrates that 
these NPs have an effective therapeutic effect on the ischemic stroke. In addition, these NPs had no toxicity in any organs of the 
body. Importantly, the present study provides an alternative strategy for delivering antioxidants to the brain and achieving targeted 
therapy of ischemic stroke. 
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1 Introduction 
Stroke, which is an acute cerebrovascular disease with high 
mortality and morbidity, ranks fifth among all causes of death. 
In addition, stroke is generally divided into hemorrhagic 
stroke and ischemic stroke [1]. Accounting for about 85% of 
strokes, ischemic strokes are usually a result of a cerebral 
infection. The main treatment for ischemic stroke is intravenous 
thrombolysis that is administered within 3 h after the stroke 
and it is considered to be the only effective treatment to restore 
the blood supply to the ischemic penumbra [2, 3]. However, 
thrombolysis may cause ischemia reperfusion injury through 
oxidative stress damage from reactive oxygen species (ROS) 
and reactive nitrogen radicals (RNS), which are produced by 
the excessive formation of free radicals and excitatory amino 
acid toxicities, respectively [4, 5]. In addition, these injuries 
may trigger neuronal necrosis and apoptosis, which eventually 
result in impaired neurological functions. Therefore, discovering 
an improved therapeutic intervention for ischemic stroke 
that doesn’t come with the risk of ischemia reperfusion 

injury is paramount.  
Considerable evidence has shown that the overproduction 

of ROS plays a vital role in the development of brain damage 
caused by ischemic stroke [6]. These ROS mediate brain 
damage by directly oxidizing membrane lipids [7–9], proteins 
and DNA [10] as well as destroying cell membranes and other 
functional cellular structures. In addition, these ROS activate 
apoptotic signaling pathways by inhibiting the function of 
mitochondria, which results in the selective and delayed death of 
neurons in the ischemic penumbra, including the hippocampal 
CA1 region and cortical regions [11–13]. To reduce the 
damage caused by ROS during ischemic stroke, a series of 
defense responses are activated, which increase antioxidant 
enzyme activity and increase the degradation of lysosomal 
enzymes. In addition, antioxidants play an important role in 
therapies for a number of diseases, including arthritis, diabetes, 
ischemia, atherosclerosis, and cancer, by reducing the over-
production of ROS [14]. The mechanisms of action for natural 
compounds, such as butylphthalide, salvianolic acid B and 
puerarin, that are used to treat these diseases are related to their 
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antioxidant activities [15–17]. Therefore, the use of antioxidants 
to treat ischemic stroke may be beneficial.  

Salvianic acid A (SA), a long, white needle-like crystal that 
is easily soluble in water, is one of the antioxidants that has 
recieved a lot of attention. Previous study showed that SA 
reverses the deleterious consequences triggered by oxidative 
stress, such as reduced cell viability, blocked cell division 
cycle and decreased caspase3-dependent apoptosis [18]. In 
addition, SA protects against atherosclerosis by enhancing 
the antioxidant defense system of cells and protecting the 
function of mitochondria [19]. Furthermore, SA can reduce the 
loss of dopaminergic neurons induced by 6-hydroxydopamine 
(6-OHDA) in zebrafish, which supports the potential 
neuroprotective effect of SA [20]. 

Despite all of these potential benefits, there are some 
limitations of SA, such as it being easily oxidized, its short 
circulation time and its low BBB penetrance, that prevent its 
use in the clinic. However, recent advances in nanoscience 
and nanotechnology provide alternative strategies to address 
the limitations of SA. For example, the in vivo stability of 
antioxidants, including curcumin, coenzyme Q10 [21] and 
astaxanthin [22], can be significantly increased by being 
encapsulated in nanomaterials, such as liposomes, poly(lactic- 
co-glycolic acid) polymers and chitosan nanoparticles [23]. 
In addition, nanoparticles can increase the BBB penetrance, 
cirulcation time and permeability of potential therapeutics 
when they are used as the drug delivery system [24, 25]. For 
example, the antioxidant activity and BBB penetrance of 
quercetin and curcumin can be improved by using poly(lactide- 
co-glycolide) or solid lipid nanoparticles as the drug delivery 
carrier [26, 27]. However, these nanodrug delivery systems might 
result in in vivo oxidative damage because most of these systems 
are prepared through hydrophilic-hydrophobic interactions, 
which may induce peroxidation due to an initial sudden burst 
of high levels of antioxidants that are released [28]. In contrast, 
coupling nanocarrier delivery systems, such as polyethylene 
glycol, with therapeutic drugs has some merit because they 
improve the solubilzation of the drugs, prolong the circulation 
of the drugs, reduce the immunogenicity of the drugs and 
control the release of the drugs, which increases the safety of 
the drugs. Therefore, the covalent interaction between drugs and 
nanodrug delivery systems that have responsive characteristics 
provides an alternative strategy to address the limitations of 
SA [29].  

Recent studies on nanodrug delivery systems have focused 
on responsive nanodrug delivery systems, the systems release 
their therapeutic agent under the different concentration of 
ROS, pH, light, glutathione (GSH) and thermal [30–36], which 
allow for the therapeutic agents to reach the target organs 
and have their release sustained. Importantly, these nanodrug 
delivery systems can be used to treat a number of diseases, 
including tumors, cancers, neurodegenerative diseases and stroke. 
Poly (aminoamine) (PAMAM) dendrimer derivatives have shown 
amazing potential as nanocarrier delivery systems because of 
their highly controllable molecular structures, size and biocom-
patibility [37, 38]. In addition, it has been shown that BBB 
permeability can be improved by conjugating targeting agents, 
such as RGDyC/PEG [39], lactoferrin [40] or triphenyl- 
phosphonium [41], with PAMAM.  

Based on all these considerations, a ROS responsive nanodrug 
delivery system using the dendritic macromolecule, PAMAM, 
was designed and synthesized. After this was synthesized, 
SA and the targeting agent, COG1410, were conjugated with 
PAMAM through covalent and electrostatic interactions, 
respectively, resulting in the formation of BBB-targeted 
PAMAM (T-SA-NPs). In the current study, the in vitro and in 

vivo neuroprotective effects of the T-SA-NPs were evaluated in 
PC12 cells and mice model that simulates ischemic stroke. 
The T-SA-NPs nanoformulation significantly increased the 
accumulation of SA and decreased ROS in the brain. The use 
of T-SA-NPs in MCAO mice also significantly decreased 
neuronal damage and reversed neurobehavioral deficits 
cause by MCAO in mice. In addition, the in vivo use of these 
nanoparticles did not cause obvious damage or other adverse 
reactions in the brain or other organs. The present study 
provides a reliable experimental basis for delivering SA to the 
brain while maintaining its safe and effective administration 
after ischemic stroke. 

2  Experimental 

2.1  Preparation of nanoparticles 

The PAMAM (NPs) were prepared in accordance with our 
previous study [42]. However, ethylenediamine was replaced 
by 2,2’-(propane-2,2-diylbis(sulfanediyl))diethanamine in the 
final step of the preparation of the NPs. NPs were covalented 
with SA according to the previous reported method with 
minor modifications [43]. Briefly, 19.8 mg of SA was dissolved 
in 20 mL of 0.1 M PBS (pH 6.0) and then stirred at 0 C for 
20 min. Subsequently, 23 mg of 1-(3-dimethylaminopropyl)-3- 
ethylcarbodiimide (EDC) was added to the mixture and then 
the mixture was stirred for another 1 h. Next, 0.1 g G4.0 
PAMAM (40 mg) was added to the mixture. The excess EDC 
was removed through a dialysis membrane (molecular weight 
cutoff of 1,000 Da, ABI, USA). Then, the COG1410 peptide 
was put into the resulting mixture and stirred for 12 h. Finally, 
after the freeze-dried, the T-SA-NPs was obtained. 

2.2  Observation of the morphology of the T-SA-NPs 

The morphology of the T-SA-NPs was observed using a 
scanning electron microscope (Hitachi S4800, Japan). The 
dynamic light scattering (DLS) and zeta potential of the T-SA- 
NPs were measured through the use of a DLS detection system 
(Malvern instruments, UK) and a Zeta PALS detection system 
(Brookhaven Instrument, USA), respectively. 

2.3  Immunofluorescence staining 

Sections of paraffin-embedded brains were used for immuno-
fluorescence staining after dewaxing according to the previous 
description [44]. The primary antibodies used were rabbit 
anti-LC3 antibody (1:200, Cell Signaling Technology), rabbit 
anti-β-Tublin-III antibody (1:400, Cell Signaling Technology) 
and rabbit anti-NeuN antibody (1:1,000, Cell Signaling 
Technology). The secondary antibody used was a goat anti- 
rabbit IgG Alexa Flour 488 at a 1:1,000 dilution (Beyotime 
Biotechnology co. LTD). The nucleus was stained with 4',6- 
diamidino-2-phenylindole (DAPI). The area of the sections that 
were fluorescently imaged was the ischemic penumbra, which 
was defined as the area between the infract and the normal tissue, 
and it was followed by using the fluorescence microscope.  

2.4  The middle cerebral artery ischemia (MCAO) 

model 

All animal experiments were performed according to the 
protocols approved by the Institute Animal Care Committee. 
C57BL/6 mice were split into five groups of 10 mice each. The 
groups were: control, MCAO, NPs, SA-NPs and T-SA-NPs. 
The mice were anesthetized during the operation by continuous 
isoflurane inhalation. In the experiment, the wire was inserted 
into the external carotid artery (ECA) incision position. The 
appropriate wire was slowly inserted from the ECA into the 
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internal carotid artery (ICA). The wire was made into a 
straight line when it was inserted into the ICA by simul-
taneously gently pressing down on the ECA. Then, the wire 
was inserted from the common carotid artery (CCA) 
bifurcation into the ICA along with the ECA. From here, the 
wire went to the anterior cerebral artery and then to the 
middle cerebral artery. Of note, the wire should be straight and 
gently inserted into the ICA. Once there is a slight resistance, 
the wire should be stopped [45]. Next, the extra wire is 
blackened and the stump is kept as long as possible to pull the 
wire during reperfusion. During this period, the wound was 
sutured and the wire was removed for reperfusion 45 min 
after ischemia. 

2.5  2,3,5-Triphenyltetrazolium chloride staining of 

brain tissues 

The mice were anesthetized and the brain was removed. The 
integrity of the brain was carefully maintained. The brain was 
placed on a mold in saline for sectioning, where it was sliced 
from rostral to caudal at 2 mm intervals. The brain slices were 
then placed in a 2% 2,3,5-triphenyltetrazolium chloride (TTC) 
solution and incubated at 37 °C for 15 min [46]. During this 
incubation, the brain slices were turned periodically to ensure 
even contact with the dye solution. The cerebral infarction area 
was photographed. 

2.6  Hematologic examination and histology 

C57BL/6 mice were intravenously injected with either the NPs, 
the SA-NPs or the T-SA-NPs for an in vivo toxicity study. 
Organs, including brain, heart, spleen, kidney, lung and liver, 

were harvested and fixed in 4% paraformaldehyde. Frozen 
sections were used for hematoxylin and eosin (H&E) staining. 
The sections with H&E staining were observed by using inverted 
fluorescence microscope. 

2.7  The biodistribution of NPs and T-NPs in the 

MCAO model in mice 

C57BL/6 mice and MCAO C57BL/6 mice were administered 
NPs-Texas Red or T-NPs-Texas Red by intravenous injection 
or tail vein injection, respectively. After 6 h, the brain, heart, 
spleen, kidney, lung and liver of the animals were harvested 
and imaged with a Caliper IVIS Lumina II (Spectrum CT). 

2.8  Statistical analysis 

All data presented are expressed as the means ± standard 
deviation (SD) and analyzed using SPSS 20.0 software. All 
experiments were statistically analyzed by one-way ANOVA. 
The data were regarded as statistically significant at *P < 0.05 
or highly significant at **P < 0.01. 

3  Results and discussion 

3.1  Physicochemical characterization 

Of the responsive nanodrug delivery systems, we used the 
ROS responsive nanodrug delivery system because of the 
higher concentrations of ROS in neurodegenerative diseases. 
In the present study, a ROS responsive nanodrug delivery 
system based on the PAMAM (T-SA-NPs) was synthesized. 
T-SA-NPs were prepared as shown in Fig. 1(a). First, SA was  

 

 
Figure 1  The characteristics of nanodrug delivery systems. (a) The synthesis route of the T-SA-NPs. (b) DLS and TEM of the NPs. (c) DLS and TEM 
of the SA-NPs. (d) The DLS and TEM of the T-SA-NPs. (e) UV–Vis spectra of the NPs and the T-SA-NPs. (f) FTIR spectra of the NPs and the T-SA-NPs.
(g) The release plot of the SA-NPs and the T-SA-NPs under condition of reactive oxygen species (scale bar: 100 nm). 
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conjugated with generated 4.0 ROS-responsive PAMAM through 
an esterification reaction to prepare SA functionalized ROS- 
responsive PAMAM (SA-NPs). Then, SA-NPs were conjugated 
with blood-brain barrier (BBB) targeting agents (COG1410) 
by electrostatic interactions to prepare the targeting nanodrug 
delivery system (T-SA-NPs), which was then characterized by 
transmission electron microscopy (TEM), Fourier-transform 
infrared spectroscopy (FTIR), DLS and zeta potential. The 
TEM and DLS results demonstrated that both the SA-NPs and 
the T-SA-NPs possessed typical structures with spherical 
and uniform size as well as uniform distribution and good 
polydispersity (Figs. 1(b) and 1(d)). In addition, the T-SA-NPs 
were characterized by FTIR (Fig. 1(f)) and ultraviolet–visible 
(UV–Vis) absorption spectroscopy (Fig. 1(e)). As shown in 
Fig. 1(f), the peaks at 1,400–1,600 and 2,876 cm–1 were ascribed 
to the stretching vibration of the benzene ring and C–H (CH3). 
As shown in Fig. 1(e), there is a characteristic absorption peak 
at 280 nm in the UV–Vis spectrum of the T-SA-NPs. Based 
on these results, SA has been functionalized on the surface 
of PAMAM. In addition, the loading efficiency of SA on the 
SA-NPs was 13.6% as determined by UV–Vis spectroscopy.  

Next, a release study of SA was employed simulated ROS 
(Feton reaction). As shown in Fig. 1(g), the SA was released 
from SA-NPs and T-SA-NPs within 1 h in the ROS condition 
whereas there was nearly no SA release without the presence 
of ROS, which indicates that SA-NPs can specifically release 
SA in certain conditions. 

3.2  Safety of the nanoparticles and their enhanced 

cellular uptake in vitro 

To determine the safety of the nanoparticles, an methyl thiazolyl 
tetrazolium (MTT) assay was used to evaluate their activity in 
cells. A variety of PAMAM with concentrations ranging from 
0 to 800 μg/mL were added to PC12 cells and the viability of 
PC12 cells was determined after 12 and 24 h (Fig. 2(b)). The 
results showed that the nanoparticles were safety to PC12 cells 
and without biotoxicity in 12 and 24 h. 

Next, in order to detect the therapeutic strategies of nano-
particles, the experiment was divided into six groups including 
control, OGDR, OGDR+NPs, OGDR+SA, OGDR+ SA-NP 
and OGDR+T-SA-NPs. Except control group, the other five 
groups processed 4 h oxygen glucose deprivation (OGD) and 
24 h reoxygenation that was named OGDR (Fig. 2(a)). The 
nanodrug delivery systems were added to two different types 
of cells, PC12 and HT22, after 24 h to determine their activity 
in cells. The viability of cells treated with NPs, SA-NPs or 
T-SA-NPs was significantly increased compared to the cells that 
underwent OGDR without treatment. In addition, the viability 
of cells treated with T-SA-NPs was significantly increased 
compared with cells treated with SA-NPs (Fig. 2(c)).  

In order to obtain a fluorescently-labeled nanodrug delivery 
system, Texas Red was conjugated with the T-NPs (T-NPs-Texas 
red), which allowed for the evaluation of the cellular-uptake of 
the T-NPs-Texas red. PC12 cells were incubated with T-NPs- 
Texas red for 2, 4, 6 and 12 h and then the cells were washed 
and fixed. The results demonstrated that the fluorescence 
intensity in cells increased with the length of incubation time. 
The enlarged merged images show that after entering the cells, 
the nanoparticles increasingly accumulated in lysosomes with 
time, which potentially indicates that the nanoparticles enter 
cells through the lysosomal pathway (Fig. 2(d)). 

Then, the endocytosis of COG1410-mediated nanoparticles 
on the monolayer capillary endothelial cell was studied as 
an in vitro model for nanoparticles to penetrate the BBB. The   

 
Figure 2  The cellular entry of the nanoparticles and their effect on cell 
viability. (a) Experiment schedule of the OGDR cell model and the 
administration of nanoparticles formulations. (b) The viability of PC12 
cells was detected by MTT. The concentrations of the nanoparticles used 
were 0, 6.25, 12.5, 25, 50, 100, 200, 400, and 800 μg/mL. The nanoparticles 
were co-incubated with PC12 cells or HT22 cells for 24 and 48 h. The 
viability of the PC12 cells was detected by MTT. Black represents 24 h. 
Red represents 48 h. The data is presented as mean ± SD (n = 6); *p < 0.05; 
**p < 0.01. (c) The protective effect of the nanoparticles on cells after 
OGDR. The experiment was performed with two kinds of cells, HT22 
(mouse hippocampal neuronal) cells and PC12 (rat pheochromocytoma 
parent) cells. Black represents HT22 cells and red represents PC12 cells. 
(d) Nanoparticles entered into cells. FITC-nanoparticles were co-cultured 
with PC12 cells and then co-localized with lysosomes after 2, 4, 6 and 12 h. 
Green represents the nanoparticles attached to FITC. Red represents the 
lysosome in the cell. The merge is the co-localization of the nanoparticles 
with the lysosome. Scale bar = 20 μm. 

monolayer of endothelial cells grown on transwell inserts was 
incubated with medium, Texas red, NPs-Texas red or T-NPs- 
Texas red, and the supermatant and the basolateral were 
detected by a microplate reader (Fig. S1 in the Electronic 
Supplementary Material (ESM)). The results showed that the 
fluorescence signal after 4 h T-NPs-Texas red incubation was 
2.2 times higher in the basolateral than incubation with NPs- 
Texas red (Fig. S1 in the ESM), which suggesting a specific 
interaction between the T-NPs-Texas red and bEnd.3 cells.  

3.3  Antioxidative activities of the T-SA-NPs in vitro 

The overproduction of ROS is closely associated with aging 
[47] as well as with the pathology of many diseases, including 
cancer [48], inflammatory diseases [49] and degenerative 
diseases (e.g., Alzheimer’s disease (AD) [50], Parkinson 
disease (PD) [51] and stroke [52]). Therefore, the removal of 
intracellular ROS is potentially an important strategy in 
disease therapies.  

Superoxide anions are the first ROS generated after oxygen 
enters living cells, which are then converted to ROS. Therefore, 
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the detection of both superoxide anions and ROS is important 
for the evaluation of the effects of antioxidants. To investigate 
the antioxidant activities of the T-SA-NPs, ROS in cells    
and mitochondria was measured using DCFH-DA (a ROS 
fluorescence probe) and Mito-SOX (a mitochondrial superoxide 
anion fluorescence probe), respectively. After OGDR- simulated 
ischemic stroke, which can induce the production of ROS, the 
level of ROS in cells and in mitochondria were increased 
compared with the control group. However, the ROS levels in 
cells and in mitochondria treated with NPs, SA-NPs or T-SA-NPs 
were significantly decreased compared with OGDR. In addtion, 
the ROS levels in the T-SA-NPs-treated group significantly 
decreased compared with the SA-NPs-treated and NPs-treated 
groups, which demonstrate that the T-SA-NPs remove ROS 
from cells more effectively (Figs. 3(b) and 3(d)). As shown in 
Figs. 3(a) and 3(c), the apoptosis rates in both the SA-NPs-treated 
and the T-SA-NPs-treated groups were significantly reduced 
compared with the OGDR group. In addition, the T-SA-NPs- 
treated group increased the survival rate of cells and exhibited 
an increased protective effect compared with the SA-NPs-treated 

group. 
The molecular mechanism of the protective effect of the 

T-SA-NPs was investigated by western blot, which detected 
the expression of proteins related to mitochondria-mediated 
apoptosis, including Bax, Bcl-2, caspase3 and pro-caspase3. 
As shown in Fig. 3(e), the ratio of Bax/Bcl-2 was increased in the 
OGDR group compared with control. However, pretreatment 
of cells with SA-NPs or T-SA-NPs up-reguated the levels of 
Bcl-2 and decreased the ratios of Bax/Bcl-2 and pro-caspase3/ 
caspase3 (Fig. 3(e)). Furthermore, the T-SA-NPs showed a 
more significant protective effect after the OGDR than the 
same concentration of SA-NPs did. As shown in Fig. 3, the 
treatement with T-SA-NPs induced the up-regulation of Bcl-2 
and the down-regulation of Bax, which indicates the inhibition of 
Bax/Bcl-2-binding or Bax/Bax-binding permeability transition 
pores (PTP). PTP that promotes the formation of apoptosome 
based on apaf-2 and pro-caspase-9 inhibits the release of 
cytochrome C. And activated caspase-9 did not proteolyze 
Pro-caspase3, which further inhibited PARP cleavage, thereby 
promoting cell survival. 

 
Figure  3  The level of intracellular ROS and cell apoptosis after injection of NPs, SA-NPs or T-SA-NPs. PC12 cells were first subjected to OGD for 4 h and then 
reoxygenated for 24 h. At the same time, different nanoparticles were added to measure the content of ROS and mitochondrial superoxide by
immunofluorescence. (a) Analytical images of cell apoptosis by flow cytometry after OGDR treatment. (b) DCFH-DA was used for the detection of ROS
in cells and Mito-Sox was used to detect mitochondrial superoxide. Scale bar = 20 μm. (c) The apoptosis of each group was analyzed by one-way ANOVA. 
Data are presented as the mean ± SD (n = 3); *p < 0.05; **p < 0.01. (d) The DCFH-DA and Mito-Sox of each group were analyzed by one-way ANOVA. 
Data are presented as the mean ± SD (n = 3); *p < 0.05; **p < 0.01. (e) Western blot analysis of Bax, Bcl-2 and caspase3 in mice treated with NPs, SA-NPs
or T-SA-NPs as well as untreated mice. The statistics of each group were analyzed by one-way ANOVA. Data are presented as the mean ± SD (n = 3); 
*p < 0.05; **p < 0.01. 
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3.4  T-SA-NPs protect neurons by inducing mito-

chondrial autophagy  

Mitochondria are the main organelle where cells produce 
adenosine triphosphate (ATP) [53]. During the oxidative 
process of mitochondria, the energy generated by the electro-
chemical potential is stored in the inner membrane of the 
mitochondria, which results in an asymmetric distribution of 
proton plasma concentrations across the inner membrane of 
the mitochondria and this forms mitochondrial membrane 
electricity (MMP) [54]. The MMP, which plays a coupling role 
in the process of mitochondrial oxidative phosphorylation, is 
a prerequisite for maintaining the mitochondria function as 
energy factories by producing ATP [55]. The stability of the 
MMP is conducive to maintaining the natural physiological 
functions of cells. Recent studies have found that the MMP of 
cells start to decline prior to pathological changes in the early 
stage of apoptosis [56]. Therefore, a change in the MMP in PC12 
cells could be an indicator of mitochondira dysfunction. Thus,  

the MMP of PC12 cells was measured by a JC-1 fluorescence 
probe and the results showed that both OGDR and OGDR+NPs 
decreased the MMP of cells and induced cell damage. However, 
the T-SA-NPs repaired the MMP of PC12 cells that were 
damaged by OGDR (Figs. 4(a)–4(c)).  

According to previous studies [57], the change of MMP or 
mitochondrial membrane opening generally induce mitochondrial 
autophagy (mitophagy), which plays an important role in 
reducing mitochondrial DNA mutations that are caused by 
aging. Therefore, we speculated that mitophagy may be closely 
associated with the MMP change. The expression of LC3, an 
important marker of autophagy that is responsible for the 
formation of autophagosomes, was determined in PC12 that 
underwent OGDR (Fig. 4(d)). Treatment of these cells with 
either the SA-NPs or the T-SA-NPs increased the expression 
of LC3 II in comparison with the OGDR, OGDR+SA and 
OGDR+NPs groups. In addition, the expression of Pink1, 
Parkin and Beclin1, which are involved in mitophagy, was 
significantly higher in the T-SA-NPs treated group than that  

 
Figure  4  Detection of mitochondrial membrane potential and autophagy in cells. (a) JC-1 was used to detect mitochondrial membrane potential by 
immunofluorescence. When the mitochondrial membrane potential increases, it appears red and when it decreases the green will be brighter. (b) After the 
cells were subjected to OGDR treatment, different nanoparticles were added and then the cells were stained with JC-1, which was detected by flow cytometry.
(c) Statistical analysis of the flow cytometry results. Data are presented as the mean ± SD (n = 3); *p < 0.05; **p < 0.01. (d) Detection of mitochondrial 
autophagy. LC3 is a marker of autophagy. Lyso-Tracker is a marker of lysosomes. The degree of autophagy occurs after colocalization of LC3 with
lysosomes. (e) Western blot of autophagy proteins, including LC3, P62, Beclin1, Pink1 and Parkin, in the penumbra area after treatment with NPs, SA-NPs
or T-SA-NPs. (f) Western blot analysis was performed by one-way ANOVA. Data are presented as the mean ± SD (n = 3); *p < 0.05; **p < 0.01. 
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in the other groups (Figs. 4(e) and 4(f)). Furthermore, treatment 
with the T-SA-NPs cleared the damaged mitochondria through 
mitophagy resulting in the decrease of oxidative stress.  

3.5  The biodistribution and brain targeting of nano-

particles around the penumbra field in vivo 

To investigate the targeting effect and biodistribution of the 
nanodrug delivery systems in vivo, the biodistribution of the 
NPs-Texas Red and the T-NPs-Texas Red were assessed in 
naïve mice and mice that underwent MCAO. Mice were 
euthanized and perfused with saline for ex-vivo imaging 6 h 
after the administration of the NPs-Texas Red and T-NPs- 
Texas Red. As shown in Fig. 5(a), the Texas Red-conjugated 
nanoparticles in mice with or without MCAO accumulated in 
the brains and livers. Interestingly, the fluorescence intensity 
in the brains of the control group that were administered 

T-NPs-Texas Red was much higher than in the brains of control 
mice that were administered NPs-Texas Red, which indicates 
that the targeting peptides were more conducive to the drugs 
crossing the BBB. In addition, the fluorescence intensities in 
the brains of MCAO mice administered T-NPs-Texas Red or 
NPs-Texas Red were much higher compared with those of 
the control mice and indicates that the drug delivery systems  
targeted the lesions more easily as a result of ischemic stroke. 
Furthermore, the fluorescence intensities in the brains of 
T-NPs-Texas Red-treated MCAO mice were significantly higher 
than in the brains of NPs-Texas Red-treated MCAO mice, which 
indicates the better targeting of T-SA-NPs to the injured brain 
(Fig. 5(b)).  

In order to fully perform the therapeutic effects of SA, the 
nanoparticles must be transported to the penumbra area of  
cerebral ischemia, which is the main part in need of rescue 

 
Figure  5  T-NPs targeted the brain in vivo. (a) Fluorescence images of the brain and other main organs of mice 6 h after injecting nanoparticles, such as 
Texas Red, NPs-Texas Red or T-NPs-Texas Red via the tail vein. (b) After the intravenous injection, the average fluorescence intensity of the mouse brains 
were quantified. Data are presented as mean ± SD (n = 3); **p < 0.01. (c)–(f) Typical confocal images of β-III Tublin (c) and NeuN (e) dispose of Texas 
Red, NPs-Texas Red and T-NPs-Texas Red 6 h post-injection. The neurons were identified by immunostaining (green) for β-III Tublin (c) and NeuN 
(green) (d) in the penumbra area. The nuclei were stained with DAPI (blue). The presence of nanocarriers (red) in neuronal cells is indicated in the 
enlarged rightmost column. Scale bar = 20 μm. The Texas Red fluorescence densities are quantified in (d) for β-III Tublin and (f) for NeuN using Image J. 
Data are presented as mean ± SD (n = 3); *p < 0.05; **p < 0.01.  
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after cerebral ischemia. Laser confocal microscopy analysis 
found that both NPs-Texas Red and T-NPs-Texas penetrated 
the penumbra while Texas Red alone did not. In addition, the 
COG1410-modified targeting nanoparticles showed prominently 
stronger aggregation compared with other groups (Figs. 5(c) 
and 5(d)). Furthermore, immunofluorescence staining of βIII- 
tubulin also revealed that the nanoparticles colocalized with 
neurons. Therefore, both the NPs-Texas Red and the T-NPs- 
Texas Red co-localize inside or near the neuron for 6 h after 
tail vein injection, which confirms that the nanoparticles can 
enter neurons in vivo (Figs. 5(e) and 5(f)). 

3.6  T-SA-NPs administration decreases behavioral 

impairment in mice after ischemic stroke 

To build upon the in vitro protective effect of T-SA-NPs after 
OGDR, the therapeutic effect of T-SA-NPs was evaluated in 
ischemic brains by TTC staining, immunohistochemical analysis 
and behavioral tests 24 h after injury (Fig. 6(b)). As shown in 
Figs. 6(a) and 6(e), there were no infract zones or behavior 
impairment in the control group in comparison to the severely  

damaged infract areas and behavioral impairments seen in the 
MCAO group. Importantly, there was a significant decrease in 
the brain infrected areas in the SA-NPs-treated and T-SA-NPs- 
treated groups compared with the untreated MCAO group 
(Fig. 6(c)). In addition, the average residence time of T-SA-NPs- 
treated MCAO mice on the balance beam was increased 
compared with MCAO mice and SA-NPs-treated MCAO mice 
(Figs. 6(f) and 6(g)), which indicates that the nanoparticles 
conjugated with COG1410 can reduce behavioral impairments 
and infarct size as a result of ischemic stroke.  

Furthermore, immunostaining in the brain showed that 
there was a significant recovery of neurons after treatment 
with SA-NPs or T-SA-NPs. The T-SA-NPs-treated group showed 
more recovery than the SA-NPs-treated group, which indicates 
that the T-SA-NPs exhibit a higher targeting effect (Fig. 6(d)). 
Taken together, these results demonstrate that the delivery of 
SA by COG1410-modified nanoparticles can significantly 
improve the behavioral outcomes in MCAO mice. Furthermore, 
COG1410-modified nanoparticles are more efficacious than 
the SA-NPs or non-targeted nanoparticles in treating ischemic 
stroke in mice. 

 
Figure 6  Neuroprotection by T-SA-NPs treatment in MCAO-induced ischemic and reperfusion injury. (a) The typical TTC staining of the control 
group, MCAO group, NPs group, SA-NPs group and T-SA-NPs group. The red is the natural area region and the white shows the infarct region. (b) The 
experiment schedule of the MCAO model and the administration of the nanoparticles formulations. (c) Treatment with T-SA-NPs significantly reduced 
ischemic lesion size. Data are presented as the mean ± SD (n = 5); *p < 0.05; **p < 0.01. (d) Histological analysis of neuronal cells. Intact cells indicate 
normal tissue. Karyopyknosis indicates cell apoptosis and necrosis. Scale bar: 20 μm. (e) Behavior normal mice and MCAO mice are different. (f) and (g)
Behavioral manifestation of MCAO in mice in the beam balance test (f) and tape removal test (g) after NPs, SA-NPs or T-SA-NPs therapy. Mice in the 
control group were injected with saline instead. Data are expressed as mean ± SD (n = 7). Statistical analysis used was one-way ANOVA test.  
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3.7  T-SA-NPs treatment decreases oxidative stress in 

the penumbra region in the MCAO model  

After ischemic stroke, microglial activation results in an 
upregulation of inflammatory mediators and migrated from 
the peripheral lesions to the lesions. Here, a multitude of 
detrimental molecules, including free radicals, glutamate, 
chemokines and cytokines, are released by activated glial cells 
and infiltrating leukocytes in the lesion. These inflammatory 
molecules eventually lead to the destruction of the BBB, 
encephaledema and the exacerbation of neuronal death [58]. 
Therefore, to determine whether SA-NPs or T-SA-NPs admini-
stration reduces cacoethic inflammation in the brain, the mRNA 
levels of inflammatory factors, including TNF-α, IL-1β and 
IL-6, in the penumbra were measured (Figs. 7(a)–7(c)). The 
results demonstrated that SA-NPs or T-SA-NPs administration 
reduced the inflammatory damage associated with ischemic 
stroke as previous studies have shown that the process of 
stroke is accompanied with inflammation, which induces 
cell apoptosis. Figures 7(a)–7(c) show that these nanodrug 
delivery systems can inhibit stroke-associated inflammation 
as evidenced by the decrease in IL-1β, IL-6 and TNF-α.  

One of the mechanisms of neurotoxicity after ischemic 
stroke may be the sudden influx of oxygen during reperfusion, 
which may cause damage as a result of oxidative stress and 
lead to neuronal death. To test this hypothesis, the oxidative 
stress levels in the hippocampi in MCAO mice after treatment 
with T-SA-NPs were examined. The results show that the level 
of SOD (superoxide dismutase) in the hippocampi from  

 
Figure 7  The anti-inflammatory and antioxidant effects of the nanoparticles. 
(a)–(c) Quantitative measurement of IL-1β, IL-6 and TNF-α mRNA in the 
penumbra area of mice after treatment with different SA formulations. 
The mice received an intravenous injection one hour after MCAO and 
were sacrificed 24 h post-injection. Results are showed as mean ± SD, n = 5, 
*p < 0.05; **p < 0.01. (d)–(f) Super oxide dismutase (SOD), (e) MDA and 
(f) GSH of normal and MCAO mice treated with different nanoparticles. 
Data are presented as mean ± SD (n = 5); *p < 0.05; **p < 0.01. 

MCAO mice were significantly decreased after T-SA-NPs 
treatment (Fig. 7(d)). Similar results were obtained by measuring 
other indicators of oxidative stress, including malondialdehyde 
(MDA; Fig. 7(e)) and GSH (Fig. 7(f)). As shown in Fig. 5(a), 
the nanodrug delivery system accumulated in the brain because 
of the targeting effects on BBB. Once in the brain, the 
nanodrug delivery system penetrates the infarction area 
through the BBB where the antioxidants are released from the 
nanodrug carriers under the condition of ROS overproduction. 
Here, the antioxidants decrease ROS where the overproduction 
of ROS might aggravate the impairment of mitochondrial 
function that is essential for cell function and survial, particularly 
in neurons [59–61]. 

3.8  Biocompatibility of nanoparticles in other organs  

It is generally accepted that an ideal nanoparticle should have 
good biocompatibility without organ toxicity, which makes it 
important to evaluate the potential toxicity of NPs and T-NPs 
before their clinical application. From previous experimental 
results, we found that NPs and T-NPs can accumulate in brain 
and liver, but they were also distributed in other tissues, 
including the heart, spleen, lung and kidney. To determine 
whether NPs and T-NPs cause damage to various organs in 
mice while treating ischemic stroke, sections of the heart, liver, 
spleen, kidneys and lungs were frozen. Damage of these organs 
was not observed by H&E. The myocardial cells in the cardiac 
tissue were structurally intact and without inflammation in 
the control group, the MCAO group and the nanoparticle 
group (Fig. 8). In the liver tissue, the presence of nanoparticles 
did not affect the function of the liver. In addition, the hepatic 
lobules were structurally intact and the hepatocytes were 
arranged neatly (Fig. 8). The structures of the spleen bodies in 
all the groups were intact and were not affected by the NPs or 
T-NPs. In the lung, the NPs did not affect the intact structure 
of the alveoli or thickness of the interstitial wall and the lung 
function was not affected (Fig. 8). Finally, we examined the 
effects of NPs on the kidneys and found that the NPs did not 
change the structure of the renal tubules or renal capsules. In 
addition, there were no changes in the structure of the kidneys 
in any of the experimental groups (Fig. 8).  

Furthermore, we also tested indicators of liver (Albumin, 
ALB; Alkaline phosphatase, ALP and Alanine transaminase, 

 
Figure 8  No distinctive toxicity of major organs due to T-SA-NPs.    
Immunohistochemical staining of liver, lung, kidney, heart and spleen 
from control, NPs-infused, SA-NPs-infused or T-SA-NPs-infused mice (n = 5). 
No significant pathological changes were observed in the main organs of 
normal mice after SA-NPs or T-SA-NP tail vein injection.  
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Scheme 1  Scheme of the construction of the T-SA-NPs nanoparticles 
and the potential mechanism of action. (a) Schematic diagram of the 
synthesis of the T-SA-NPs nanoparticles. (b) Schematic illustration of the 
potential mechanism of the penetration of the T-SA-NPs across the BBB. 
The COG1410 peptide binds cell surface receptors on the brain endothelial 
cells that form the BBB and mediates the transcytosis of the nanoparticles 
across the cell layer. (c) Potential mechanism of action of the T-SA-NPs in 
the damaged neurons cells in ischemic stroke. Internalization of T-SA-NPs 
allows the relesed SA to protect the cells from the damage of oxidative stress 
which induced by ischemic stroke. 

ALT) and kidney function (blood urea nitrogen, BUN). The 
results show that the content of ALT increased after ischemic 
stroke (Fig. S2 in the ESM). However, the content of ALT was 
significantly decreased after treatment with T-SA-NPs, which 
might protect the liver from damage experienced during 
ischemic stroke. In other words, T-SA-NPs treatment played a 
positive role in protecting the liver. There were no other 
significant changes in the other indicators of liver function 
(ALB and ALP) and kidney function (BUN) (Fig. S2 in the ESM), 
which is consistent with the H&E staining results showing that 
the nanoparticles are safe in mice.  

In addition, the in vivo fluorescence assay demonstrated 
that these nanodrug delivery systems may reach the stroke 
area and be stored in this area (Fig. 5(a)). Furthermore, the 
drug could be metabolized in other organs, which indicates 
the biosafety of nanodrug delivery systems (Fig. 8(a)). Taken 
together, the in vivo results demonstrate the therapic effect of 
these new nanodrug delivery systems.  

4  Conclusion 
In this paper, we reported a nanoparticles that are linked to  
SA and modified with a targeting peptide, COG1410, which 
can target the lipoprotein receptors of vascular endothelial 
cells. With these modified nanoparticles, SA was able to pass 
through the BBB by intracellular endocytosis of ligand-receptor- 
specific binding. This nanoparticle system was highly efficient 
in the delivery of SA across the BBB. Here, the delivered SA 
protected the neurons from ischemic stroke-induced damage in 

the penumbra area and decreased the neurobehavioral deficits. 
The mechanism of this protection is potentially mediated by 
increasing the mitochondrial autophagy flux through Pink1 
and Parkin, which reduces inflammation and cell apoptosis. 
The nanoparticles used in these studies were safe in mice 
because there were no structural damage and other adverse 
effects in the brain, heart, spleen, kidney, lung or liver after the 
treatment with the nanoparticles. Therefore, the prepared 
nanodrug carrier may be a potential solution for the delivery 
of SA through the BBB, which is a prospective approach for 
ischemic stroke therapy. 
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