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Abstract 

Purpose: The efficacy of pro-angiogenic therapy is difficult to evaluate with current diagnostic 
modalities. The objectives were to develop a non-invasive imaging strategy to define the temporal 
characteristics of angiogenesis and to evaluate the response to pro-angiogenic therapy in diabetic 
stroke mouse models. 
Methods: A home-made ανβ3 integrin-targeted multi-modal nanoprobe was intravenously injected 
into mouse models at set time points after photothrombotic stroke. Magnetic resonance imaging 
(MRI) and near-infrared fluorescence (NIRF) imaging were carried out at 24 h post-injection. Bone 
marrow-derived endothelial progenitor cells (EPCs) were infused into the mouse models of is-
chemic stroke to stimulate angiogenesis. 
Results: The peak signal intensity in the ischemic-angiogenic area of diabetic and wild-type mouse 
models was achieved on day 10, with significantly lower signal enhancement observed in the di-
abetic models. Although the signal intensity was significantly higher after EPC treatment in both 
models, the enhancement was less pronounced in the diabetic animals compared with the 
wild-type controls. Histological analysis revealed that the microvessel density and expression of β3 

integrin were correlated with the signal intensity assessed with MRI and NIRF imaging.  
Conclusions: The non-invasive imaging method could be used for early and accurate evaluation of 
the response to pro-angiogenic therapy in diabetic stroke models. 

Key words: angiogenesis, diabetes mellitus, endothelial progenitor cells, molecular imaging, na-
noparticle, ischemic stroke. 

Introduction 
Stroke is the second leading cause of death 

globally, and diabetes mellitus is one of the inde-
pendent risk factors for stroke [1]. Diabetic patients 
have an increased risk of stroke and exacerbated is-
chemic cerebral damage and poorer outcomes after 
stroke [2]. Decreases in the expression of eNOS, an-
giostatin and vascular endothelial growth factor [3,4] 
are potential mechanisms underlying impaired angi-
ogenesis after diabetic stroke and lead to an increased 
infarct volume and poorer outcomes. 

The stimulation of angiogenesis can promote 
endogenous recovery mechanisms in the ischemic 
brain. Numerous treatments for ischemic stroke have 
expedited and augmented collateral vessels using 
various agents, such as statins, nitric oxide agents, 
and growth factors [5,6]. Endothelial progenitor cells 
(EPCs) could greatly enhance angiogenesis in is-
chemic stroke models not only through differentiation 
into endothelial cells in neovessels but also by aug-
mentation of endogenous cytokines, growth factors, 
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and chemokines [7-9]. Despite the initial success of 
EPC transplantation, there has only been one pilot 
randomized controlled clinical trial of autologous 
EPC transplantation [10]. The lack of a non-invasive 
strategy for monitoring therapeutic efficacy is a major 
limiting factor of clinical trials. 

Current clinical techniques used to assess ther-
apeutic efficacy in patients with ischemia, such as 
angiography and blood flow, could be valuable when 
alterations occur in large arteries, which form during 
the later stages of revascularization [11]. An imaging 
method that is sensitive to revascularization in its 
early stages could avoid missing the best treatment 
opportunities and greatly increase the benefit-to-risk 
ratio for candidate patients who exhibit individual 
differences. Molecular imaging provides a unique tool 
for detecting angiogenesis [12]. Among all available 
imaging technologies, magnetic resonance imaging 
(MRI) does not involve ionizing radiation, offers high 
spatial resolution, and provides the ability to visualize 
tissues without limitations of depth and angle. On the 
other hand, near-infrared fluorescence (NIRF) imag-
ing is easily operated and very sensitive. Therefore, a 
dual-modal strategy that combines MRI and NIRF 
imaging will achieve both high spatial resolution and 
sensitivity. 

 The ανβ3 integrin, which is up-regulated in ne-
ovascular endothelial cells, is ideal for the detection of 
angiogenesis [13]. We have previously demonstrated 
that ανβ3 integrin is a reliable angiogenesis marker for 
detecting brain tumors. A peptide in our targeted 
nanoprobes containing a cyclic argi-
nine-glycine-aspartic acid (cRGD) sequence has 
shown a high affinity for ανβ3 integrin [14]. Although 
ανβ3 integrin was expressed in microvessels after 
cerebral ischemia [15], there are few studies using 
cRGD-conjugated nanoprobes to detect the 
pro-angiogenic response to ischemic stroke, particu-
larly in diabetic animal models. 

 Therefore, the overall objectives of this study 
were to explore a non-invasive strategy to evaluate 
angiogenesis in ischemic stroke models and to com-
pare the angiogenesis patterns between db/db and 
wild-type (WT) mice after stroke, as well as to moni-
tor their responses to pro-angiogenic therapy. 

Methods and Materials 
Synthesis of the Nanoprobes 

 The multi-modal nanoprobes were synthesized 
as previously reported [14]. The cyclic peptide 
cRGDyK (GL Biochem, China), Gd3+-DTPA, IR783 
(home-made [16]), and rhodamine (Sigma-Aldrich, 
USA) were functionalized into the fifth generation 
(G5) PAMAM dendrimer (Weihai CY Dendrimer 
Technology, China) to generate the ανβ3 integ-

rin-targeted nanoprobe Den-RGD. The control nano-
probe Den-PEG, which has a similar chemical struc-
ture to Den-RGD but without the cyclic pep-
tide-targeting domain, was also prepared. The char-
acterization of the nanoprobes is described in the 
supplementary material. 

Cerebral Ischemic Stroke Model 
All animal experiments were approved by the 

Institutional Animal Use and Care Committee of the 
Medical School of Southeast University. Cerebral is-
chemic stroke was induced via photothrombosis in 
adult C57BL/6 and db/db mice (male, 8 weeks old, 
Academy of Military Medical Science, China). The 
db/db (leptin-receptor-deficient) mouse is a recognized 
model of type 2 diabetes, with blood glucose levels 
that ranged from 14.6-29.9 mmol/L in this study. The 
mice were anesthetized with 1% isoflurane (KeYuan, 
China) using a gas anesthesia mask. Rose bengal (100 
mg/kg, Sigma-Aldrich, USA) was injected intraperi-
toneally 5 min prior to illumination. For illumination, 
a 4-mm-diameter fiber of a cold light source (Zeiss, 
Germany) was centered 2 mm to the right of the 
bregma after hair was removed [17]. The brains were 
illuminated for 15 min, and the mice then recovered 
from anesthesia. Photothrombotic ischemia was veri-
fied via T2-weighted imaging 24 h after surgery. 

Culture, Characterization, and 
Transplantation of EPCs  

 EPCs were generated from mononuclear cells of 
C57BL/6 mice (male, 5 weeks old) as we previously 
reported [18]. The mononuclear cell fraction from the 
tibias and femurs was collected via ficoll density gra-
dient centrifugation. The cells were then suspended in 
Endothelial Basal Media-2 (EBM-2, Lonza, Basel, 
Switzerland) supplemented with growth factors. The 
characterization of EPCs is described in the supple-
mentary material.  

 After 14 days of culture, 100 μL of the cell sus-
pension (1×106 cells) or saline was randomly pumped 
into mice 24 h post ischemia via the ipsilateral internal 
carotid artery through a PE catheter (AniLab, China). 

Experimental Groups 
 The in vivo experiment consisted of three studies. 

The mouse models without an ischemic lesion on 
T2WI (2 db/db mice) or dead mice (4 db/db mice died 
within 24 h of photothrombotic stroke) were excluded 
from the experiment. 

 STUDY 1. To demonstrate the targeting speci-
ficity of angiogenesis in vivo, WT cerebral ischemic 
stroke mice were randomly assigned to 1 of 4 groups 
on day 7 and administered the following treatments: 
(1) ανβ3 integrin-targeted nanoprobe Den-RGD (290 
nmol/kg, n=9); (2) Control nanoprobe Den-PEG (290 
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nmol/kg, n=9); (3) Den-RGD (290 nmol/kg) with free 
cRGDyk peptide (29 μmol/kg) pretreatment (n=6); or 
(4) Saline (n=6). 

 STUDY 2. To dynamically evaluate angiogene-
sis after stroke, the diabetic and WT mouse models 
were randomly assigned to different time points (days 
3, 7, 10, 14 and 21; n=10 or 12, respectively).  

 STUDY 3. For pro-angiogenic therapy, the dia-
betic and WT mouse models were randomly assigned 
to receive an EPC infusion or saline infusion on day 1 
(n=24 per group).  

Magnetic Resonance Imaging  
MRI was performed using a 7.0-Tesla small an-

imal MR scanner (Bruker PharmaScan, Germany). For 
cell phantom imaging, 2×106 cells were suspended in 
1 mL of 1% agarose (Oxold, UK) in 10-mm-diameter 
Eppendorf tubes (Corning Incorporated, USA). The 
mice were anesthetized via a continuous supplying of 
1% isoflurane, and their respiratory rate and body 
temperature were monitored via a physiology moni-
tor. 

Spin echo sequence (500/15 msec of repetition 
time/echo time, 8 averages) was used for T1-weighted 
imaging and fast spin echo sequence (2,000/50 msec 
of repetition time/echo time, 1 average) was used for 
T2-weighted imaging. Twelve axial slices with a slice 
thickness of 1 mm, matrix of 256×256, and field of 
view of 2×2 cm were positioned over the brain. Re-
gion of interest (ROI) was drawn in the peri-infarct 
area on the T1-weighted images. The contrast-to-noise 
ratio (CNR) was defined as: CNR = (SIP - SIM)/SIN, in 
which SIP = signal intensity of the peri-infarct area, SIM 

= signal intensity of the temporalis, and SIN = signal 
intensity of the background noise. Relative CNR was 
defined as follows: (CNR of the images collected 24 h 
after the nanoprobe injection)/(CNR of the corre-
sponding images collected prior to the injection). 

Near-infrared Fluorescence Imaging 
 MRI scanning was followed by NIRF imaging 

using the Maestro In vivo Imaging System (CRi, USA). 
After the mice were anesthetized and monitored as 
described for the MRI scanning, the skull of each 
mouse was exposed via a 20-mm-long skin incision 
prior to in vivo imaging. The NIRF images were cap-
tured at an excitation wavelength of 745 nm and an 
emission wavelength of 783 nm with an exposure time 
of 2 s. After the mice were euthanized, the brain, 
heart, spleen, liver, kidneys, and lungs were surgi-
cally dissected for ex vivo imaging. The parameters 
were the same for ex vivo imaging and for in vivo im-
aging.  

The pure IR783-related fluorescence signal in the 
NIRF images was extracted from the autofluorescence 
signal based on their spectral patterns using multi-

spectral imaging capabilities implemented in Maestro 
2.10.0 software. The NIRF signal intensity from the 
explanted organs was quantified as the counts per 
second per pixel by CRi Maestro software. For the 
analysis of signal changes at a series of time points 
and in different groups, rectangular ROIs were man-
ually drawn in the regions of the right and left hemi-
spheres on the ex vivo images. The tar-
get-to-background ratio (TBR) was calculated as fol-
lows: (ROI value from the right hemisphere)/(ROI 
value from the left hemisphere) [19]. 

Behavioral Tests 
 Behavioral tests were performed in the mouse 

models of STUDY 3. The assessments included the 
modified neurological severity score (mNSS) and the 
foot-fault test [20,21]; the test-related details are de-
scribed in the supplementary material. 

Immunohistochemical Staining 
 Consecutive sections of the brains with a thick-

ness of 6 μm were sliced in a freezing microtome 
(Leica CM 1950, Germany). To confirm the presence of 
Den-RGD in the neovasculature, the brain sections 
were incubated with a rabbit anti-mouse β3 integrin 
monoclonal antibody (1:50 dilution, Abcam, China), 
which was followed by staining with a goat an-
ti-rabbit Alexa Fluor 488 polyclonal antibody (1:500 
dilution, Life Technologies, USA). Nuclear DNA was 
stained with DAPI (1:200 dilution, Sigma-Aldrich, 
USA). 

 The sections stained with CD31 antibody (1:50 
dilution, Abcam, China) were used for measuring the 
microvessel density (MVD). The CD31-positive cells 
in the peri-infarct region were counted from 6 mice 
per group in a double-blind manner [7]. 

Quantification of Gadolinium in Tissues 
The nanoprobes present in the tissues were 

quantified based on the gadolinium contents. Fresh 
brain hemispheres with ischemia obtained from dif-
ferent groups of mice at different time points were 
weighed (approximately 100 mg) and digested as we 
previously described [22]. The quantification was 
measured via inductively coupled plasma mass spec-
trometry (ICP-MS, PerkinElmer, USA).  

Western Blot Analysis 
 Brain hemispheres with ischemia obtained from 

different groups of mice were frozen and stored at 
-70°C after dissection. Protein concentrations were 
calculated by the bicinchoninic acid method. The 
protein was subjected to SDS-PAGE and then trans-
ferred to polyvinylidenefluoride membranes (Milli-
pore, USA). Blots were incubated with rabbit an-
ti-mouse β3 integrin and GAPDH antibodies (Abcam, 
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China) at 4°C overnight after blocking with 5% skim 
milk (BD Bioscience, USA). Binding was detected with 
horseradish peroxidase conjugated secondary anti-
body (Life Technologies, USA). The proteins levels 
(band densities) were quantified using ImageJ soft-
ware (NIH, USA). 

Statistical Analysis 
Numerical data are presented as the mean ± 

standard deviation (SD). Least significant difference 
tests after one-way ANOVA were used to compare 
the CNR, TBR, Gd contents, expression of β3 integrin, 
behavioral tests, and MVD obtained from four groups 
in the cell experiments, STUDY 1, and STUDY 3. The 
data (CNR, TBR, Gd contents, and expression of β3 
integrin) obtained from the diabetic and WT mice at 
different time points in STUDY 2 were analyzed with 
Student’s t test. Correlations between in vivo imaging 
and the expression of β3 integrin or MVD in the his-
tological analysis were analyzed by Pearson's correla-
tion coefficients. P < 0.05 was considered statistically 
significant. 

Results 
Synthesis and Characterization of the 
Nanoprobes  

 The chemical structures of the neovascula-
ture-targeting and control nanoprobes are presented 
in Figure 1. The PAMAM dendrimer was selected as a 
scaffold because of its optimized circulation lifetime 
and identical molecular weight. The NIR fluorophore 
IR783 was used to label the dendrimer because of its 
high extinction coefficient and quantum yield. Con-
jugated rhodamine was employed to track the nano-
probes in histology. Gd3+-DTPA was chosen as a 
paramagnetic chelator functionalized on the nano-
probe due to its convenience regarding conjugation 
with the nanoparticle.  

The hydrodynamic diameter of the targeted na-
noprobe Den-RGD was 15.81 nm, which was slightly 
larger than the 11.55 nm of the Den-PEG control na-
noprobe. The molar ratios of PAMAM:PEG:RGD: 
DTPA were measured as 1:8.2:6.9:60. The nanoprobes 
contained 46.3 ± 1.6 Gd3+ atoms per particle and 

demonstrated similar longitudinal relaxivity r1p val-
ues of 2.4 ± 0.7 mM-1 s-1/Gd3+.  

Cytotoxicity of Nanoprobes and Cellular 
Uptake Studies  

 The cytotoxicity and cellular uptake of the na-
noprobes are described in the supplementary materi-
al. Compared with the control group treated with 
phosphate-buffered saline (PBS), MTT absorbance 
values of the cells incubated with different concentra-
tions of nanoprobes (2.5, 5, 10, and 20 μM) showed no 
significant cell cytotoxicity for either nanoprobe 
(Supplementary Material: Figure S1A).  

The binding specificity of Den-RGD was first 
demonstrated in the ανβ3 integrin-positive U87MG 
cells. The signal intensities of the cells on MR and 
NIRF images were significantly higher in the 
Den-RGD group compared with the Den-PEG group 
(Supplementary Material: Figure S1B to S1D). The 
majority of the signal intensity in the Den-RGD group 
was blocked by pre-treatment with free c(RGDyk) 
(Supplementary Material: Figure S1B to S1D). In vitro 
immunofluorescence staining also confirmed that the 
Den-RGD was attached to the cell membrane (Sup-
plementary Material: Figure S2). Den-RGD demon-
strated greater cellular uptake than the control nano-
probe. 

Targeting Angiogenesis in Cerebral Ischemic 
Stroke Mice 

 The ανβ3 integrin-targeting ability of Den-RGD 
was further investigated using in vivo T1-weighted 
MRI and NIRF imaging of ischemic stroke mice. 
Compared with the T1-weighted imaging at baseline, 
a significantly higher CNR appeared in the pe-
ri-infarct area at 24 h after injection of Den-RGD 
compared with Den-PEG (Figure 2A and 2B). The TBR 
observed on the NIRF images was significantly higher 
in the Den-RGD group compared with the Den-PEG 
group (Figure 2C). The administration of Den-RGD 
together with the pretreatment of the blocking 
cRGDyk peptide revealed significantly reduced up-
take in the brain (Figure 2B and 2D, n=6). 

 

 
Figure 1: Chemical structures of Den-RGD and Den-PEG. The cyclic peptide cRGDyK, Gd3+-DTPA, IR783, and rhodamine were functionalized into the fifth generation PAMAM 
dendrimer to synthesize the ανβ3 integrin-targeted nanoprobe Den-RGD. The control nanoprobe Den-PEG, which had a similar chemical structure to Den-RGD but without the 
cyclic peptide targeting domain, was prepared. 
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Figure 2: Den-RGD demonstrated a high binding affinity to neovessels in ischemic stroke models. (A) Arrows indicate the high signal on the T1-weighted images in the Den-RGD 
group. The corresponding infract areas are shown on the T2-weighted images. (B) Specific imaging of angiogenesis with Den-RGD produced a 51% higher contrast-to-noise ratio 
(CNR) in the peri-infarct area on the T1-weighted MR images compared with baseline, whereas the non-targeted nanoprobe Den-PEG produced only 14% CNR enhancement. 
The signal enhancement caused by Den-RGD was significantly reduced by pre-blocking the integrin receptors with free c(RGDyk) (n=6). (C) Representative NIRF images and (D) 
quantitative data showed a significantly higher target-to-background ratio (TBR) of the stroke area in the Den-RGD group compared with the other three groups (n=6). (E) A 
significantly higher gadolinium content in the cerebral hemisphere with ischemia was observed in the Den-RGD group compared with the other groups (n=6). (F) Immuno-
fluorescence staining of brain sections confirmed that the nanoprobe Den-RGD colocalized with the β3 integrin-positive neovasculature in the peri-infarct area, whereas a 
minimal amount of the control nanoprobe Den-PEG was observed in the neovasculature. Scale bar = 50 μm, ** p < 0.01. 

 
 After MRI and NIRF imaging, the brain of each 

mouse was excised for immunofluorescence staining 
and ICP-MS. A significantly higher gadolinium con-
tent in the cerebral hemisphere with ischemia was 
observed in the Den-RGD group compared with the 
other groups (Figure 2E, n=6). Immunofluorescence 
staining of the brain sections confirmed that the tar-
geted nanoprobe Den-RGD colocalized with the β3 
integrin-positive neovasculature in the peri-infarct 
area, whereas a minimal level of the control nano-
probe Den-PEG was observed in the neovasculature 
(Figure 2F). 

Nanoprobe Biodistribution Assay  
To study the tissue distribution of the nano-

probes, the heart, liver, spleen, kidneys, and lungs of 
the mice were surgically removed 24 h after the de-
livery of the nanoprobes through the tail vein. The 
IR783 levels in different organs were quantified 
through ex vivo NIRF imaging. As illustrated in Sup-
plementary Material: Figure S3A and S3B, the nano-
particles primarily accumulated in the reticuloendo-
thelial system (such as the liver and spleen) and the 
urinary system (kidneys); these findings are similar to 
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the in vivo behaviors of many other nanomaterials 
applied in biomedicine [23]. Our results showed that 
clearance of the nanoprobes might occur through both 
renal and fecal excretion. 

Dynamic Evaluation of Angiogenesis after 
Stroke in Diabetic and WT Mice 

 To dynamically evaluate angiogenesis in dia-
betic and WT mice after ischemic stroke, MRI and 
NIRF imaging were performed on days 3, 7, 10, 14, 
and 21 (n=5 or 6, respectively). A baseline MRI was 
obtained, and Den-RGD was then injected into the 
mice 24 h prior to the set time points. The highest 

CNR in the peri-infarct area observed on the 
T1-weighted images was attained on day 10 after 
stroke in both animal models, with a significantly 
lower CNR being observed in the diabetic mice com-
pared with the WT mice at each time point (Figure 3A 
and 3B). Similarly, the in vivo and ex vivo NIRF images 
indicated that the TBR reached its peak on day 10 after 
ischemia in both models, but a significantly lower 
TBR was observed in the diabetic mice (Figure 3C and 
3D). A linear correlation was identified between the 
CNR on the T1-weighted images and the TBR on NIRF 
images (Figure 3E, r = 0.898, p < 0.001).  

 

 
Figure 3: Dynamic evaluation of angiogenesis after stroke in diabetic and WT mice in vivo. Den-RGD was intravenously injected to mice at each time point after surgery. (A) 
Representative MR images of diabetic and WT mouse brains are shown. (B) The peak of the contrast-to-noise ratio (CNR) on the T1-weighted images occured on day 10 in both 
groups, with significantly lower signal enhancement in the diabetic mice (n=5 or 6). (C) Representative color-coded NIRF images of diabetic and WT mice after the injection of 
Den-RGD are presented. (D) The target-to-background ratio (TBR) of two animals both peaked on day 10 (n=5 or 6). (E) A linear correlation was found between the CNR on 
the MR images and the TBR on the NIRF images at all the time points (r = 0.898, p < 0.001). * p < 0.05, ** p < 0.01 vs WT mice. 
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Figure 4: Histological analysis verified the high signal of Den-RGD on the MR and NIRF images. The content of gadolinium (A) and the expression of β3 integrin (B) in the cerebral 
hemisphere with ischemia in both models at different time points were detected via ICP-MS and western blot analysis, respectively (n=5 or 6). (C, D) A linear correlation was 
identified between the expression of β3 integrin and the contrast-to-noise ratio (CNR) on the MR images (r = 0.901, p < 0.001) or the target-to-background ratio (TBR) on the 
NIRF images (r = 0.949, p < 0.001). * p < 0.05, ** p < 0.01 vs WT mice. 

 
 
The content of gadolinium (Figure 4A) and the 

expression of β3 integrin (Figure 4B) in the cerebral 
hemisphere with ischemia in both models (n=5 or 6) 
were detected at different time points via ICP-MS and 
Western blot analyses, respectively. The results veri-
fied the findings from MRI and NIRF imaging. A lin-
ear correlation was identified between the expression 
of β3 integrin and the CNR on the T1-weighted images 
(Figure 4C, r = 0.901, p < 0.001) or the TBR on the 
NIRF images (Figure 4D, r = 0.949, p < 0.001). 

EPC Characterization 
Bone marrow-derived EPCs were defined as 

cells that up-take Dil-acetylated low-density lipopro-
tein (acLDL), bind to FITC-ulex europaeus agglutinin 
(UEA), and express CD133/CD34/VEGFR2 (Sup-
plementary Material: Figure S4A and S4B). After 14 
days of culture, 81.53 ± 3.61% of the cells (n=3) ex-
pressed CD133, 40.31 ± 6.02% expressed CD34, and 
44.64 ± 5.27% expressed VEGFR-2 (Supplementary 
Material: Figure S4C). 

Responses to Pro-angiogenic Therapy in 
Diabetic and WT Mouse Models 

 The responses to EPC therapy in the diabetic 
and WT mouse models were examined on day 10 
(n=6) using in vivo imaging systems. The CNR de-
tected by MRI was significantly higher in the WT mice 
treated with EPCs compared with the mice treated 
with saline. In the diabetic mice, EPC treatment 

caused a moderate increase in the CNR on the 
T1-weighted images, but the increase was weaker 
compared with the WT mice treated with EPCs (Fig-
ure 5A and 5B). Through NIRF imaging, a significant 
increase of the TBR was detected after EPC treatment 
in both the WT and diabetic ischemic mouse models 
(Figure 5C and 5D). 

 In our ex vivo experiments, the content of gado-
linium (Figure 5E, n=6) and the expression of β3 in-
tegrin (Figure 5F, n=6) in the cerebral hemisphere 
with ischemia were significantly increased after EPC 
treatment in both models. The cerebral microvessel 
density in the two mouse models was significantly 
higher in the EPC-treated group compared with the 
saline-treated group (Figure 6A and 6B, n=6), but the 
number of newly growing capillaries in the WT mice 
[(51.24 ± 31.03)/mm2] was greater compared with the 
diabetic mice [(37.11 ± 14.61)/mm2]. A linear correla-
tion was detected between the MVD in the histology 
and the CNR on the MR images (Figure 6C, r = 0.931, 
p < 0.001) or the TBR on the NIRF images (Figure 6D, r 
= 0.890, p < 0.001). In agreement with the MVD find-
ings, we also observed that the neurological deficit 
score was reduced in the EPC-treated group in both 
models on days 14 and 21 (n=6). The infusion of EPCs 
improved neurologic motor function in the WT mod-
els as early as day 10 and demonstrated a better effi-
cacy on days 14 and 21 compared with the diabetic 
models (Supplementary Material: Figure S4D). These 
data confirmed that the in vivo dual-modal imaging 
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performed in this work is valid for detecting 
pro-angiogenic responses during the treatment of 
brain ischemia. 

Discussion 
It is well documented that the neurovasculature 

in the ischemic penumbra is correlated with the sur-
vival rate of stroke patients, and stimulating cerebral 
angiogenesis has demonstrated great potential for the 
treatment of ischemic stroke [24]. Although many 

methods used to stimulate the growth of cerebral 
vessels in the ischemic brain have been explored [5,6], 
a non-invasive, clinically feasible and economical 
method for the evaluation of angiogenic responses to 
these interventions remains to be developed. This 
study has demonstrated that non-invasive molecular 
imaging with multi-modal nanoprobes that target 
αvβ3 integrin can be utilized to detect angiogenesis in 
cerebral ischemic stroke animal models.  

 

 
Figure 5: MRI and NIRF imaging and histological analysis of EPC therapy in ischemic stroke mice. (A) Representative MR images of diabetic and WT mice infused with EPC or 
saline. (B) The contrast-to-noise ratio (CNR) in the WT mice treated with EPC was significantly higher compared with the mice treated with saline. In the diabetic mice, EPC 
treatment also caused a moderate increase of the CNR on the T1-weighted images (n=6). (C, D) With respect to NIRF imaging, EPC therapy was caused a significant increase of 
the target-to-background ratio (TBR) in both the diabetic and WT mice (n=6). (E) The gadolinium content in the cerebral hemisphere with ischemia was consistent with the signal 
enhancement detected on the T1-weighted images (n=6). (F) The expressions of β3 integrin in the EPC-treated diabetic and WT mice were significantly higher compared with the 
saline-treated mice (n=6). * p < 0.05, ** p < 0.01. 
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Figure 6: Microvessel density (MVD) in brain samples from the diabetic and WT mice with EPC or saline treatment. (A) Representative images of CD31 staining in the ischemic 
border zone of mice from different groups. Scale bar = 50 μm. (B) Staining of the microvasculature showed a greater number of capillaries in the EPC-treated mice compared with 
the saline-treated mice (n=6). (C, D) A linear correlation was identified between the MVD in the histology and the contrast-to-noise ratio (CNR) on the MR images (r = 0.931, 
p < 0.001) or the target-to-background ratio (TBR) on the NIRF images (r = 0.890, p < 0.001). * p < 0.05, ** p < 0.01. 

 
It has been reported that molecular imaging for 

monitoring the angiogenesis of tumors with agents 
that specifically target αvβ3 integrin can be achieved 
by MRI [25,26], NIRF imaging [27,28], posi-
tron-emission tomography (PET) [28,29], and sin-
gle-photon emission computed tomography (SPECT) 
[30,31]. Although we also used αvβ3 integrin as the 
target of imaging, pathological angiogenesis in tu-
mors is substantially different from physiological an-
giogenesis after cerebral ischemia. To date, there has 
only been one study that utilized a radioactive 
68Ga-RGD probe to evaluate angiogenesis by PET [32]. 
These radiolabeled peptides have also been used to 
detect the expression of αvβ3 integrin in other ischemic 
diseases [33]. However, the spatial resolution of PET 
or SPECT (mm range) is much lower compared with 
MRI (μm range) and cannot provide anatomical in-
formation. Additionally, the cost of radionuclide 
tracers is high, and there is a potential risk of exposure 
to radioactivity. The dual-modal imaging applied in 

this study provides a non-invasive method with high 
resolution, sensitivity, and safety. The targeted mul-
ti-modal nanoprobe Den-RGD produced an approx-
imately 3-fold higher signal in the peri-infarct area on 
MR and NIRF imaging compared with the control 
nanoprobe Den-PEG. Enhanced blood brain barrier 
permeability in ischemic territories was reported pre-
viously due to disrupted tight junctions between en-
dothelial cells [34]. Just like enhanced permeability 
and retention effect that was widely used to 
up-regulate the intra-tumoral uptake of the nanopar-
ticles, the accumulation of Den-PEG, which has a hy-
drodynamic diameter of 11.55 nm, in the ischemic 
region can be explained by its prolonged circulation 
lifetime and the leaky vasculatures present in is-
chemic brain tissues. The specificity of Den-RGD in 
the neovasculature was also demonstrated in a 
blocking assay that utilized a competitive peptide. Ex 
vivo experiments have further demonstrated the 
co-localization of Den-RGD with β3 integrin. These 



 Theranostics 2014, Vol. 4, Issue 8 

 
http://www.thno.org 

796 

data confirmed that Den-RGD is a specific dual-modal 
imaging-compatible nanoprobe for angiogenesis in 
cerebral ischemia.  

An analysis of MRI and NIRF images showed 
that the binding of Den-RGD to the neovasculature 
reached a plateau on day 10 after ischemia in both the 
WT and db/db mice. Hence, for the first time, it has 
been demonstrated that the greatest amount of angi-
ogenesis in ischemic stroke mouse models occurs on 
day 10. Subsequently, the neovasculature may grad-
ually become mature blood vessels. Increased expres-
sion of β3 integrin was observed and maintained up to 
3 weeks after ischemia in the two types of models. 
Moreover, the signal enhancement observed on MRI 
and NIRF images was significantly lower in the dia-
betic mice compared with the WT mice at every time 
point after ischemia. Diabetes can cause sparse mi-
crovessels and diminish collateral circulation [35]. 
This low-contrast effect might be attributed, in part, to 
the specific targeting associated with sparse neovas-
cular vessels. Previous study has indicated that the 
impaired angiogenesis in diabetes is associated with 
the dysregulation of a complex angiogenesis regula-
tory network, including vascular endothelial growth 
factor, placental growth factor, neuropilin-1, and 
elastin [36]. In combination with the findings in pre-
vious studies, it is evident that diabetes diminishes 
the angiogenic response to cerebral ischemia. 

Convincing evidence has suggested that neo-
vascularization is not only caused by endothelial cell 
proliferation but also correlates with circulating EPCs 
derived from bone marrow [37]. However, patients 
with diabetes present an impaired function and de-
creased number of circulating EPCs [38]. These find-
ings support a potential therapeutic target for patients 
with diabetes. Most investigations of EPC-based 
therapy have obtained satisfactory effects in ischemic 
models of healthy animals [7-9]. Transplanted EPCs 
are capable of integrating into damaged vasculature 
and secreting growth factors, cytokines and chemo-
kines to promote angiogenesis. In diabetes, several 
studies have revealed that vascular damage could 
only be repaired by healthy but not diabetic EPCs [39]. 
To stimulate angiogenesis in our cerebral ischemic 
mouse models, EPC treatment was used. An apparent 
enhancement of the TBR on the NIRF images after 
EPC transplantation was observed in both diabetic 
and WT mice at 24 h post-injection of Den-RGD. 
However, the WT mice treated with EPCs exhibited a 
denser signal intensity enhancement in the pe-
ri-infarct area on the T1-weighted images compared 
with the mice treated with saline, whereas the diabetic 
mice treated with EPCs exhibited a relatively moder-
ate signal enhancement. The results indicate that the 
sensitivity of NIRF imaging is higher compared with 

MRI. This dual-modal imaging method indicated that 
the bone marrow-derived EPCs could successfully 
augment the angiogenic response in diabetic and WT 
mice, although the augmentation in diabetic mice was 
not as large as in WT mice. These findings might be 
explained that partially transplanted cells were func-
tionally impaired in diabetic animals. Previous stud-
ies have also suggested that high glucose can decrease 
the functional competency of EPCs [40]. These data 
strongly suggest that the dual molecular imaging ap-
proach is valuable for monitoring the response to 
pro-angiogenic therapy in animal models. Although 
the penetration depth of light is limited, optical im-
aging will most likely be applied to stroke patients in 
the near future with the rapid development of in-
tra-arterial catheter imaging technology [41]. 

Conclusions 
In conclusion, this study demonstrated that the 

neovasculature-targeted nanoprobe can be used to 
specifically evaluate angiogenesis in mouse models of 
ischemic stroke. The non-targeted nanoprobe pro-
duced significantly lower enhancement compared 
with the targeted agent. Molecular imaging demon-
strated impaired angiogenesis in diabetic mice and 
revealed the pro-angiogenic effects of EPC, which is 
the precursor of endothelial cells. While the current 
clinical techniques for monitoring the therapeutic ef-
ficacy in stroke models, such as the measurement of 
blood flow, can only detect the large vessels in the 
later stages of angiogenesis, molecular imaging could 
be employed to map the early signatures of angio-
genesis. In the near future, a non-invasive method 
similar to the one employed in this work might be 
valuable for evaluating the effects of pro-angiogenic 
therapy in patients after ischemic stroke. 
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