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a b s t r a c t

Ischemic stroke is currently one of the biggest threats to global health due to its high mortality and dis-
ability rate. Thrombolysis with intravenous alteplase remains a primary therapy for acute ischemic stroke. 
Nevertheless, haemorrhage may be triggered to cause secondary victimization to the patients. On the other 
hand, the compensatory cerebral collaterals developing in response to ischemia stroke help preserve the 
penumbral area where the neurons are considered to be salvageable. In this context, precisely evaluating 
the collateral circulation and predicting the thrombolytic risk of stroke are extremely important not only for 
treatment decision making but also for a good prognosis. Aiming at identifying the ischemic penumbra and 
precisely predicting the possible thrombolytic haemorrhage risk prior to thrombolytic therapy, we herein 
report a dual-targeted magnetic resonance imaging (MRI) nanoprobe based on magnetic iron oxide na-
noparticles for visualizing both cerebral collateral circulation and ischemic inflammation. Focal cerebral 
ischemia rat models were adopted for imaging studies on 7.0 Tesla MRI with different sequences. The 
imaging results revealed that the nanoprobe could target the newly formed collateral vessels and in-
flammatory lesions in the cerebral ischemic region, which enabled the visualization of the potential hae-
morrhage sites of thrombolytic therapy apart from the ischemic penumbra. The current studies therefore 
offer for the first time a noninvasive approach for precisely predicting potential reperfusion haemorrhage 
through MRI.

© 2022 Elsevier Ltd. All rights reserved. 

Introduction

Acute ischemic stroke and its complications are the leading 
causes of disability and mortality. The etiology of ischemic stroke is 
due to either a thrombotic or embolic event that causes a decrease in 
blood flow to the brain by narrowing or blocking an artery [1,2], 
issuing injuries to the brain tissues and central nervous system.

Normally, the collateral circulation will quickly develop in reac-
tion to the infarction to provide an alternative route for blood to 
reach the ischemic tissue during an acute stroke [3]. As the status of 
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collateral circulation largely determines the ischemic penumbra 
where the neurons are considered to be salvageable [4,5], the latter 
is widely recognized as a target of thrombolytic therapy that is a 
treatment of choice for acute stroke within the initial 3 h after 
symptom onset. However, according to clinical studies, the differ-
ences in therapeutic outcomes are significant due to individual dif-
ferences in the status of collateral circulation as well as the location 
of lesions [6,7].

In addition, post-ischemic inflammation is also considered as an 
integral part of pathogenic processes and is widely accepted as an 
essential step in the progression of brain ischemia-reperfusion in-
jury. It is a dynamic process involving a complicated set of interac-
tions involving various types of inflammatory cells and molecules. 
For instance, within minutes after arterial occlusion, the ensuing 
hypoxia and changes in shear stress can trigger the stroke coagula-
tion cascade, including activation of microvascular endothelial cells 
to release proinflammatory cytokines such as reactive oxygen spe-
cies (ROS) [8]. ROS subsequently induce the hyperactivation of 
neurons in the ischemic region to generate excessive adenosine 
triphosphate (ATP) and uridine triphosphate (UTP) which can acti-
vate microglia to release matrix metalloproteinases (MMPs), in-
flammatory factors and chemokines, including IL-1β, IL-6, IL-18, 
TNF-α, and CXC3L-1 [9,10]. These inflammatory factors and chemo-
kines can recruit lymphocytes such as neutrophils to infiltrate into 
the brain parenchyma through the impaired blood-brain barrier 
(BBB) [11–13]. These infiltrated lymphocytes will be polarized to 
overexpress low-density lipoprotein receptor-related protein-1 (LRP- 
1) while releasing harmful ROS and danger-associated molecular 
patterns (DAMPs) to further activate microglia to express LRP-1 [14]. 
Tissue-type plasminogen activator (t-PA), secreted by activated en-
dothelial cells within blood vessels to relieve occlusion as a self- 
rescue function, interacts after being transferred into ischemic brain 
tissues through LRP1-mediated transcytosis of activated endothelial 
cells[15] with LRP-1 over-expressed on the activated neutrophils, 
microglia, etc [16,17]. These interactions will further promote the 
expression of MMPs that are subsequently activated by integrin αvβ3 

on the activated microvascular endothelial cell membrane in in-
flammatory regions [18]. Activated MMPs degrade the extracellular 
matrix (ECM) to facilitate the migration of vascular endothelial cells 
and promote angiogenesis with the aid of activated astrocytes 
[13,19]. Nevertheless, the disruption of BBB tight junctions by MMPs 
may also lead to secondary brain damage, such as thrombolytic 
hemorrhagic transformation (HT) that increases the mortality of 
patients [20]. In brief, the above sophisticated interaction network 
involving various inflammatory cells and molecules suggests that 
LRP-1 plays a key role in the post-ischemic stroke and might become 
an appropriate molecular target for evaluating cerebral inflamma-
tion, as αvβ3 integrin does for cerebral collaterals.

At present, it is commonly accepted that imaging plays a critical 
role in evaluating patients suspected of acute ischemic stroke and 
transient ischemic attack, especially before initiating treatment. 
Clinically, imaging techniques including X-ray computed tomo-
graphy (CT), CT angiography (CTA), digital subtraction angiography 
(DSA), and magnetic resonance imaging (MRI) have become domi-
nant methods for monitoring cerebral collaterals and identifying the 
ischemic penumbra at different stages of a stroke [21]. CT is used for 
patients with acute stroke symptoms to distinguish haemorrhagic 
and ischemic stroke [19], while CTA and DSA are used to visualize 
the vascular network and collateral circulation [22,23]. In contrast, 
MRI is regarded as an ideal clinical means to assess the collateral 
status and penumbra owing to the multiple choices of imaging 
parameters [24]. For instance, diffusion-weighted imaging (DWI) is 
widely used for determining the irreversibly infarcted tissue “core”, 
and perfusion-weighted imaging (PWI) is adopted for depicting 
areas with reduced cerebral blood flow. Thus, the mismatch between 

DWI and PWI is used as a clinical strategy to determine the poten-
tially salvageable ischemic “penumbra” [25–30]. However, de-
marcating the penumbra through perfusion abnormality may 
become exaggerated due to the possible inclusion of benign oligemia 
areas [31,32], while the DWI/PWI mismatch strategy hardly identi-
fies the inflammatory lesions within the ischemic region. Overall, 
PWI and DWI only provide indirect information on ischemic status 
through the hemodynamic characteristics or diffusion of water 
molecules rather than direct evidence on cerebral collaterals and 
inflammation, whereas the latter are strongly associated with the HT 
risk of thrombolytic treatment. Therefore, timely and precisely 
evaluating the cerebral collateral status and the stage of post-is-
chemic inflammation become undoubtedly critical for achieving a 
good prognosis but remain beyond the bounds of possibility.

Molecular imaging techniques offer possibilities to visualize the 
targets of interest through molecular recognition between the 
imaging nanoprobe and the corresponding target, which has been 
demonstrated to be effective for identifying malignant tumours
[33,34] and vulnerable atherosclerotic plaques [35], but rarely for 
evaluating the ischemia-reperfusion injury risk. To address this 
challenge, we propose a strategy to disclose HT risk by visualizing 
angiogenesis and ischemic inflammation with a dual-targeted MRI 
nanoprobe based on Fe3O4 nanoparticles. As cerebral collateral cir-
culation is established upon enlargement and anastomoses of mi-
crovessels [36,37], peptide c(RGDfC) was chosen to target integrin 
αvβ3 overexpressed on neovascular endothelial cells, while an-
giopep-2 peptide was chosen to specifically target ischemia-asso-
ciated inflammatory cells through cell surface-expressed LRP-1. The 
detailed stroke inflammation processes involving LRP-1 are given in 
Scheme 1 to illustrate the strategies of the current probe design. In 
brief, the nanoprobes are expected to bind with the newly formed 
cerebral collateral vessels after intravenous delivery, and angiopep-2 
will facilitate the nanoprobes to cross the BBB through LRP1-medi-
ated transcytosis to further bind with inflammatory cells in the is-
chemic region. Different MRI sequences, including DWI, PWI, and 
susceptibility-weighted imaging (SWI) sequences used for detecting 
tiny cerebral vessels and microhaemorrhages in the clinic, were 
adopted to scan the brains of rats with reversible right middle cer-
ebral artery occlusion (rMCAO) after the dual-targeted imaging na-
noprobes were intravenously delivered. The thrombolytic risk was 
evaluated by comparing MRI results acquired before and after re-
perfusion, in combination with pathological analysis of the corre-
sponding brain tissues, to disclose the reliability of the current 
imaging strategy for delineating the potential intracerebral hae-
morrhage.

Material and methods

Chemicals

The following materials were purchased from Sigma-Aldrich, i.e., 
FeCl3·6 H2O, oleic acid (OA), 1-octadecene, and 2-iminothiolane hy-
drochloride. Analytical grade chemical reagents such as ethanol, 
cyclohexane, and tetrahydrofuran (THF) were purchased from 
Sinopharm Chemical Reagent Beijing Co., Ltd. and used as received. 
The dp-PEG-mal ligand was a customized product provided by 
Suzhou Xinying Bio-Medical Technology Co., Ltd., and the average 
molecular weight of the PEG segment was 2000. The iron oleate 
complex was prepared according to a previous report [38]. Human 
umbilical vein endothelial cells (HUVECs), human microglia clone 3 
(HMC3) cells, and mouse astrocyte type I clone (C8-D1A) cells were 
purchased from American Type Culture Collection (ATCC). Sodium 
pentobarbital was purchased from Baxter Healthcare Corporation, 
and the peptides were purchased from the China Peptides Company.
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Synthesis of hydrophobic Fe3O4 nanoparticles

Fe3O4 nanoparticles of 8.7 nm were synthesized according to 
previous work [39]. In brief, 3.6 g (4 mmol) of freshly prepared iron 
oleate and 1.13 g (4 mmol) of oleic acid were dissolved in 25 mL of 1- 
octadecene. The resultant solution was heated to 310 °C at 3.3 °C/min 
and then maintained at 310 °C for 30 min under nitrogen protection. 
The preparation was terminated by cooling the reaction mixture to 
room temperature. The resultant nanoparticles were precipitated by 
acetone, collected by magnetic separation, washed with acetone 
several times, and finally redispersed in THF or cyclohexane for 
further experiments.

Ligand exchange

As a typical example, 120 mg of dp-PEG-mal was dissolved in 
20 mL of THF containing 10 mg as-prepared hydrophobic Fe3O4 na-
noparticles. Then, the reaction mixture was heated to 40 °C and kept 
at this temperature overnight under stirring. After that, the Fe3O4 

nanoparticles were precipitated and washed with cyclohexane three 
times and then dried under vacuum at room temperature. To remove 
the unbound PEG ligand, the resulting aqueous solutions containing 
the PEGylated Fe3O4 nanoparticles were purified by ultrafiltration 
for 4 cycles using a 30 kDa MWCO centrifugal filter (Millipore YM- 
30) at 5000 g.

Scheme 1. The interaction network of ischemic cerebral stroke with integrin αvβ3 and LRP-1 heavily involved in the angiogenesis and inflammation processes. 1) Within minutes 
after arterial occlusion, the ensuing hypoxia and changes in shear stress trigger the stroke coagulation cascade, including activation of microvascular endothelial cells to release 
proinflammatory cytokines such as ROS. 2) ROS subsequently induce the hyperactivation of neurons in the ischemic region to generate excessive ATP and UTP. 3) Microglia are 
activated by ATP and UTP. 4) Activated microglia release MMPs, inflammatory factors and chemokines, including IL-1β, IL-6, IL-18, TNF-α, and CXC3L-1. 5) Inflammatory factors and 
chemokines can recruit lymphocytes such as neutrophils to infiltrate into the brain parenchyma through the impaired BBB. 6) and 7) Infiltrated lymphocytes will be polarized to 
overexpress LRP-1 while releasing harmful ROS and DAMPs to further activate microglia to express LRP-1. 8) t-PA secreted by activated endothelial cells within blood vessels, 
interacts with LRP-1 over-expressed on the activated neutrophils, microglia, etc., after being transferred into ischemic brain tissues through LRP1-mediated transcytosis of 
activated endothelial cells. 9) These interactions further promote the expression of MMPs that are subsequently activated by integrin αvβ3 on the activated microvascular 
endothelial cell membrane in inflammatory regions. 10) Activated MMPs degrade the ECM to facilitate the migration of vascular endothelial cells and promote angiogenesis with 
the aid of activated astrocytes.
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Preparation of dual-targeted imaging nanoprobes

The nanoprobes were prepared as follows. Typically, 2.11 mg of 
angiopep-2 with a sequence of TFFYGGSRGKRNNFKTEEY and 
0.19 mg of 2-iminothiolane hydrochloride were mixed in 1.0 mL 
Milli-Q water under stirring at room temperature. After reaction for 
2 h, 3.0 mL of aqueous solution containing 15 mg of PEGylated Fe3O4 

nanoparticles was quickly introduced. Surface coupling, through the 
click reaction between the thiol group on the N-terminus of an-
giopep-2 and the maleimide moieties on the surface of NPs, took 
place under stirring for 1 h. The resulting conjugates were then 
purified by ultrafiltration with Milli-Q water for 3 cycles using a 
30 kDa MWCO centrifugal filter (Millipore YM-30) to remove the 
uncoupled peptide. After that, 0.53 mg of c(RGDfC) was dissolved in 
0.2 mL Milli-Q water under stirring at room temperature, and the 
resulting solution was introduced into the aqueous solution con-
taining the aforementioned NP-Angiopep-2 conjugates. Through the 
click reaction between the thiol group of c(RGDfC) and the re-
maining maleimide moieties on the surface of the PEGylated Fe3O4 

nanoparticles, the nanoprobes formed upon reaction for 1 h under 
stirring were obtained and then purified through ultrafiltration for 4 
cycles using a 30 kDa MWCO centrifugal filter (Millipore YM-30) to 
remove the uncoupled peptides and then stored in 1 × PBS at 4 °C for 
further use.

Characterizations of the probes

All TEM images were captured with a Hitachi HT-7700 trans-
mission electron microscope at an acceleration voltage of 120 kV. 
The particle size was determined by averaging at least 150 nano-
crystals per sample. DLS measurements were carried out at 298 K 
with a Nano ZS (Malvern) equipped with a solid-state He-Ne laser 
(λ = 632.8 nm) to determine the hydrodynamic size of the nanop-
robes and the PEGylated mother particles. Fourier transform infrared 
(FTIR) spectra were obtained at room temperature using a Perkin- 
Elmer Spectrum 100 (Waltham, USA) spectrometer. The concentra-
tions of the resulting particles and nanoprobes were determined 
with 1,10-phenanthroline through absorption spectroscopy after the 
particles were eroded with concentrated hydrochloric acid. The 
peptide content in the probe was also analyzed through absorption 
spectroscopy at room temperature on a Cary 50 UV-Vis spectro-
photometer.

Relaxivity measurements

The relaxivity measurements were carried out on a 7.0 T Bruker 
Biospec animal MRI scanner. A series of aqueous solutions con-
taining the nanoprobes and the PEGylated mother particles were 
prepared, and 200 μL of each was transferred into Eppendorf tubes 
for MR studies. The detailed parameters for T1 and T2 measurements 
were set as follows: TE = 4.94 ms, TR = 300 ms for T1-weighted 
imaging and TE = 40 ms, TR = 3000 ms for T2-weighted imaging.

Cell culture

HUVECs were cultured in endothelial cell medium (ECM) with 10 
% fetal bovine serum (FBS), 100 U mL−1 penicillin, and 0.1 mg mL−1 

streptomycin at 37 °C under a 5 % CO2 atmosphere. HMC3 cells were 
cultured in Minimum Essential Medium (MEM) with 10 % FBS, 
100 U mL−1 penicillin, and 0.1 mg mL−1 streptomycin at 37 °C under a 
5 % CO2 atmosphere. C8-D1A cells were cultured in Dulbecco's 
modified Eagle’s medium (DMEM) with 10 % FBS, 100 U mL−1 peni-
cillin, and 0.1 mg mL−1 streptomycin at 37 °C under a 5 % CO2 at-
mosphere.

Mouse bone marrow neutrophils isolation

Mature neutrophils were isolated from mouse bone marrow as 
follows. Briefly, after the removal of muscle and tendon, the bone 
was immersed in PBE buffer (1× PBS containing 0.5% BSA and 0.08% 
EDTA), and the bone marrow was flushed out of the bone with PBE 
buffer. Upon centrifugation at 400 g for 10 min at 4 °C, the bone 
marrow was resuspended in PBE to form a single-cell suspension. 
Mature neutrophils were subsequently extracted from the suspen-
sion by using a Percoll kit (Solarbio). The yield of neutrophils was 
quantified by a hemocytometer plate, and the purity of the cells was 
determined by flow cytometry with a FITC-labeled Ly-6 G (Gr-1) 
antibody (0.5 mg mL−1) (Proreintech) and a PE-labeled MAIR-IV 
(CLM-5) antibody (1 µg mL−1) (BioLegend). The results of the flow 
cytometry assay are shown in Fig. S1.

Cell viability

Cell viability was determined with Cell Counting Kit-8 (CCK-8). 
Specifically, HUVECs were seeded into a 96-well cell culture plate at 
a density of 5 × 103 cells/well under 100 % humidity and then cul-
tured at 37 °C in an atmosphere containing 5 % CO2 for 12 h. Then, 
the nanoprobes and the corresponding mother NPs were introduced 
into different wells, followed by incubation at 37 °C under 5 % CO2 

for 24 h. After the supernatant was decanted, the cells were rinsed 
three times with PBS buffer and incubated for another 48 h. After 
that, 10 μL of CCK-8 was added to each well. After incubation for 4 h 
at 37 °C, the optical density of each well at 450 nm was recorded on a 
microplate reader (Thermo, Varioskan Flash).

Cell binding assays

The targeting ability of the nanoprobes was evaluated through 
cell binding assays on neutrophils, HUVECs, HMC3 cells, and C8-D1A 
cells. In detail, bone marrow-derived neutrophils were seeded in a 
24-well cell culture plate. And then, the cells were cultured in 
medium without FBS for 12 h. Typically, 500 μL of the nanoprobe or 
mother PEGylated nanoparticle (60 mg Fe per liter) was added to the 
wells and incubated with the cells for 6 h. After the supernatant was 
decanted, the cells were rinsed three times with PBS buffer to re-
move the unbound particles. After that, the cells were fixed by 
adding 4 % paraformaldehyde. The resulting cells were subjected to 
Prussian blue staining for 15 min, washed with ultrapure water, and 
then subjected to microscopy observation.

Regarding the cell binding assays on HUVECs, the cells were 
seeded in a 96-well cell culture plate and then cultured in an at-
mosphere containing 5 % CO2 overnight at 37 °C to allow firm 
adherence. Then the cells were activated by being cultured in 
DMEM for 12 h in the absence of FBS. After that, following the 
above procedures for neutrophils, the binding affinity of the na-
noprobes was evaluated. In a similar way, HMC3 cells were first 
activated by being cultured in MEM with 10 % FBS and 1.0 μg mL−1 

lipopolysaccharide (LPS) for 48 h prior to the cell binding assays, 
while C8-D1A cells were activated in DMEM with 10 % FBS and 
100 ng mL−1 LPS for 48 h.

For the FBS pre-treated nanoprobes, the nanoprobes were co- 
incubated with the PBS solution contained 10 % FBS for 12 h, and the 
cell binding assays of FBS pre-treated nanoprobes on the activated 
HUVECs and neutrophils were conducted following the above pro-
cedures.

Construction of the right middle cerebral artery occlusion (rMCAO) rat 
model

Male adult Sprague-Dawley rats weighing 270  ±  20 g were used 
to construct the rMCAO model according to protocols reported 
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previously [40]. Typically, the rats were in abrosia for 12 h before 
the imaging experiment. Abdominal anesthesia was conducted 
with 1–2 % pentobarbital. During surgery, the rectal temperature 
was monitored and kept at 37  ±  0.5 °C using a heating blanket. A 
MCAO suture (total length: 5 cm; silicon-coated tip length and 
diameter: 6 mm and 0.43  ±  0.02 mm) with a slightly enlarged 
round tip was inserted via the external carotid artery into the in-
ternal carotid artery and pushed approximately 18–20 mm from the 
carotid bifurcation to build the rMCAO model. The rMCAO rat 
model was validated through the following signs: contracted pupil, 
ptosis of upper eyelid, enophthalmos [41], left forelimb paralysis, 
adduction and flexion of right forelimb, when tail is suspended 
after awaking from anesthesia, and turning rightward during vo-
luntary movement.

In vivo MRI experiments

The brain MR imaging was carried out on a 7.0 T MRI scanner 
(Bruker BioSpec70/20 USR) equipped with a rat head surface coil to 
receive signals. A gradient echo SWI sequence was adopted to ac-
quire the MR images pre- and at different time points post-con-
trasted with nanoprobes and PEGylated NPs, respectively. The 
imaging parameters were set as follows: repetition time (TR) 
= 339 ms, echo time (TE) = 6.76 ms, field of view = 35 × 35 mm, ma-
trix = 384 × 384, slice thickness = 1 mm. DWI sequence and T2WI 
sequence were also obtained at the designed time point with the 
detailed parameters for DWI and T2WI showing below: TR 
= 3000 ms, TE = 37.13 ms, field of view = 35 × 35 mm, matrix 
= 256 × 256 for DWI; and TR = 2900 ms, TE = 40 ms, field of view 
= 35 × 35 mm, matrix = 256 × 256 for T2WI.

During the MRI experiments, the animals were anesthetized with 
2 % isoflurane in oxygen-mixed air via a facemask. Rectal tempera-
ture was maintained at 37  ±  1 °C. The nanoprobes or PEGylated NPs 
were injected into the tail vain at a dose of 7 mg Fe per kg body 
weight, and the concentration of Fe was 3 mg Fe mL−1.

Histopathological and immunohistochemistry analysis

After SW imaging, rats were decapitated immediately, and the 
brain tissues were extracted, washed with saline and cut into 2-mm 
thick sections. Subsequently, the sections were kept in 2 % 2,3,5- 
triphenyltetrazolium chloride (TTC) solution at 37 °C for 15 min in 
the dark and then fixed in 10 % formaldehyde for 24 h, followed by 
optical imaging.

Brain tissues between hippocampal and striatal sections were 
harvested after ischemic penumbra imaging, fixed with formalin, 
and embedded in paraffin. After that, the tissues were sliced with an 
ultrathin semiautomatic microtome to obtain coronal sections of 
3 µm. Adjacent slices were subjected to hematoxylin-eosin (H&E), 
Prussian blue, vascular endothelial growth factor receptor 2 (VEGFR- 
2), TdT-mediated dUTP Nick-End Labeling (TUNEL), ionized calcium- 
binding protein 1 (IBA-1), integrin αM subunit (CD11b), and glial 
fibrillary acidic protein (GFAP) staining, respectively.

All animal experiments reported herein were performed according to 
a protocol approved by the Peking University Institutional Animal Care 
and Use Committee (LA2019083).

Results and discussion

Construction and characterization of the dual-targeted nanoprobe

The procedures for preparing the dual-targeted nanoprobe are 
schematically shown in Fig. 1a. Briefly, oleate-capped Fe3O4 nano-
particles presented in the left panel of Fig. 1b were prepared through 
a conventional thermal decomposition method [39]. By replacing the 
oleate ligand with an asymmetric poly(ethylene glycol) (PEG) ligand 

bearing a diphosphonate and a maleimide group on different sides 
(denoted as dp-PEG-mal), biocompatible Fe3O4 particles shown in 
the middle panel of Fig. 1b were obtained. Via particle surface mal-
eimide residues, a BBB shuttle peptide angiopep-2 (Thr-Phe-Phe- 
Tyr-Gly-Gly-Ser-Arg-Gly-Lys-Arg-Asn-Asn-Phe-Lys-Thr-Glu-Glu-Tyr) 
and an integrin αvβ3-specific peptide sequence cyclo(Arg-Gly-Asp-D- 
Phe-Cys), denoted as c(RGDfC), were sequentially attached through 
click reactions onto the surface of the PEGylated nanoparticles to 
construct the nanoprobes shown in the right panel of Fig. 1b. Ac-
cording to the TEM results, the average particle size of the as-pre-
pared oleate-capped Fe3O4 nanoparticles was 8.6  ±  0.8 nm, while 
PEGylation and the subsequent surface bioconjugation reactions did 
not lead to evident changes in the particle size or size distribution 
profile, as shown in Fig. 1c. The conjugation reaction between Fe3O4 

nanoparticles and peptides was evaluated through DLS and Zeta 
potential analysis that have been widely used for assessing the 
coupling reaction between nanoparticles and targeting molecules 
such as antibody, peptide, etc [42,43]. The results in Fig. 1d reveal 
that the intensity-weighted hydrodynamic size of nanoparticles is 
reasonably increased from 33.2 nm to 35.7 nm after the conjugation 
reactions. Meanwhile, the zeta potential was decreased from 
27.7 mV to 19.0 mV, as shown in Fig. S2 in the Supplementary 
Material. As the peptide molecules carry carboxyl groups, the rea-
sonable decrease in surface Zeta potential implies that the proposed 
nanoprobe has successfully been constructed. According to the ab-
sorption spectroscopy results given in Fig. S3, the average numbers 
of angiopep-2 and c(RGDfC) molecules on each particle were esti-
mated to be approximately 32 and 70, respectively. The nearly un-
changed DLS profiles shown in Fig. 1d strongly support that the 
conjugation reactions took place in a controlled manner with no 
uncontrollable aggregation being generated. In addition, the cou-
pling reactions were also characterized by Fourier transform infrared 
(FTIR) spectroscopy. As the peaks at 1623.32 cm−1 and 1722.64 cm−1 

are characteristic signals for the stretching vibration of C]O of 
peptide bond, and stretching vibration of C]O in maleimide moiety 
of the PEG ligand, respectively, they were adopted to evaluate the 
successfulness of coupling reactions between the thiol group of the 
peptidesand the PEGylated nanoparticles. As given in Fig. S4, in 
comparison with the FTIR spectrum of PEGylated Fe3O4 nano-
particles, the intensity of the absorption peak at 1623.32 cm−1 was 
greatly enhanced after conjugation reaction, while the intensity of 
the maleimide peak was weakened. In addition, the stretching vi-
bration of thiol group at 2564.21 cm−1 of c(RGDfC) also disappeared. 
These results indicate that the dual-targeted nanoprobes were suc-
cessfully prepared, through the procedures given in Fig. 1a. The MRI 
contrast enhancement effects of the mother PEGylated nanoparticles 
and the final dual-targeted nanoprobes, denonted as NP and Probe, 
respectively, in all figures for concise presentation were also char-
acterized. According to the results shown in Fig. 1e, the PEGylated 
NPs and corresponding dual-targeted nanoprobes exhibit strong T2 

contrast enhancement effects with transverse molar relaxivity r2 

values of approximately 32.5 mM−1 s−1 and 32.4 mM−1 s−1, respec-
tively, determined on a 7.0 Tesla MRI scanner.

Cytotoxicity and cell targeting ability of the nanoprobe

The cytotoxicity of nanoprobes was evaluated through cell pro-
liferation assays on HUVECs with CCK-8 assays. As shown in Fig. S5, 
neither the as-prepared nanoprobe nor the corresponding mother 
particle presented significant cytotoxicity below 10 mM, corre-
sponding to 80-fold the dose level (7 mg Fe per kg body weight) for 
in vivo imaging experiments. Gaining specific targeting ability is a 
prerequisite of the utmost importance for dual-targeted imaging 
nanoprobes. To verify the rationality of the choices of targeting 
moieties for constructing the dual-targeted nanoprobe, flow cyto-
metry assays were carried out to quantitatively show the binding 
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affinities of cRGD and angiopep-2 to the cells involved in ischemic 
inflammation. Specifically, serum-starved HUVECs, activated mouse 
bone marrow neutrophils, the HMC3 cell line, and the C8-D1A cell 
line were chosen to mimic endothelial cells and inflammatory cells 
in the microenvironment of ischemic stroke, respectively. According 
to the flow cytometry results in Fig. 2a, neutrophils exhibit the 
highest increments in the binding affinity of cRGD and angiopep-2 
upon activation, followed by HUVECs and HMC3 cells. However, the 
activation of astrocytes can only slightly enhance the binding affinity 
of cRGD and hardly increase that of angiopep-2. These results sug-
gest that cRGD and angiopep-2 can at least help iron oxide nano-
particles target activated neutrophils, endothelial cells, and 
microglia, which was further verified through in vitro cell binding 
assays via Prussian blue staining. The results given in Fig. 2b-e dis-
close that the dual-targeted imaging probes can specifically bind 
with activated neutrophils and serum-starved HUVECs owing to the 
remarkable over-expression of integrin αvβ3 and LRP-1 upon acti-
vation. It is deserved mentioning that the dual-targeted nanoprobes 
pre-treated with FBS can still bind with these two types of serum- 
starved cells, suggesting that the possible protein corona effect that 
often occurs is rather weak for the current dual-targeted nanoprobe 
if it exists (Figs. S6 and S7). In a very similar way, the dual-targeted 
nanoprobes present moderate specific binding affinity to activated 
microglia but almost no specific binding affinity to activated astro-
cytes, as quantitatively depicted in the corresponding right-hand 
panels. These in vitro cell binding assays indicate that dual-targeted 
nanoprobes can be used to reflect the inflammatory status of is-
chemic stroke by imaging activated neutrophils, endothelial cells, 
and microglia in cerebral ischemic inflammatory lesions.

MR imaging of cerebral collaterals and inflammatory lesions in vivo

To mimic cerebral ischemia, reversible rMCAO was mechanically 
induced in rats, as schematically illustrated in Fig. 3a, and proof of 
the successful construction of the rate acute ischemic stroke model 
is provided in the Experimental Section and Fig. S8. In vivo MR 
images were acquired with SWI sequences pre- and at different time 
points post-intravenous injection of the nanoprobes, while the 
mother PEGylated NPs were set as a negative control. Representative 
images recorded at 10 min, 1 h, 3 h, and 5 h post-injection are se-
lected to display the temporal evolution of the stroke. As shown in 
Fig. 3b, leptomeningeal collaterals quickly develop in the ischemic 
cerebral hemisphere and become faintly visible even pre-contrast. 
This is because the level of paramagnetic deoxyhemoglobin, which 
can be regarded as an endogenous SWI contrast agent, increased due 
to the enhanced compensatory oxygen extraction fraction after 
stroke. After intravenous injection of the dual-targeted imaging 
probe or the control particle, the leptomeningeal collaterals become 
clearly visible at 10 min, with the local contrasts increasing until 1 h 
post-contrast. Since then, the contrast of the cerebral vessels become 
slightly weakened but still identifiable before the imaging experi-
ments were concluded at 5 h post-injection, while the contrast of the 
leptomeningeal collaterals in the control group drop nearly to the 
pre-contrast level. Apart from the leptomeningeal collaterals, it can 
surprisingly be determined that spot-like hypointense signals ap-
pear at 10 min on the ischemic stroke side and get increased in both 
intensity and number with the lapse of time for the dual-targeted 
nanoprobe, contrasting to the mother particle that doesn’t generate 
such signals at all. In fact, very similar development of 

Fig. 1. Characterization of angiogenesis/inflammation dual-targeted MR imaging nanoprobe. (a) Schematic illustration for showing the probe construction procedures. (b) TEM 
images of oleate-capped Fe3O4 nanoparticles, PEGylated Fe3O4 particles, and dual-targeted nanoprobes (from left to right) (the embedded scale bars correspond to 100 nm), 
together with, (c) the corresponding size distribution profiles. (d) Hydrodynamic size distribution profiles of the PEGylated particle (NP) and dual-targeted nanoprobe (Probe). (e) 
Fe3+ concentration dependent R2 together with the corresponding linear fittings for extracting the molar relaxivities of mother particles and nanoprobes.
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leptomeningeal collaterals was previously observed with a similarly 
structured integrin αvβ3-specific Fe3O4 nanoprobe [27]. Nevertheless, 
no spot-like hypointense signals were observed, suggesting that the 
hypointense signals may be closely related to inflammation in re-
gions where neutrophils, endothelial cells, microglia, etc., are acti-
vated to over-express LRP-1 apart from αvβ3. To highlight the signal 
enhancement brought about by the nanoprobes, ΔSWI was obtained 
by subtracting the pre-contrast SWI from the 5 h post- contrast SWI. 
As shown in Fig. 3c, the spot signals are mainly concentrated in the 
ipsilesional hemisphere, forming a zonal area. In contrast, the mo-
ther nanoparticles did not provide a significant difference between 
the ischemic hemisphere and the contralateral hemisphere except 

for the slightly enhanced leptomeningeal collaterals unevenly dis-
tributed between the two sides.

To validate that the improved contrasts were directly associated 
with the nanoprobes, Prussian blue staining of brain tissues ex-
tracted at 5 h post-injection was carried out. According to the results 
given in Fig. S9, the dual-targeted nanoprobes were unevenly dis-
tributed across the infarct border demarcated through nuclear fast 
red staining and preferentially distributed on the ischemic side. In 
contrast, the brain tissue of the control rat injected with the mother 
NPs presented nearly no Fe3O4 nanoparticles in the vicinity of the 
infarct border. These differences, together with previous results on 
leptomeningeal collateral imaging with Fe3O4 nanoprobes bearing a 

Fig. 2. Cell binding assays on the targeting moieties and dual-targeted nanoprobe to various cells involved in angiogenesis and inflammation of ischemic cerebral stroke. (a) Flow 
cytometry analysis of the binding affinity of cRGD and angiopep-2 to the activated neutrophils, HUVECs, HMC3s, and C8-D1A cells (from left to right), together with the relative 
binding affinities (Rel. BA) on the right-hand side. (b-e) Microscopy images of neutrophils, HUVECs, HMC3 cells, and C8-D1A cells (from top to bottom) after incubation with the 
dual-targeted imaging probe or the mother PEGylated nanoparticles in the presence (+) or absence (-) of fetal bovine serum (FBS) for neutrophils and HUVECs or lipopoly-
saccharide (LPS) for HMC3 cells and C8-D1A cells, followed by Prussian blue staining for showing Fe contents (the embedded scale bars correspond to 100 µm). The relative 
binding affinities of the dual-target probe and the control particle to the corresponding cells are given on the right-hand side.
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slightly different αvβ3-specific RGD peptide sequence, i.e., Arg-Gly- 
Asp-Cys (RGDC) [27], strongly suggest that the recognition between 
angiopep-2 and LRP-1, rather than that between RGD and integrin 
αvβ3, ferries the current nanoprobes across the BBB, while both an-
giopep-2/LRP-1 and RGD/αvβ3 recognition finally anchor the na-
noprobes onto activated inflammatory cells in stroke regions.

To gain a deeper understanding of the pathological nature of the 
zonal area that appeared in ΔSWI acquired after administration of 
the dual-targeted nanoprobes, different clinical MRI sequences were 
also adopted for imaging cerebral ischemia. As expected, DWI per-
formed immediately after SWI clearly display the location and shape 
of the stroke lesions in the ipsilesional hemisphere (Fig. 3d). In 
contrast, no similar spot-like signals from the stroke region are 
presented by the mother particles. By comparing DWI with ΔSWI, it 
can be confirmed that the hypointense spot signals are concentrated 
in the stroke lesion where the penumbra is located and that a 
number of inflammatory cells are activated after stroke [44,45].

In contrast to DWI, T2-weighted imaging (T2WI) is more sensitive 
to vasogenic edema due to the long T2 relaxation times of free water 
molecules; thus, it has also been frequently used to indicate the 

volume and regional distribution of injured brain tissues after stroke 
[46,47]. Therefore, T2WI was also adopted in the current study to 
show the spatial distribution of edema after stroke. As shown in 
Fig. 3e, the site of edema can clearly be seen in T2WI, highly con-
sistent with that shown in DWI, indicating that the edema occurred 
in the whole ischemic region. To further precisely identify the cer-
ebral ischemic area, the brain tissues extracted immediately after 
imaging were cut into 2 mm slices to show the ischemic lesions 
through 2,3,5-triphenyltetrazolium chloride (TTC) staining [48]. As 
shown in Fig. 3 f, the red 1,3,5-triphenylformazan products formed 
predominantly in the mitochondrial compartment of living cells, 
while the ischemic region remained white, perfectly consistenting 
with the lesion areas shown in T2WI and DWI, respectively, further 
confirming that the spot ΔSWI signals come from the interior of the 
ischemic region. Based on all these consistent results, the difference 
between ΔSWI signals of the ischemic sites derived from the dual- 
targeted nanoprobe and its mother particle enhanced images 
(Fig. 3c) is quantitatively shown in Fig. 3 g, which highlights the 
ability of the dual-targeted probe to reflect activated inflammatory 
cells in cerebral ischemia in vivo.

Fig. 3. MR imaging of ischemic stroke enhanced by the dual-targeted nanoprobe in vivo. (a) Schematic illustration showing the establishment of the rMCAO model. (b) SWI of 
rMCAO rat brains recorded before (Pre-contrast) and at different time points after intravenous injection of the dual-target probe (Probe) or the mother nanoparticle (NP). (c) ΔSWI 
obtained by subtracting the pre-contrast SWI from the SWI acquired at 5 h post-injection of the dual-targeted probe. (d) DWI and (e) T2WI of rMCAO rat brains recorded at 5 h 
after intravenous injection of the dual-targeted nanoprobe or the PEGylated mother particle. (f) TTC staining of brain tissues extracted after the above imaging experiments. (g) 
Relative SWI signal intensities extracted from the stroke regions (panel c) according to stroke region delineated by DWI in panel d. (h) DWI and (i) ΔSWI of a randomly chosen 
rMCAO rat brain recorded at 5 h after intravenous injection of dual-targeted nanoprobe, and the white dashed lines further divide the stroke area into two regions according to the 
intensity of ΔSWI signals. (j) TUNEL staining for apoptotic nuclei of a brain tissue slice. (k) Merged image of TUNEL staining, ΔSWI and DWI to further correlate the ΔSWI signal 
with apoptosis of the brain tissues. (l) H&E and (m) immunofluorescence staining of VEGFR-2 in an adjacent brain tissue slice (the embedded scale bars correspond to 2 mm).
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Ischemic penumbra identification through MRI

The ischemic penumbra is identified in the clinic with DWI/PWI 
mismatch technology. To show the possibility of using the current 
nanoprobe to identify the ischemic penumbra through angiogenesis/ 
inflammation dual-targeted imaging, DWI and SWI imaging ex-
periments were repeated, and the imaging results are shown in 
Fig. 3 h and Fig. 3i, respectively, for further comparison with TUNEL 
(TdT-mediated dUTP nick-end labeling) staining data in Fig. 3j. The 
imaging results obtained by merging DWI (brain injury area) and 

ΔSWI (collateral circulation and activated inflammatory cells) with 
TUNEL staining images (apoptotic cells) reveal that the apoptotic 
area is spatially complementary with high ΔSWI signal area, as 
shown in Fig. 3k, suggesting that the ischemic area can further be 
divided into salvageable and unsalvageable regions with the current 
targeting strategy. The H&E staining results given in Fig. 3 l support 
that the high ΔSWI signal area is probably the region where the 
ischemic penumbra is located. More supportive evidence can also be 
found from immunofluorescence staining of VEGFR-2 in an adjacent 
brain slice, as shown in Fig. 3 m. Apparently, the expression level of 

Fig. 4. Visualization of ischemic stroke inflammation with the dual-targeted MR imaging probe. a) MR images of brains of 6 randomly chosen rats underwent rMCAO for different 
time periods, together with susceptibility-weighted images recorded after removing the suture (I-R SWI). Histopathological analysis of the excised brain tissues through b) H&E, c) 
TUNEL, IBA-1, CD11b, and GFAP staining to show the cell morphology, inflammatory infiltration, apoptosis, and activation of astrocytes, microglia and neutrophils, respectively. 
(Scale bar: 2 mm in whole brain slices and 100 µm in enlarged H&E staining).
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VEGFR-2 in the weak ΔSWI area (infarct core) is very low, while it is 
close to normal in the strong ΔSWI area. These flawless results 
strongly suggest that the current probe can be used to reflect the 
potential cerebral ischemic penumbra after acute stroke.

Evaluation of haemorrhage transformation risk via angiogenesis/ 
inflammation dual-targeted MRI

In addition to angiogenesis, ischemic inflammation can also lead 
to thrombolytic haemorrhage owing to the higher permeability of 
newborn vessels and impaired BBB in the ischemic area [49]. 
Therefore, it is reasonable to speculate that the HT risk of throm-
bolysis and mechanical thrombectomy for saving the ischemic pe-
numbra may be pre-evaluated through inflammation-targeted 
imaging. To verify this speculation, imaging studies on ischemia- 
reperfusion were performed after removing the suture of randomly 
selected rMCAO rats to mimic revascularization treatment in the 
clinic. According to the results in Fig. 3, the abnormal hyperintense 
region in DWI can be recognized as injured region caused by is-
chemic stroke, T2WI can reflect the edema region of brain, while the 
nanoprobe-enhanced SWI can reflect the collateral circulation. It is 
then interesting to show whether the inflammation caused by is-
chemic stroke can be visualized through MRI. The MR images re-
corded before and after removal of the suture (post-rMCAO) are 
given in Fig. 4a. Interestingly, intracranial haemorrhage occurs only 
in rats showing obvious spot-like ΔSWI signals before reperfusion. 
More importantly, the spot ΔSWI signals perfectly match the hae-
morrhage sites, which cannot be observed in DWI or T2WI, sug-
gesting that the LRP-1/αvβ3 dual-targeting nanoprobe can reflect the 
thrombolytic risk of HT through ΔSWI.

To understand the correlation between the ΔSWI signal and 
haemorrhage, histopathological analysis of the brain tissues ex-
tracted immediately after the imaging experiments was carried out. 
The H&E results in Fig. 4b reveal that the rat presenting obvious 
ΔSWI signals (rat 4) has a much smaller infarct region but enhanced 
inflammatory infiltration than the low-ΔSWI-signal rat which ex-
hibits typical stroke-induced necrosis, neuronal death, and apoptosis 
in the infarct region (rat 3). Moreover, fewer apoptotic cells but more 
swollen vacuolated neutrophils and granulomas in the cortex are 
present in rat 4 than in rat 3, clearly verifying that ΔSWI signals are 
closely correlated with the level of cerebral ischemic inflammation. 
The TUNEL staining results shown in Fig. 4c further support this 
finding. For example, in comparison with rat 3, rat 4 presents a 
smaller and less green area, which suggests that the apoptotic cells 
are much less abundant owing to the better collateral circulation in 
the salvageable penumbra of rat 4. The immunofluorescence of ad-
jacent slices was stained with IBA-1, CD11b, and GFAP to show the 
spatial distribution of the activated microglia, and neutrophils, and 
activated astrocytes, respectively. Interestingly, the activated mi-
croglia and neutrophils present very interesting complementary 
distribution patterns, and the distribution of activated astrocytes is 
consistent with that of the neutrophils. In comparison with the 
TUNEL staining results, the location of activated microglia matches 
perfectly with that of apoptotic cells, suggesting that microglia are 
heavily activated in the ischemic core area to phagocytize apoptotic 
cells, including apoptotic astrocytes [50]. Moreover, the location of 
neutrophils coincides well with the haemorrhage area appearing 
upon ischemia-reperfusion (I-R) in Rat 4 in Fig. 4a, which can be 
explained by the fact that neutrophils infiltration area as shown in 
Fig. 4c is full of activated astrocytes. These activated astrocytes are 

Fig. 5. Prediction of thrombolytic hemorrhage risk via angiogenesis/inflammation dual-targeted MRI. Left panel: series of MR images of a rat showing high hemorrhage risk. Right 
panel: 3D modeling of the ischemic region reconstructed according to DWI, pre-reperfusion SWI, and I-R SWI data (from top to bottom).
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highly involved in angiogenesis of the ischemic area where the tPA/ 
LRP-1 pathway of neutrophils and microglia is maximally activated 
to over-express MMPs that degrade the extracellular matrix of en-
dothelial cells [50], which results an increased risk of HT [51].

The above exciting findings encouraged us to evaluate the pos-
sibility of using the angiogenesis/inflammation dual-targeted na-
noprobe to precisely predict HT. To do so, three series of brain MR 
images of different sections of a representative rat (rat 6), acquired 
through DWI, ΔSWI, and I-R SWI, respectively, were expanded in the 
left panel of Fig. 5. It is quite obvious that the spot-like ΔSWI signals 
acquired before reperfusion perfectly match the real HT sites appear 
in SWI after reperfusion in every section, which can better be seen 
by comparing the three-dimensional (3D) reconstruction of SWI 
recorded before reperfusion with that of I-R SWI recorded post-

reperfusion, as given in the right panel of Fig. 5. It is quite obvious 
that the 3D profile of DWI (blue color) displaying the entire cerebral 
ischemic region covers almost the entire cerebral hemisphere, while 
the high HT risk 3D model (green color) based on ΔSWI is much 
smaller but highly resembles that for actual HT (red color), well 
manifesting the reliability of using angiogenesis/inflammation dual- 
targeted imaging to predict the potential HT risk.

Conclusion

In summary, an innovative angiogenesis/inflammation dual-tar-
geted MR imaging strategy is proposed herein and has been de-
monstrated to be very reliable for noninvasively reflecting the 
potential hemorrhagic transformation risk of thrombolytic therapy 
for acute ischemic stroke. Systematic studies combining both in vitro 
and in vivo experimental results clearly reveal that the nanoprobes, 
constructed by sequentially attaching angiopep-2 and c(RGDfC) via 
covalent bonds onto the surface of biocompatible Fe3O4 nano-
particles, can successfully target the post-ischemic inflammation 
and effectively accumulate in inflammatory lesions via angiopep-2/ 
LRP-1 and c(RGDfC)/αvβ3 integrin recognition. By combining sys-
tematic histochemical and immunohistochemical analysis with MR 
imaging studies based on appropriate sequences, it has successfully 
been disclosed that the thrombolytic haemorrhage risk is strongly 
associated with the inflammation degree that can be reflected by the 
dual-targeted imaging probe in the cerebral ischemic penumbra, 
which manifests the value of the current studies for obtaining a good 
prognosis for thrombolysis and mechanical thrombectomy therapies 
of acute stroke.
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