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Evaluation of a dimeric-cRGD 
peptide for targeted PET-CT 
imaging of peripheral angiogenesis 
in diabetic mice
Jamila Hedhli 1,2, Stephanie L. L. Slania  2, Agata Płoska1,3, Andrzej Czerwinski4,  
Christian J. Konopka 1,2, Marcin Wozniak1,3, Maciej Banach5, Iwona T. Dobrucki1,  
Leszek Kalinowski3,6 & Lawrence W. Dobrucki  1,2,3,6

The αV β3 integrin plays an important role in many physiological functions and pathological disorders. 
αV β3 is minimally expressed in normal quiescent endothelial cells, but significantly upregulated during 
neovascularization. In this study, we evaluated a 64Cu-labeled dimeric cRGD tracer targeted at αV β3 
integrin and report its applicability to assess peripheral angiogenesis in diabetes mellitus (DM). We 
established a murine model of type-1 DM characterized by elevated glucose, glycated serum protein 
(GSP), and glycated hemoglobin A1c (HbA1c). We demonstrated that our imaging probe is specific 
to αV β3 integrin under both normo- and hyperglycemic conditions. We found that the analysis of in 
vivo PET-CT images correlated well with gamma well counting (GWC). Both GWC and PET-CT imaging 
demonstrated increased uptake of 64Cu-NOTA-PEG4-cRGD2 in the ischemic hindlimb in contrast to 
non-ischemic control. GWC of the distal ischemic tissue from DM mice showed significantly lower 
probe accumulation than in non-DM mice. The immunofluorescence staining of the ischemic tissues 
showed a 3-fold reduction in CD31 and 4-fold reduction in the αV β3 expression in DM vs. non-DM 
animals. In conclusion, we successfully demonstrated that diabetes-associated reductions in peripheral 
angiogenesis can be non-invasively detected with PET-CT imaging using targeted dimeric-cRGD probe.

Angiogenesis, the formation of new blood vessels from pre-existing microvasculature, represents an important 
and complex biological process. Blood vessels are the first organ to form in the embryo, and constitute the larg-
est network in our body1–3. When the delicate balance between pro- and anti-angiogenic factors is disrupted, 
numerous physiological and pathological processes, including cancer and ischemic disease progression, can be 
affected4,5. Patients with diabetes mellitus (DM) in particular have been shown to have diminished capacity for 
neovascularization, which can lead to life-threatening complication in the heart and/or extremities, conditions 
known as coronary arterial disease (CAD) and peripheral arterial disease (PAD), respectively. So far, randomized 
clinical trials focused on the promotion of angiogenesis using local administration of growth factors like vascular 
endothelial growth factor (VEGF) or fibroblast growth factor (FGF) have shown no clear benefit in patients with 
CAD or PAD5–7. Careful interpretation of these results revealed that the unexpected failures could be attributed 
to a number of potential factors, including suboptimal delivery strategies, suboptimal duration of the therapy 
(which could lead to either insufficient growth of new vessels or excessive formation of nonfunctional vessels), 
and the myopic use of only a single growth factor at a time. Moreover, the evaluation of therapeutic angiogenesis 
in these trials was completed with relatively insensitive techniques focused on clinical endpoints like exercise 
tolerance, quality of life and survival, peripheral pressure measurements, and imaging of tissue perfusion.

More recently, focus within the scientific community has shifted towards the development of novel therapeutic 
strategies, such as genetic and stem cell-based approaches, as well as novel noninvasive imaging techniques to 
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evaluate molecular events associated with angiogenesis8–13. It has been demonstrated that the extracellular matrix 
and integrins (including αV β3 integrin a vitronectin receptor) are responsible for modulation of growth factor 
production in response to mechanical strain, and that they may play an integral role in the initiation of angio-
genesis14. The physiological behavior of αV β3, characterized by a very low expression in quiescent endothelium 
and upregulation in angiogenic cells, offer a tremendous advantage for the targeted imaging of angiogenesis. By 
imaging αV β3 expression using radiolabeled probes, optimized for PET or SPECT, altered angiogenic activity 
may be diagnosed earlier and in a non-invasive manner, and the success of potential therapeutic strategies may 
be evaluated in almost real-time, which may lead to more individualized medical interventions and better patient 
outcomes.

Our group has previously evaluated a Technetium-99m labeled SPECT tracer (99mTc-NC100692, maraci-
clatide)15 based on the arginine-glycine-aspartate (RGD) binding sequence for the imaging of αV β3 integrin 
expression in various preclinical animal models of ischemia-induced angiogenesis6,10. This tracer, which showed 
a high αV β3 affinity (1 nM) and a rapid and efficient renal clearance route, was successfully used to evaluate 
peripheral angiogenesis in a murine model of hindlimb ischemia, and myocardial angiogenesis in both mice and 
rats6,10. Building on this and work of others, the field has seen renewed interest in developing chemically modified 
cRGD-based tracers with the hope of optimizing their pharmacokinetics, biodistribution, and target affinity and 
specificity16. These efforts resulted in the development of several multimeric tracers, which are particularly useful 
in areas with multivalent binding sites and clusters of integrins17–21.

Initial work on dimeric cRGD compounds was performed in oncological research as a continuation of 
efforts focused on using αV β3 integrin antagonists for the treatment of cancer22–26. Several groups showed that 
dimeric-cRGD molecules possess greater targeting capabilities and tumor uptake than their monomeric ana-
logues18. Multivalency is a well established approach to increase the interaction of weakly interacting individ-
ual ligands with their respective receptors, and as a result, a number of constructs of greater cRGD multiplicity 
were also investigated27. It was found, however, that peptide multiplicities greater than two lead to only marginal 
enhancements in in vitro binding affinity, and these improvements did not directly lead to better imaging charac-
teristics (in particular, highly multimeric probes have been plagued by non-specific rentention in organs like the 
liver, small intestines, and colon)28.

The goal of this investigation is to evaluate the feasibility of a novel multimeric cRGD tracer targeted at αV β3 
integrin for non-invasive PET imaging of peripheral angiogenesis in the onset of diabetes. The tracer was carefully 
characterized and used previously to evaluate myocardial angiogenesis in rats17. In the present study we demon-
strate the feasibility of the probe for assessing angiogenesis in diabetic mice subjected to hindlimb ischemia. 
This imaging tracer was used to assess both temporal and spatial changes in local αV β3 integrin expression in 
diabetic and non-diabetic animals subjected to surgical ligation of the right femoral artery in order to induce an 
angiogenic response. We detected a significant reduction in the αV β3 activation in DM mice when compared to 
non-DM control mice. En route to this result, we established a number of other important findings relevant to 
both the murine model and the applicability of the probe for quantitatively assessing angiogenesis in diabetic 
mice. First, we show that the mouse model recapitulates several key markers of diabetes, including hyperglycemia, 
and enhanced GSP and HbA1c levels. Second, we demonstrate that a fluorescent analogue of the probe shows 
comparable specificity for αV β3 an anti- αV β3 antibody (LM609) when incubated under both normal and high 
glucose conditions. Third, we establish an optimal imaging protocol that allows for highly-detailed images. And 
finally, we validate the analysis of the PET-CT images and show a strong agreement with gamma well counting 
experiments on excised tissues, indicating that our probe can be used to accurately monitor αV β3 expression in 
a non-invasive manner.

Results
Radiochemical purity and stability of the cRGD probes. The radiochemical purity of 64Cu-NOTA-
PEG4-cRGD2, determined in both pH 7.4 PBS and blood plasma using C-18 RP-HPLC, was >95% up to 24 hrs 
after labeling17. The probe’s fluorescent analogue, FITC-PEG4-cRGD2, demonstrated similarly high stability in 
both media (data not shown).

Animal model of peripheral angiogenesis in diabetes. Changes in blood biomarkers between 2 and 
6 weeks after DM induction. DM was introduced in a subset of mice through streptozotocin (STZ) treatment. 
After induction, we measured three key DM biomarkers: circulating blood glucose, GSP, and HbA1c blood levels. 
We detected a change in all three markers as early as two weeks after STZ administration. While we found no 
significant change in glucose level between weeks 2 and 6, we saw a significant surge in GSP and HbA1c levels (3 
and 1.3-fold, respectively, see Fig. 1). These results indicate that many important diabetes-associated physiological 
changes can take up to 6 weeks to manifest in our murine model, and as such, we opted to conduct our in vivo 
experiments 6 weeks after STZ treatment.

Validation of the animal model of peripheral ischemia. The right femoral arteries of the animals were surgically 
ligated in order to model peripheral vascular occlusion. This resulted in distal ischemia followed by the initiation 
of both the angiogenic and arteriogenic processes. Microfil casting and tissue clearing techniques were used 
in a subset of animals to visualize the location of the occlusion and the predicted ischemic area in relation to 
other anatomical structures (see Fig. 2). To verify the completeness of the surgical ligations, we performed Laser 
Doppler imaging of peripheral perfusion. Immediately after the surgery we observed dramatic reduction (>80%) 
in blood perfusion within the ischemic hindlimb, which was partially recovered at 1 week after the ligation (see 
Fig. 2). Based on this observation, and results published previously17, we used the 1 week time point to study the 
differences in peripheral angiogenesis in our DM and non-DM mice.
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Properties Of FITC-PEG4-cRGD2–αV β3 binding In a high-glucose microenviroment. The specificity  
of the probe was assessed by co-incubating FITC-PEG4-cRGD2 and the commercially available phycoerythrin- 
labeled αV β3 antibody, PE-LM609. For these experiments we used human umbilical vein endothelial cells 
(HUVECs), which are known to constitutively express αV β3. As shown in Fig. 3 there is a strong colocalization 
between the fluorescein and phycoerythrin signals. This is in accordance with our previously published stud-
ies showing a high correlation between FITC-PEG4-cRGD2 and PE-LM609 fluorescence using single cell flow 
cytometry17.

Of particular importance to imaging αV β3 expression in DM patients is to determine whether a high-glucose 
environment can affect the αV β3 receptor’s binding properties. To exclude this possibility, we incubated HUVECs 
with the FITC-PEG4-cRGD2 in growth media supplemented with 14 mM glucose. Comparison with a control 
HUVECs cultured in normal growth media showed no significant difference in FITC-PEG4-cRGD2 uptake 
under elevated glucose conditions (see Fig. 3). This observation indicates that any differences in the uptake of 

Figure 1. Characterization of diabetes-associated blood markers. (A) Glucose level was found to rise as 
soon as 2 weeks after induction of diabetes, but no further increase was found at the 6 week time point. (B) 
Glycated serum protein (GSP) showed an increase at 2 weeks, and surged dramatically by week 6. (C) Glycated 
hemoglobin A1c (HbA1c) expressed as a percent of total hemoglobin (THb) increased consistently over the 6 
week time frame.
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the imaging probe that arise between diabetic and non-diabetic animals is likely due to changes in αV β3 integrin 
expression/activation levels and not glycation-associated modification of the vitronectin receptor.

Pharmacokinetics and biodistribution. To demonstrate that the radiotracer exhibits favorable organ 
retention for the purpose of imaging peripheral angiogenesis, we performed comparative biodistribution studies 
using both targeted 64Cu-NOTA-PEG4-cRGD2 and the non-targeted 64Cu-acetate as control. Figure 4 shows the 
difference in the biodistribution profiles of both radiotracers. As expected, non-targeted 64Cu-acetate demon-
strated increased uptake in all organs (including blood) with a very high uptake (>20%I.D./g) in the liver, gallblad-
der, kidneys, and intestines due to non-specific affinity to tissue proteins. In contrast, 64Cu-NOTA-PEG4-cRGD2 
uptake was significant in the gallbladder, kidney cortex and intestines. In addition, PET imaging revealed that 
64Cu-NOTA-PEG4-cRGD2 cleared rapidly from the blood (contributing to an overall low background) and was 
excreted predominantly by kidney filtration.

We performed additional biodistribution studies of 64Cu-NOTA-PEG4-cRGD2 at a series of time points 
(30 min, 1 hr, 2 hr, 4 h and 24 hr after injection) to evaluate the clearance of the probe and establish the optimal 
post-injection timing for a PET-CT scan (see Fig. 5). We found that PET imaging at 1–2 hours post injection 
resulted in the optimal blood clearance and uptake within the ischemic muscle.

PET-CT imaging analysis versus gamma well counting. Representative PET-CT images of peripheral 
angiogenesis acquired 1 week after surgical ligation are shown in Fig. 6. Confirmed by biodistribution studies, 
PET-CT images obtained 1 hr after intravenous injection of the radiotracer were of excellent quality and demon-
strated “hot spots”–of increased 64Cu-NOTA-PEG4-cRGD2 uptake within the ischemic hindlimb–whereas the 
non-ischemic muscle showed no significant uptake. Moreover, VOI-based image analysis of PET-CT images (see 
Fig. 6) correlated well (R2 = 0.9602) with postmortem 64Cu-NOTA-PEG4-cRGD2 activities in the hindlimb mus-
cle sections measured using gamma well counting immediately after PET-CT imaging (see Fig. 6).

Diabetes-associated reductions in αV β3 can be monitored non-invasively using 64Cu-NOTA- 
PEG4-cRGD2. Most importantly, we found a significant (P < 0.05) reduction of 64Cu-NOTA-PEG4-cRGD2 
uptake in all muscle segments (distal and proximal) of diabetic animals when compared to the non-diabetic con-
trol segments (see Fig. 7). Quantitative analysis of PET-CT images confirmed this result, indicating that DM mice 
had significantly lower %I.D./g in their distal ischemic tissue than non-diabetic mice. PET imaging showed a 
significant increase in the retention of 64Cu-NOTA-PEG4-cRGD2 in the ischemic (relative to non-ischemic) hind-
limbs, which demonstrates the probe’s specificity to areas of active angiogenesis and αV β3 expression. Together, 

Figure 2. Surgical model of murine hindlimb ischemia. (A) Animals underwent surgical occlusion of the 
right femoral artery by placing two ligatures distal to profundus branch inducing unilateral hindlimb ischemia 
(bottom, yellow arrow). Placement of ligatures (top,black arrow) and vascular occlusion was visualized with the 
Microfil casting and tissue clearing technique. (B) The surgery resulted in an immediate decrease in perfusion 
in ischemic hindlimb with a partial recovery at 1 week after the surgery, as assessed using Laser Doppler 
flowmetry.
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these findings indicate that molecular imaging with 64Cu-NOTA-PEG4-cRGD2 is suitable to quantitatively asses 
different angiogenic responses in DM and non-DM environments.

In order to investigate the physiological effects that are associated with αV β3 expression in both DM and 
non-DM mice, we evaluated tissue samples collected from all animals. Both ischemic and non-ischemic distal 
hindlimb muscle sections were stained with FITC-PEG4-cRGD2, Cy-5 labeled endothelial cell marker (CD31), 
CD14 (a marker mostly associated with macrophages and dendritic cells), or CD74 (a cell surface receptor 
expressed by macrophages and endothelium cells which has been linked to reperfusion after vascular injury29). 
Representative immunofluorescence images taken from DM and non-DM mice are shown in Fig. 8A,B,C. We 
found CD31 positive endothelial cells within the capillaries and small arterioles of the non-diabetic ischemic 
hindlimb sections, which correlated with high αV β3 expression. By comparison, the DM mice showed significant 
reduction in CD31 positive staining and FITC-PEG4-cRGD2 (3.5- and 3.8-fold respectively) in their ischemic 
muscle tissues, suggesting both a reduction in capillary density and decreased αV β3 expression in DM animals 
relative to the non-DM controls. We found as well that DM mice showed a statistical significant reduction (3.2 
and 4 fold) for both CD14 and CD74 respectively as shown in Fig. 8A,B. These results demonstrate the dynamic 
changes in the DM microenvironment. We performed additional histology studies to determine the extent of 
co-localization between the FITC-labeled probe and CD14 or CD74. The FITC-PEG4-cRGD2 showed a modest 
degree of co-localization (Pearson coefficient of 0.50) with the labeled CD14, but a much stronger correlation 
(Pearson coefficient of 0.71) with the labeled CD74 see Fig. 8D. This supports the idea that our probe is effectively 
targeting regions of active angiogenesis and vascular repair. As expected, the greatest degree of co-localization 
occurred with CD31 (correlation coefficient of 0.765), indicating that the probe targets endothelial cells much 
more strongly than macrophages, dendritic cells, or other cell types associated with the ischemic response. 
Finally, we also found that both CD14 and CD74 staining were significantly reduced in DM relative to non-DM 
ischemic tissues (by about 3.2 and 4.0 fold, respectively). This once again underscores the negative impact of DM 
on vascular regeneration.

Figure 3. Colocalization of FITC-PEG4-cRGD2 and LM609 to human umbilical vein endothelial cells 
(HUVECs) expressing αV β3 integrin. (A) Incubation of HUVECs with 1 μ M FITC-PEG4-cRGD2 (green) and 
phycoerythrin-conjugated LM609 (1:100, red). The high degree of overlap indicates specific binding of our 
probe to αV β3. (B) HUVECs incubated for 24 hrs in low-glucose (5.5 mM) or high-glucose (14 mM) medium 
did not result in any significant differences in FITC-PEG4-cRGD2 uptake, as assessed by flow cytometry.
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Figure 4. Organ-specific uptake (right, assessed using PET-CT) and biodistribution (left, assessed using 
gamma well counting) of 64Cu-NOTA-PEG4-cRGD2 and the non-targeted 64Cu-acetate one hour after jugular 
vein injection demonstrates a favorable biodistribution and optimal retention for targeted in vivo imaging of 
peripheral angiogenesis.

Figure 5. Biodistribution of 64Cu-NOTA-PEG4-cRGD2 at various time points after injection. At the 30 min 
time point, the probe was mainly in the bloodstream, while the one and two hour time points showed the 
greatest accumulation in the distal ischemic tissue. Later time points showed little accumulation in the ischemic 
limb, and largely resembled the non-ischemic tissue. These results indicate the optimal time point for imaging is 
between one and two hours after administration of the tracer.
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Figure 6. PET-CT imaging analysis. (A) Representative in vivo PET-CT images of peripheral angiogenesis 1 
week after surgical ligation of the right femoral artery. One hour after intravascular injection of 64Cu-NOTA-
PEG4-cRGD2 a significant uptake of the radiotracer (“hot spot”) was observed in the ischemic hindlimb. (B) 
For the image analysis, volumes-of-interests (VOIs) were drawn on CT images of ischemic and non-ischemic 
hindlimbs (left) followed by segmentation of hindlimb muscles (middle). These irregular VOIs were placed on 
PET images to calculate the radiotracer’s uptake (expressed in %I.D./g tissue, right). (C) Correlation between 
the two methods (PET-CT and gamma well counting) used to measure radiotracer uptake in mice hindlimbs 
showed a strong linear correlation (R2 = 0.9602, solid line).

Figure 7. Analysis of 64Cu-NOTA-PEG4-cRGD2 retention in the hindlimbs of DM and non-DM mice 1 week 
after surgical ligation of the right femoral artery. Overall there was a significant (#P < 0.05) increase in 64Cu-
NOTA-PEG4-cRGD2 retention in the distal segments of the ischemic relative to the non-ischemic hindlimbs, 
as well as a significant (*P < 0.05) decrease in the distal ischemic hindlimb of DM mice compared to non-DM 
controls.
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Discussion
The study presented here focuses on the feasibility of assessing diabetes-associated differences in peripheral angi-
ogenesis using a 64Cu labeled dimeric cyclic RGD-based PET-CT probe targeted at αV β3. The design of our probe 
benefitted from years of prior results; it is characterized by high chemical stability, a favorable biodistribution, and 

Figure 8. Representative cross sections taken from ischemic lower hindlimbs of both DM (left) and non-DM 
(right) mice 1 week after femoral occlusion. (A) Sections were stained with inflammation marker CD14 (red) 
and co-stained with DAPI (blue) to visualize nuclei. (B) Sections were stained with reperfusion marker CD74 
(red) and co-stained with DAPI (blue) to visualize nuclei. (C) Sections were stained with endothelial marker 
CD31 (red) and co-stained with DAPI (blue) to visualize nuclei. (D) Sections were stained with CD14, or CD74, 
or CD31 (red) and fluorescent analogue FITC-PEG4-cRGD2. Fluorescence quantification showed a reduction 
in both capillary density (CD31 staining), inflammation (CD14), reperfusion (CD74), and FITC-PEG4-
cRGD2 (αV β3) retention in DM animals when compared with non-DM controls *P < 0.05. We found a strong 
correlation between CD31, CD74 and FITC-PEG4-cRGD2, and a modest degree of co-localization between 
CD14 and FITC-PEG4-cRGD2.
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a focal retention that results in an excellent quality of obtained images. 64Cu- was chosen as a PET imaging isotope 
due to its relatively easy chemistry, the availability of strong chelators capable of providing a firm backbone for 
the radioactive label, and the potential for clinical translation due to its relatively long half-life (~12.7 hours). 
Furthermore, a fluorescent analogue of our targeted tracer (FITC-PEG4-cRGD2), was developed and successfully 
used for in vitro studies in cell and tissue samples. The availability of this type of dual-modality probe may allow 
for future clinical translation in the field of image-guided surgery or intraoperative microscopy.

The αV β3-targeted probes used in this study have been characterized by our group in detail previously17. 
Briefly, in order to verify its specificity and cellular binding kinetics, we evaluated the colocalization of 
FITC-PEG4-cRGD2 with the αV β3-specific antibody LM609 in cultured integrin-expressing endothelial cells 
(HUVECs, chosen because there are no mouse-specific antibodies for αV β3). Importantly, because diabetic ani-
mals are known to have uncontrollably high circulating glucose levels (which can alter the endothelial microev-
ironment, induce conformational changes in the vitronectin receptor, and possibly impact other receptor-ligand 
interactions), in the present work, we also investigated the binding affinity of FITC-PEG4-cRGD2 in a 
high-glucose environment. We observed no significant change across a range of probe concentrations spaning 
from 0.01 to 1 μ M. This indicates that the differences in the angiogenic response we observed between diabetic 
and non-diabetic mice were associated with physiological changes due to changes in αV β3 expression and not the 
binding affinity of the probe. Intriguingly, we note a relative decrease in probe accumulation in the non-ischemic 
diabetic limbs relative to the non-diabetic limbs. Because the binding affinity of our probe is unaffected by a 
high-glucose environment, we attribute this to a decrease in αV β3 expression in the diabetic animals.

Following the in vitro applications, we evaluated the specificity of the probe in vivo. The labeling protocol we 
use involves first dissolving 64Cu in acetate buffer, and then combining that with a solution of our unlabeled probe. 
It is therefore important to show that labeled acetate exhibits no obvious accumulation in ischemic tissue. We sub-
jected animals to a surgical femoral artery ligation and injected them with either 64Cu-NOTA-PEG4-cRGD2 or the 
non-specific 64Cu-acetate. We found a greater accumulation of 64Cu-NOTA-PEG4-cRGD2 in the ischemic hind-
limb relative to the non-ischemic hindlimb while 64Cu-acetate showed comparable accumulation in both limbs 
paralleled by strong uptake in other organs. This further verifies the suitability of the 64Cu-NOTA-PEG4-cRGD2 
for in vivo targeted imaging of angiogenesis.

In order to establish that the animal model used in our investigations faithfully mimics diabetes-associated 
pheripheral ischemia in human patients, we measured a number of important diabetic markers in experimental 
animals. The animals were first treated with STZ for three days which resulted in significant increase of circulating 
blood glucose levels. In humans, this can caused changes in both the short term (altering the expression levels of 
several proteins) and long term (giving rise to glycosylated hemoglobin)30,31. Our animals showed similar clinical 
signs of short- and long-term effects, including enhanced GSP and HbA1c levels (taking about 6 weeks after STZ 
treatment to fully materialize). Moreover, these enhancements were found to correlate with the decrease in angi-
ogenic response confirmed with PET-CT imaging. Taken together, these findings represent an important part of 
establishing the utility of our model for the study of diabetes-associated vascular complications.

We next sought to establish the optimal time point for PET-CT imaging after administration of the 
64Cu-NOTA-PEG4-cRGD2 by performing biodistribution studies at various time points after injection of the 
radiotracer. We found a time interval between 1 and 2 hours to be optimal, demonstrating low blood activities and 
significant accumulation within the ischemic tissue. We found that the main excretion route was via the bladder, 
which is favorable for probes with translational applicability because it avoids accumulation within the digestive 
track, and poses relatively little risk to other organs.

We validated the results from the PET-CT imaging and quantitative image analysis by postmortem evalu-
ation of the radioactivity of excised tissues using gamma well counting. Gamma well counting is traditionally 
considered a “gold-standard” technique that enables measurement the absolute values of radiotracer activity. It is 
immune to several limitations that image-based whole body analyses face, including the partial volume effect and 
tissue attenuation. Unfortunately, gamma well counting is highly invasive, the animals need to be euthanized and 
tissues samples collected postmortem. We found a strong positive correlation between the image-based analysis 
and gamma well counting results. As expected, uncorrected PET-CT image analysis tended to underestimate the 
magnitude of the absolute 64Cu-NOTA-PEG4-cRGD2 uptake (expressed as %I.D./g) which we attribute predom-
inantly to partial volume errors (tissue attenuation is negligible in small animals), detector sensitivity and differ-
ent energy ranges. This discrepancy could be potentially eliminated using partial volume correction techniques, 
normalization of detector efficiency and allowing comparable energy ranges.

The results of the PET-CT study strongly suggest reduced αV β3 activity in the onset of diabetes, which neg-
atively affects the angiogenic process. This observation is further verified by immunofluorescence staining in 
which diabetic tissues showed a significant reduction in the expression of CD31, CD14, and CD74 (markers of 
endothelial cells, macrophages, dendritic cells, and vascular repair) and retention of FITC-PEG4-cRGD2. This 
finding is in agreement with studies performed previously by our group using both SPECT and PET cRGD-based 
tracers, and by others using more invasive techniques32. Diabetes-induced impairment of collateral blood vessel 
formation has also been demonstrated in other preclinical animal models of diabetes17,33.

While the underlying causes are not completely understood, attenuated angiogenesis in diabetes has been 
linked to improper degradation of the basement membrane, to alterations in the delicate balance of growth fac-
tors and cytokines that regulate vascular stability, and to problems in signal transduction including VEGF dysreg-
ulation (as shown by reduced expression of VEGF mRNA and protein)32. Rivard et al. in particular, demonstrated 
that hindlimb ischemia created by ligation of the femoral artery was associated with a greater reduction in cap-
illary formation and blood flow to the ischemic limb in diabetic transgenic mice (NOD) relative to non-diabetic 
(C57) wild type mice. In these studies, NOD mice showed a much lower rate of perfusion (ischemic limb to 
normal limb) 14 days following femoral artery ligation and a reduction in capillary density in ischemic hindlimb 
muscles at 35 days when compared with healthy littermates32.
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Although others have investigated the effects of diabetes on neovascularization, most have relied on invasive 
assessment techniques with little applicability in the clinical setting. Due to its non-invasive nature, PET-CT 
imaging represents a powerful tool for studying the vascular complication of diabetes, in the laboratory, and 
perhaps some day in the clinical practice. The ability to image active angiogenesis may enable earlier detection 
of vascular pathologies, and better evaluation of treatment options for patients with peripheral arterial disease. 
These could lead to more personalized therapeutc interventions and ultimately better patient outcomes.

Methods
Diabetic Animal Model. All experiments were completed with the approval of the Institutional Animal 
Care and Use Committee of the University of Illinois at Urbana-Champaign, following the principles outlined by 
the American Physiological Society on research animal use.

Glycated Serum Protein and Glycated Hemoglobin A1c. Male C57BL/6 mice (Jackson Laboratories) were used for 
all surgical and imaging interventions. A subset of mice (n = 11) underwent streptozotocin (STZ, Sigma-Aldrich, 
USA) treatment to induce type-1 diabetes mellitus (DM). STZ was administered via intraperitoneal injection 
at a dose of 40 mg/kg for 5 days. Glucosuria and fasting glycemia (>200 mg/dL) two weeks after the first STZ 
treatment marked the success of DM induction. Diabetic (6 weeks after STZ treatment, n = 11) and non-diabetic 
controls (n = 4) were anesthetized with 1–3% isofluorane vaporized in O2 at a rate of 1 L/min via nose cone. 
Glycated serum protein (GSP) represents a measure of short-to-medium term glucose control. GSP was measured 
colorimetrically in the serum of blood collected from DM (2 and 6 weeks after streptozotocin administration) 
and non-DM mice using an enzymatic assay (Diazyme, USA). Briefly, blood was collected in a covered Eppendorf 
tube from the jugular vein of the animal and allowed to clot by leaving it undisturbed at room temperature. 
Clots were removed by centrifugation at 1,000–2,000× g for 10 minutes in a refrigerated centrifuge. The resulting 
supernatant (serum) was used to measure GSP levels which were expressed in μ mol/L.

Glycated hemoglobin A1c (HbA1c) is an important indicator of long-term diabetic control. HbA1c was meas-
ured in whole blood collected from DM (at 2 and 6 weeks) and non-DM mice using a direct enzymatic assay 
(Diazyme, USA). The HbA1c concentration was expressed directly as a percent of total hemoglobin (THb) by use 
of a calibration curve.

Surgical Procedures. All animals underwent hindlimb occlusion of the right femoral artery and a sham oper-
ation on the left hindlimb, following previously-described procedures15. Briefly, a small incision was made on 
the right leg to expose the femoral vasculature, and dual ligation of the femoral artery was performed distal to 
the profundus branch to induce unilateral hindlimb ischemia. All mice were allowed to recover for 7 days after 
surgery.

Ischemia Validation. To validate the animal model, an additional group of normoglycemic mice (C57BL/6, 
n = 3), was used to verify the occlusion and the reduction of blood flow in ischemic hindlimb. Animals were 
imaged with laser doppler flowmetry Imager (moorLDI, Moor Instruments, UK) before, immediately after, and 
1 week post-surgery. To confirm the presence of collateral vessels as a result of angiogenic and arteriogenic pro-
cesses, Microfil (Flowtech Inc, USA) casting followed by the tissue clearing technique was performed on the same 
mice 4 weeks post-surgery using a procedure described previously34.

Biodistribution. One week after occlusion, 5 groups of animals were injected with 6.81 ± 0.536 MBq of 
64Cu-NOTA-PEG4-cRGD2 via the jugular vein and at various time points (30 min n = 3, 1 hr n = 3, 2 hr n = 3, 
4 hr n = 3, and 24 hr n = 2), different organs were excised and subjected to gamma well counting. The mass and 
radioactivity of tissue sections were assessed with a Voyager Pro. (Ohaus, USA) and Wizard2 gamma well counter 
(PerkinElmer, USA) respectively. The 64Cu signal was then corrected to account for background radioactivity, 
radioactive decay of the samples, and tissue weight.

In Vitro Binding Specificity. To validate the specificity of FITC-PEG4-cRGD2 to the αV β3 integrin recep-
tor, human umbilical vein endothelial cells (HUVECs) were first cultured on coverslips until confluent, before 
being fixed using a 4% solution of paraformaldehyde for paired-staining with both FITC-PEG4-cRGD2 (approxi-
mately 1 μ M) and PE-labeled αV β3 antibody LM609 (1:100, R&D Systems, USA). The cells on the coverslips were 
washed with buffer before and after each independent hour-long room temperature incubation, and the cover-
slips were ultimately mounted to microscope slides using DAPI Fluoromount (Southern Biotech). An Axiovert 
200 M inverted fluorescence microscope (Zeiss, USA) was then used for imaging (employing the 10x and 20x 
objectives). Finally, the images were analyzed using the ZEN 2012 software package (Zeiss, USA).

Because diabetes is characterized by high blood glucose levels, which could potentially modify the structure of 
αV β3 via glycosylation and alter ligand-receptor interactions, we performed additional experiments to assess cel-
lular binding of PEG4-cRGD2 under high-glucose conditions. HUVECs were cultured in high-glucose (14 mM) 
growth media for 24 hours before incubation with FITC-PEG4-cRGD2 (0–1 μ M) at 4 °C for 2 hours. A control 
group was cultured in normoglycemic (5.5 mM) growth media followed by incubation with FITC-PEG4-cRGD2. 
Binding of FITC-PEG4-cRGD2 to αV β3 integrin was assessed using flow cytometry (LSR II Flow Cytometry 
Analyzer, BD Biosciences, USA).

In Vivo Imaging of PAD Associated Angiogenesis. One week after occlusion, DM and non-DM mice 
(n = 15) were injected with 6.81 ± 0.536 MBq of 64Cu-NOTA-PEG4-cRGD2 via the jugular vein and 60 min-
utes later in vivo microPET-CT imaging was performed using a small animal dedicated Inveon system (Siemens 
Healthcare USA). An additional group of non-diabetic mice (n = 4) was injected with 7.21 ± 2.31 MBq of 
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64Cu-acetate to study differential organ biodistribution of 64Cu-NOTA-PEG4-cRGD2. Animals were placed on a 
polyacrylic bed in the supine position with legs secured in an extended position. Mice underwent X-ray microCT 
imaging (80kVp, 500 μ A, 100 μ m spatial resolution) followed by 15 min microPET imaging (15% energy win-
dow centered at 511 keV). All mice were euthanized immediately after last imaging session was completed and 
tissue samples were taken for gamma well counting and snap-frozen in liquid nitrogen for immunofluorescence 
analysis.

Image Analysis. The microPET and microCT images were reconstructed using the OSEM/3D algorithm 
(Siemens Healthcare USA) and the cone-beam technique (Cobra Exim), respectively. MicroPET images were 
fused with microCT images and quantified using a semiautomated approach developed and evaluated previ-
ously35. Briefly, complex irregular volumes of interest (VOIs) were generated from the microCT images the proxi-
mal region was selected above the knee and near the ligation site where as the distal area was below the knee. The 
VOI’s were applied on the co-registered microPET images to calculate absolute 64Cu activities using the Inveon 
Research Workplace (Siemens Healthcare USA). These complex VOIs included only soft tissue (skeletal muscles) 
after the removal of bone structures during the image segmentation process. To validate the accuracy of the quan-
titative targeted imaging approach, image-derived results were compared with the gamma well counting analysis 
of the corresponding tissue samples.

Postmortem Analysis. Gamma Well Counting. Skeletal muscles from both the ischemic and non-ischemic 
hindlimbs were excised and separated into distal and proximal sections based on the location of the ligature in 
the ischemic limb and anatomical landmarks in the non-ischemic limb. The mass and radioactivity of tissue 
sections were assessed with a Voyager Pro. (Ohaus, USA) and Wizard2 gamma well counter (PerkinElmer, USA) 
respectively. The 64Cu signal was then corrected to account for background radioactivity, radioactive decay of the 
samples, and tissue weight.

Histology and Immunofluorescence. Ischemic and non-ischemic hindlimb sections collected from diabetic and 
non-diabetic animals were embedded in the Optimal Cutting Temperature (OCT) compound. The embedded 
tissue sections were then snap frozen in liquid nitrogen and cut into 5 μ m sections using a cryotome. The cut 
sections were then fixed in ice-cold acetone and stained with either a Cy-5 fluorescent endothelial cell marker 
(CD31, EMD Millipore, USA), FITC-PEG4-cRGD2 (1 μ M), and inflammatory markers APC-CD14 (Santa Cruz 
Biology,USA), and PE-CD74 (R&D, USA). The stained sections were then relocated to an incubator and allowed 
to incubate overnight. After incubation, the stained sections were mounted using DAPI fluoromount (Southern 
Biotech, USA) and images were acquired using a fluorescent microscope (Zeiss Axiovert 200 M) at both 10× and 
20× objectives. For processing, the acquired images were assessed using Zeiss Zen Blue software for the total 
area positively stained in several randomly chosen (200×) fields. This software was validated in a previous study 
conducted by our group15. Acquired stained images of the sections were assessed for co-localization between the 
different fluorescent antibodies (PE-CD74, APC-CD14, and Cy-5-CD13) and the FITC-PEG4-cRGD2. Different 
antibody channels were separated and quantified using an ImageJ-plugin (Coloc2) to obtain the Pearson’s corre-
lation coefficient. This assessment was repeated for each of the images randomly chosen for percent positive area 
quantification.

Statistical analysis. The Student t test was used to compare 2 groups DM vs non-DM. One-way ANOVA 
was used to compare multiple parameters. A value of P < 0.05 was considered significant.

Conclusions
Diabetes is known to cause severe vascular complications that can lead to debilitating injury, and in some cases 
even death. While early detection of these complications remains a challenge, new methods involving focused 
regional PET-CT acquisitions of αV β3 activity are showing promise as a means of assessing tissue angiogenesis 
in vivo. We have demonstrated this promise using a new molecular probe to image neovascularization within 
ischemic tissue in diabetic and non-diabetic mice. We also used a fluorescently-labeled analogue to evaluate pro-
cess at the cellular-level. Our approach enables a quantitative spatio-temporal characterization of αV β3 activity 
that may one day allow for the real-time evaluation of the therapeutic efficacies of different medical interventions 
(medicinal, surgical, or emerging genetic or cell-based interventions). The dimeric cRGD-based imaging probe 
displays intense focal retention, leading to in vivo acquisitions of superior image quality. Coupled with favorable 
blood clearance kinetics and optimal biodistributions, its potential for clinical use in imaging and monitoring 
angiogenesis in patients with peripheral vascular disease is significant.

References
 1. Baumann, K. Growing a blood vessel network. Nature Reviews Molecular Cell Biology 14, https://doi.org/10.1097/

MOH.0b013e328360614b (2013).
 2. Tennant, M. & McGeachie, J. K. Blood vessel structure and function: a brief update on recent advances. ANZ Journal of Surgery 60, 

747–753, https://doi.org/10.1111/j.1445-2197.1990.tb07468.x (1990).
 3. Otrock, Z. K., Mahfouz, R. A., Makarem, J. A. & Shamseddine, A. I. Understanding the biology of angiogenesis: review of the most 

important molecular mechanisms. Blood Cells Mol Dis 39, 212–20, https://doi.org/10.1016/j.bcmd.2007.04.001 (2007).
 4. Carmeliet, P. & Jain, R. K. Angiogenesis in cancer and other diseases. Nature 407, 249, https://doi.org/10.1038/35025220 (2000).
 5. Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat Med 1, 27–31, https://doi.org/10.1038/nm0195-27 

(1995).
 6. Dobrucki, L. W. et al. Analysis of angiogenesis induced by local IGF-1 expression after myocardial infarction using microSPECT-CT 

imaging. J Mol Cell Cardiol 48, 1071–9, https://doi.org/10.1016/j.yjmcc.2009.10.008 (2010).
 7. Fam, N. P., Verma, S., Kutryk, M. & Stewart, D. J. Clinician guide to angiogenesis. Circulation 108, 2613–2618, https://doi.

org/10.1161/01.CIR.0000102939.04279.75 (2003).

http://dx.doi.org/10.1097/MOH.0b013e328360614b
http://dx.doi.org/10.1097/MOH.0b013e328360614b
http://dx.doi.org/10.1111/j.1445-2197.1990.tb07468.x
http://dx.doi.org/10.1016/j.bcmd.2007.04.001
http://dx.doi.org/https://doi.org/10.1038/35025220
http://dx.doi.org/10.1038/nm0195-27
http://dx.doi.org/https://doi.org/10.1016/j.yjmcc.2009.10.008
http://dx.doi.org/10.1161/01.CIR.0000102939.04279.75
http://dx.doi.org/10.1161/01.CIR.0000102939.04279.75


www.nature.com/scientificreports/

1 2SCIenTIFIC REPORTs |  (2018) 8:5401  | DOI:10.1038/s41598-018-23372-9

 8. Dimastromatteo, J. et al. In vivo molecular imaging of myocardial angiogenesis using the alpha(v)beta3 integrin- targeted tracer 
99mTc-RAFT-RGD. J Nucl Cardiol 17, 435–43, https://doi.org/10.1007/s12350-010-9191-9 (2010).

 9. Chen, X. et al. Micro-PET imaging of alphav-beta3-integrin expression with 18F-labeled dimeric RGD peptide. Mol Imaging 3, 
96–104, https://doi.org/10.1162/1535350041464892 (2004).

 10. Chen, K. et al. Synthesis and evaluation of 64Cu-labeled monomeric and dimeric NRG peptides for microPET imaging of CD13 
receptor expression. Mol Pharm 10, 417–27, https://doi.org/10.1021/mp3005676 (2013).

 11. Cai, W., Niu, G. & Chen, X. Imaging of integrins as biomarkers for tumor angiogenesis. Curr Pharm Des 14, 2943–73, https://doi.
org/10.2174/138161208786404308 (2008).

 12. Beer, A. J., Kessler, H., Wester, H. J. & Schwaiger, M. PET Imaging of Integrin αV β3 Expression. Theranostics 1, 48–57, https://doi.
org/10.1007/s10555-008-9158-3 (2011).

 13. Meoli, D. F. et al. Noninvasive imaging of myocardial angiogenesis following experimental myocardial infarction. J Clin Invest 113, 
1684–91, https://doi.org/10.1172/JCI20352 (2004).

 14. Niu, G. & Chen, X. Why integrin as a primary target for imaging and therapy. Theranostics 1, 30–47, https://doi.org/10.7150/thno/
v01p0030 (2011).

 15. Hua, J. et al. Noninvasive imaging of angiogenesis with a 99mTc-labeled peptide targeted at alphavbeta3 integrin after murine 
hindlimb ischemia. Circulation 111, 3255–60, https://doi.org/10.1161/CIRCULATIONAHA.104.485029 (2005).

 16. Kubas, H. et al. Multivalent cyclic RGD ligands: influence of linker lengths on receptor binding. Nucl Med Biol 37, 885–91, https://
doi.org/10.1016/j.nucmedbio.2010.06.005 (2010).

 17. Hedhli, J. et al. Synthesis, chemical characterization and multiscale biological evaluation of a dimeric-cRGD peptide for targeted 
imaging of αVβ3 integrin activity. Scientific Reports 7, https://doi.org/10.1038/s41598-017-03224-8 (2017).

 18. Chen, X., Plasencia, C., Hou, Y. & Neamati, N. Synthesis and biological evaluation of dimeric RGD peptide- paclitaxel conjugate as 
a model for integrin-targeted drug delivery. Journal of medicinal chemistry 48, 1098–1106, https://doi.org/10.1021/jm049165z 
(2005).

 19. Haubner, R. & Decristoforo, C. Radiolabelled RGD peptides and peptidomimetics for tumour targeting. Front Biosci (Landmark Ed) 
14, 872–86, https://doi.org/10.2741/3283 (2009).

 20. Li, Z. B. et al. (64)cu-labeled tetrameric and octameric RGD peptides for small-animal pet of tumor alpha(v)beta(3) integrin 
expression. J Nucl Med 48, 1162–71, https://doi.org/10.2967/jnumed.107.039859 (2007).

 21. Li, Z. B., Chen, K. & Chen, X. (68)Ga-labeled multimeric RGD peptides for microPET imaging of integrin alpha(v)beta (3) 
expression. Eur J Nucl Med Mol Imaging 35, 1100–8, https://doi.org/10.1007/s00259-007-0692-y (2008).

 22. Iagaru, A. & Gambhir, S. S. Imaging tumor angiogenesis: the road to clinical utility. AJR Am J Roentgenol 201, W183–91, https://doi.
org/10.2214/AJR.12.8568 (2013).

 23. Liu, S. et al. Evaluation of a (99m)Tc-labeled cyclic RGD tetramer for noninvasive imaging integrin alpha(v)beta3-positive breast 
cancer. Bioconjug Chem 18, 438–46, https://doi.org/10.1021/bc0603081 (2007).

 24. Miao, W. et al. Comparison of 99mTc-3PRGD2 integrin receptor imaging with 99mTc-MDP bone scan in diagnosis of bone metastasis 
in patients with lung cancer: a multicenter study. PLoS One 9, e111221, https://doi.org/10.1371/journal.pone.0111221 (2014).

 25. 99mTc-3PRGD2 for integrin receptor imaging of lung cancer: a multicenter study. J Nucl Med 53, 716–722, https://doi.org/10.2967/
jnumed.111.098988 (2012).

 26. Wu, Y. et al. MicroPET imaging of glioma integrin alphavbeta3 expression using (64)Cu-labeled tetrameric RGD peptide. J Nucl 
Med 46, 1707–18, https://doi.org/10.2967/jnumed.111.087700 (2005).

 27. Shi, J. et al. Improving tumor uptake and pharmacokinetics of (64)Cu-labeled cyclic RGD peptide dimers with Gly(3) and Peg(4) 
linkers. Bioconjug Chem 20, 750–9, https://doi.org/10.1021/bc800455p (2009).

 28. Dijkgraaf, I. et al. Synthesis of DOTA-conjugated multivalent cyclic-RGD peptide dendrimers via 1, 3-dipolar cycloaddition and 
their biological evaluation: implications for tumor targeting and tumor imaging purposes. Organic & biomolecular chemistry 5, 
935–944, https://doi.org/10.1039/b615940k (2007).

 29. Zernecke, A., Bernhagen, J. & Weber, C. Macrophage migration inhibitory factor in cardiovascular disease. Circulation 117, 
1594–1602, https://doi.org/10.1161/CIRCULATIONAHA (2008).

 30. Beisswenger, P. J., Healy, J. C. & Shultz, E. K. Glycosylated serum proteins and glycosylated hemoglobin in the assessment of glycemic 
control in insulin-dependent and non-insulin-dependent diabetes mellitus. Metabolism 42, 989–992, https://doi.org/10.1016/0026-
0495(93)90011-C (1993).

 31. Rodriguez-Capote, K., Tovell, K., Holmes, D., Dayton, J. & Higgins, T. N. Analytical evaluation of the diazyme glycated serum 
protein assay on the siemens advia 1800: comparison of results against hba1c for diagnosis and management of diabetes. Journal of 
diabetes science and technology 9, 192–199, https://doi.org/10.1177/1932296814567894 (2015).

 32. Rivard, A. et al. Rescue of diabetes-related impairment of angiogenesis by intramuscular gene therapy with adeno-vegf. The 
American journal of pathology 154, 355–363, https://doi.org/10.1016/S0002-9440(10)65282-0 (1999).

 33. Martin, A., Komada, M. R. & Sane, D. C. Abnormal angiogenesis in diabetes mellitus. Medicinal research reviews 23, 117–145, 
https://doi.org/10.1002/med.10024 (2003).

 34. Enis, D. R. et al. Induction, differentiation, and remodeling of blood vessels after transplantation of bcl-2-transduced endothelial 
cells. Proceedings of the National Academy of Sciences of the United States of America 102, 425–430, https://doi.org/10.1073/
pnas.0408357102 (2005).

 35. Dobrucki, L. W. et al. Serial noninvasive targeted imaging of peripheral angiogenesis: validation and application of a semiautomated 
quantitative approach. J Nucl Med 50, 1356–1363, https://doi.org/10.2967/jnumed.108.060822 (2009).

Acknowledgements
Our studies were funded by AHA Scientist Development Grant (10SDG4180043, LWD), Arnold Beckman 
Foundation (LWD, ID, JH), Ministry of Science and Higher Education Poland (“Mobility Plus” Program, 
AP; DIR/WK/2017/01, LK, LWD), Foundation for Polish Science (TEAM/2011-7/5, LK, MW), and Peptides 
International Inc. We thank John A. Cole for help with the manuscript edits.

Author Contributions
L.W.D., J.H., L.K. designed the experiments. J.H., A.P., A.C., S.S., M.W., C.K., I.D. performed the experiments. 
L.W.D., J.H., S.S. wrote the manuscript. A.P., J.H., S.S., M.W., C.K. helped with the data analyses. L.W.D., J.H., 
A.C., L.K., I.D., M.B. read and reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/https://doi.org/10.1007/s12350-010-9191-9
http://dx.doi.org/https://doi.org/10.1162/1535350041464892
http://dx.doi.org/https://doi.org/10.1021/mp3005676
http://dx.doi.org/10.2174/138161208786404308
http://dx.doi.org/10.2174/138161208786404308
http://dx.doi.org/10.1007/s10555-008-9158-3
http://dx.doi.org/10.1007/s10555-008-9158-3
http://dx.doi.org/10.1172/JCI20352
http://dx.doi.org/10.7150/thno/v01p0030
http://dx.doi.org/10.7150/thno/v01p0030
http://dx.doi.org/https://doi.org/10.1161/CIRCULATIONAHA.104.485029
http://dx.doi.org/https://doi.org/10.1016/j.nucmedbio.2010.06.005
http://dx.doi.org/https://doi.org/10.1016/j.nucmedbio.2010.06.005
http://dx.doi.org/https://doi.org/10.1038/s41598-017-03224-8
http://dx.doi.org/https://doi.org/10.1021/jm049165z
http://dx.doi.org/https://doi.org/10.2741/3283
http://dx.doi.org/https://doi.org/10.2967/jnumed.107.039859
http://dx.doi.org/https://doi.org/10.1007/s00259-007-0692-y
http://dx.doi.org/10.2214/AJR.12.8568
http://dx.doi.org/10.2214/AJR.12.8568
http://dx.doi.org/https://doi.org/10.1021/bc0603081
http://dx.doi.org/https://doi.org/10.1371/journal.pone.0111221
http://dx.doi.org/https://doi.org/10.2967/jnumed.111.098988
http://dx.doi.org/https://doi.org/10.2967/jnumed.111.098988
http://dx.doi.org/https://doi.org/10.2967/jnumed.111.087700
http://dx.doi.org/https://doi.org/10.1021/bc800455p
http://dx.doi.org/https://doi.org/10.1039/b615940k
http://dx.doi.org/10.1161/CIRCULATIONAHA
http://dx.doi.org/10.1016/0026-0495(93)90011-C
http://dx.doi.org/10.1016/0026-0495(93)90011-C
http://dx.doi.org/10.1177/1932296814567894
http://dx.doi.org/10.1016/S0002-9440(10)65282-0
http://dx.doi.org/10.1002/med.10024
http://dx.doi.org/10.1073/pnas.0408357102
http://dx.doi.org/10.1073/pnas.0408357102
http://dx.doi.org/10.2967/jnumed.108.060822


www.nature.com/scientificreports/

13SCIenTIFIC REPORTs |  (2018) 8:5401  | DOI:10.1038/s41598-018-23372-9

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Evaluation of a dimeric-cRGD peptide for targeted PET-CT imaging of peripheral angiogenesis in diabetic mice
	Results
	Radiochemical purity and stability of the cRGD probes. 
	Animal model of peripheral angiogenesis in diabetes. 
	Changes in blood biomarkers between 2 and 6 weeks after DM induction. 
	Validation of the animal model of peripheral ischemia. 

	Properties Of FITC-PEG4-cRGD2–αV β3 binding In a high-glucose microenviroment. 
	Pharmacokinetics and biodistribution. 
	PET-CT imaging analysis versus gamma well counting. 
	Diabetes-associated reductions in αV β3 can be monitored non-invasively using 64Cu-NOTA-PEG4-cRGD2. 

	Discussion
	Methods
	Diabetic Animal Model. 
	Glycated Serum Protein and Glycated Hemoglobin A1c. 
	Surgical Procedures. 
	Ischemia Validation. 
	Biodistribution. 

	In Vitro Binding Specificity. 
	In Vivo Imaging of PAD Associated Angiogenesis. 
	Image Analysis. 

	Postmortem Analysis. 
	Gamma Well Counting. 
	Histology and Immunofluorescence. 

	Statistical analysis. 

	Conclusions
	Acknowledgements
	Figure 1 Characterization of diabetes-associated blood markers.
	Figure 2 Surgical model of murine hindlimb ischemia.
	Figure 3 Colocalization of FITC-PEG4-cRGD2 and LM609 to human umbilical vein endothelial cells (HUVECs) expressing αV β3 integrin.
	Figure 4 Organ-specific uptake (right, assessed using PET-CT) and biodistribution (left, assessed using gamma well counting) of 64Cu-NOTA-PEG4-cRGD2 and the non-targeted 64Cu-acetate one hour after jugular vein injection demonstrates a favorable biodistri
	Figure 5 Biodistribution of 64Cu-NOTA-PEG4-cRGD2 at various time points after injection.
	Figure 6 PET-CT imaging analysis.
	Figure 7 Analysis of 64Cu-NOTA-PEG4-cRGD2 retention in the hindlimbs of DM and non-DM mice 1 week after surgical ligation of the right femoral artery.
	Figure 8 Representative cross sections taken from ischemic lower hindlimbs of both DM (left) and non-DM (right) mice 1 week after femoral occlusion.




