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Figure 12. Dual SPECT/CT and near-infrared fluorescence optical imaging of 
EL4 lymphoma apoptosis with 111In-labeled annexin A5-CCPM. The mice in the 
control group (top) were injected intravenously only with 111In-labeled annexin 
A5-CCPM. The mice in the chemotherapy group (bottom) received an 
intravenous injection of 111In-labeled annexin A5-CCPM 24 h after treatment with 
cyclophosphamide 25 mg/kg by intraperitoneal (i.p.) injection and etoposide 19 
mg/kg by i.p. injection. (A) Representative SPECT/CT images. (B) 
Representative fluorescence molecular tomographic images. (C) Representative 
autoradiographs of excised tumors. (D) Fluorescence images of the same slides 
used in autoradiographic studies. (E and F) Immunohistochemical staining with 
caspase-3 (brown) of the same slides used in autoradiographic studies. All 
images were acquired 48 h after injection of 111In-labeled annexin A5-CCPM.  
Bar, 50 µm. 
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Figure 13. Fluorescence microscopy of EL4 lymphoma from mice treated with 
chemotherapy. The tumor sections were subjected to TUNEL staining (red). 
Signal from Cy7 loaded annexin A5-CCPM was pseudocolored green and cell 
nuclei were stained with DAPI (blue). Scale bar: 50 µm.  
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The biodistribution data (Fig. 14A) were generally in concordance with 

the imaging result (Fig. 12): there was relatively high accumulation in the liver 

and spleen. Spleens of the mice treated with chemotherapy showed significantly 

higher uptake of 111In-labeled annexin A5-CCPM than spleens in the control 

group (P <0.001), probably owing to cyclophosphamide-induced apoptosis of 

this tissue (83). At 48 h after injection, 111In-labeled annexin A5-CCPM showed 

significantly higher uptake in the tumors of the treated mice (8.01 %ID/g) than in 

the tumors of the untreated mice (3.2 %ID/g) (P <0.001) (Fig. 14A). The tumor-

to-blood ratios were 2.2 in the untreated group versus 4.1 in the chemotherapy-

treated group, and the tumor-to-muscle ratios were 14.8 in the untreated group 

versus 38.8 in the chemotherapy-treated group. 111In-labeled annexin A5-CCPM 

(8.01 %ID/g) also showed significantly higher uptake in the tumors of the treated 

mice than 99mTc-HYNIC annexin A5 (4.14 %ID/g) and 111In-labeled CCPM 

(2.81 %ID/g) (P <0.001) (Fig. 14B). The biodistribution was also determined by 

analysis of fluorescence signal intensities of the resected tissues (Fig. 15), 

which were consistent with the data obtained by the radioactivity count method 

(Fig. 14A).  
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Figure 17. Fluorescence microscopy of 38C13 lymphoma from mice treated with 
chemotherapy. The tumor sections were subjected to TUNEL staining (green). 
Signal from Cy7 loaded annexin A5-CCPM was pseudocolored red and cell 
nuclei were counterstained with DAPI (blue). Scale bar: 20 µm. 
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The biodistribution data (Fig. 18) were consistent with imaging study (Fig. 

16). At 48 h after injection, 111In-labeled annexin A5-CCPM showed significantly 

higher uptake in the tumor of the treated mice (4.84 %ID/g) as compared to the 

untreated mice (0.49 %ID/g) (p <0.001) (Fig. 18). The tumor-to-blood ratios 

increased from 0.2 in control group to 2.8 in chemotherapy group, and the 

tumor-to-muscle ratios increased from 4.6 to 22.7. In the meantime, there was 

relatively high uptake of 111In-labeled annexin A5-CCPM in the livers and 

spleens. 

 

 

Figure 18. Biodistribution in mice bearing 38C13 lymphoma 48 h after the 
administration of 111In-labeled annexin A5-CCPM. The mice in the chemotherapy 
group were injected with 111In-labeled annexin A5-CCPM intravenously 24 h 
after administration of cyclophosphamide (black). The mice in the control group 
were injected only with 111In-labeled annexin A5-CCPM (white). Data obtained 
using the radioactivity count method plotted as percentage of injected dose per 
gram of tissue (%ID/g). All the data are expressed as mean ± standard deviation. 
* Indicates statistically significant change in values with P <0.001. 
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9. 9L Gliosarcoma Tumor Apoptosis Model 

The treatment of cyclophosphamide also can induce 9L gliosarcoma 

tumor apoptosis in mice (12). This model was used to further investigate the 

potential of 111In-labeled annexin A5-CCPM for imaging tumor apoptosis. Figure 

19 compares µSPECT and FMT optical images of mice without treatment and 

mice treated with cyclophosphamide 48 h after administration of 111In-labeled 

annexin A5-CCPM. The apoptotic tumors were clearly visualized in the mice 

bearing 9L gliosarcoma tumor after treatment of cyclophosphamide (Figs. 19A 

and 19B). In contrast, there was no detectable uptake in the tumors of the 

untreated mice (Figs. 19A and 19B). Intratumoral distribution of 111In-labeled 

annexin A5-CCPM was shown in both autoradiographic images (Fig. 19C) and 

fluorescence optical images (Fig. 19D) of tumor sections. In comparison with 

control group, chemotherapy group exhibited relatively high radioactivity and 

fluorescent signal intensity in their tumor sections, which confirmed there was 

relatively high uptake in apoptotic tumors. Furthermore, 111In-labeled annexin 

A5-CCPM co-localized with apoptotic areas stained with TUNEL (Fig. 20). 
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Figure 19. Dual SPECT/CT and near-infrared fluorescence optical imaging of 9L 
gliosarcoma tumor apoptosis with 111In-labeled annexin A5-CCPM. The mice in 
the control group (top) were injected intravenously only with 111In-labeled 
annexin A5-CCPM. The mice in the chemotherapy group (bottom) received an 
intravenous injection of 111In-labeled annexin A5-CCPM 24 h after treatment with 
cyclophosphamide 100 mg/kg by intraperitoneal injection. (A) Representative 
SPECT/CT images. (B) Representative fluorescence molecular tomographic 
images. (C) Representative autoradiographs of excised tumors. (D) 
Fluorescence images of the same slides used in autoradiographic studies. All 
images were acquired 48 h after injection of 111In-labeled annexin A5-CCPM.   
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Figure 20. Fluorescence microscopy of 9L gliosarcoma tumor from mice treated 
with chemotherapy. The tumor sections were subjected to TUNEL staining 
(green). Signal from Cy7 loaded annexin A5-CCPM was pseudocolored red and 
cell nuclei were stained with DAPI (blue). Scale bar: 20 µm. 
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The biodistribution data (Fig. 21) generally confirmed the imaging result 

(Fig. 19). At 48 h after injection, 111In-labeled annexin A5-CCPM exhibited 

significantly higher uptake in the tumors of the chemotherapy group (6.41 %ID/g) 

than in the tumors of the control group  (2.91 %ID/g) (P <0.001) (Fig. 21). The 

tumor-to-blood ratios were 1.9 in the control group versus 3.2 in the 

chemotherapy group, and the tumor-to-muscle ratios were 7.9 in the control 

group versus 18.2 in the chemotherapy group. Similarly, there was significantly 

higher uptake of 111In-labeled annexin A5-CCPM in spleens of the mice treated 

with cyclophosphamide than in spleens of the control mice (P <0.001) (Fig. 21). 

That is probably because  cyclophosphamide induced spleen apoptosis (83). 

 

Figure 21. Biodistribution in mice bearing 9L gliosarcoma tumor 48 h after the 
administration of 111In-labeled annexin A5-CCPM. The mice in the chemotherapy 
group were injected with 111In-labeled annexin A5-CCPM intravenously 24 h 
after administration of cyclophosphamide (black). The mice in the control group 
were injected only with 111In-labeled annexin A5-CCPM (white). Data obtained 
using the radioactivity count method plotted as percentage of injected dose per 
gram of tissue (%ID/g). All the data are expressed as mean ± standard deviation. 
* Indicates statistically significant change in values with P <0.001. 
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10. MDA-MB-468 Breast Tumor Apoptosis Model 

As previously described by Ke Shi (13), MDA-MB-468 breast tumor could 

be induced apoptosis by treatment of poly (L-glutamic acid)-paclitaxel and 

cetuximab. In order to further evaluate the potential application of 111In-labeled 

annexin A5-CCPM for imaging drug-induced tumor apoptosis, this model was 

also applied in this study. Figure 22 compares µSPECT and FMT optical images 

of mice without and with chemotherapy 48 h after administration of 111In-labeled 

annexin A5-CCPM. The apoptotic tumors were readily visualized in the mice 

bearing MDA-MB-468 breast tumor after chemotherapy, while the tumors in the 

untreated mice were not detected (Figs. 22A and 22B). Both autoradiographic 

images (Fig. 22C) and fluorescence optical images (Fig. 22D) of tumor sections 

showed Intratumoral distribution of 111In-labeled annexin A5-CCPM. Tumor 

sections from chemotherapy group exhibited higher radioactivity and fluorescent 

signal intensity than tumor sections from control group, which was generally in 

concordance with results of the whole-body scanning. Moreover, 

immunohistochemical analysis confirmed co-localization of 111In-labeled annexin 

A5-CCPM and apoptotic areas stained with TUNEL (Fig. 23).  
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Figure 22. Dual SPECT/CT and near-infrared fluorescence optical imaging of 
MDA-MB-468 tumor apoptosis with 111In-labeled annexin A5-CCPM. The mice in 
the chemotherapy group (bottom) received an intravenous injection of 111In-
labeled annexin A5-CCPM after treatment with poly(L-glutamic)-paclitaxel 
conjugate (100 mg eq. paclitaxel/kg by intravenous injection; day 1) and 
cetuximab  (1 mg/mouse by intraperitoneal injection; day 4). The mice in the 
control group (top) were injected intravenously only with 111In-labeled annexin 
A5-CCPM. (A) Representative SPECT/CT images. (B) Representative 
fluorescence molecular tomographic images. (C) Representative 
autoradiographs of excised tumors. (D) Fluorescence images of the same slides 
used in autoradiographic studies. All images were acquired 48 h after injection of 
111In-labeled annexin A5-CCPM. 
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Figure 23. Fluorescence microscopy of MDA-MB-468 breast tumor from mice 
treated with chemotherapy. The tumor sections were subjected to TUNEL 
staining (red). Signal from Cy7 loaded annexin A5-CCPM was pseudocolored 
green and cell nuclei were stained with DAPI (blue). 
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11. Hepatic Apoptosis Model 

Anti-Fas antibody, which binds to hepatic Fas receptors, can be used to 

induce massive apoptosis of hepatocytes in mice within a few hours, mimicking 

fulminant hepatitis (14). In histological analysis (Fig. 24E), hepatocytes in the 

liver treated with anti-Fas antibody exhibited pyknosis of nuclei and 

condensation of the cytoplasm, which are typical features of apoptotic cell death. 

It demonstrated that anti-Fas antibody, Jo2, could rapidly induce massive 

apoptosis in the liver of mice, mimicking fulminant hepatitis. As shown in Figures 

24A and 24B, 111In-labeled annexin A5-CCPM exhibited significantly high 

accumulation in the apoptotic liver treated with anti-Fas antibody. In contrast, 

low signals were detected in healthy livers of untreated mice after injection of 

111In-labeled annexin A5-CCPM and in apoptotic livers of treated mice after 

injection of 111In-labeled plain CCPM (Figs. 24A and 24B).  Both 

autoradiographic images (Fig. 24C) and fluorescence optical images (Fig. 24D) 

of hepatic sections also showed there was relatively high signal intensity in the 

apoptotic liver after administration of 111In-labeled annexin A5-CCPM.  

The biodistribution data further confirmed the imaging results. The uptake 

values of 111In-labeled annexin A5-CCPM in apoptotic liver (35 %ID/g) was 2 

times higher than its uptake value in healthy liver (10 %ID/g) (P <0.001) (Fig. 

25). In addition, 111In-labeled annexin A5-CCPM (35 %ID/g) also showed 3 times 

higher uptake in apoptotic liver than 111In-labeled plain CCPM (7.8 %ID/g) (P 

<0.001) (Fig. 25). 
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Figure 24. Dual SPECT/CT and near-infrared fluorescence optical imaging of 
hepatic apoptosis with 111In-labeled annexin A5-CCPM. The mice received 
intravenous injection of 111In-labeled annexin A5-CCPM 2 h after treatment with 
anti-Fas antibody 10 ug/mouse (left) or PBS (middle) by intravenous injection. 
The mice were injected intravenously with 111In-labeled plain CCPM 2 h after 
anti-Fas antibody treatment (right).  (A) Representative SPECT/CT images. (B) 
Representative fluorescence molecular tomographic images. (C) Representative 
autoradiographs of excised tumors. (D) Fluorescence images of the same slides 
used in autoradiographic studies. (E) H&E staining of the same slides used in 
autoradiographic studies. All images were acquired 3 h after injection of 111In-
labeled nanoparticles. 
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Figure 25. Biodistribution in hepatic apoptosis model 3 h after the administration 
of 111In-labeled annexin A5-CCPM or 111In-labeled CCPM. The mice received 
intravenous injection of 111In-labeled annexin A5-CCPM 2 h after treatment with 
anti-Fas antibody (black) or PBS (gray) by intravenous injection. The mice were 
injected intravenously with 111In-labeled plain CCPM 2 h after anti-Fas antibody 
treatment (white). Data obtained using the radioactivity count method plotted as 
percentage of injected dose per gram of tissue (%ID/g). All the data are 
expressed as mean ± standard deviation. * Indicates statistically significant 
change in values with P <0.001. 
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12. Inflammation Model 

Turpentine can be used as a stimulus to trigger a series of inflammation 

reactions by intramuscular injection, such as migration of granulocytes to the 

injured tissues, and clearance of apoptotic granulocytes through PS-specific 

recognition by monocytes (15). In Figures 26A and 26B, the right thigh abscess 

was readily visualized by both nuclear and optical imaging after intravenous 

administration of 111In-labeled annexin A5-CCPM, whereas the left control thigh 

was not detected.  

 

 

Figure 26. Dual SPECT/CT and near-infrared fluorescence optical imaging of 
inflammation with 111In-labeled annexin A5-CCPM. The mice received 
intravenous injection of 111In-labeled annexin A5-CCPM 24 h after treatment with 
turpentine or PBS 100 uL/mouse by intramuscular injection. (A) Representative 
SPECT/CT images. (B) Representative fluorescence molecular tomographic 
images. All images were acquired 48 h after injection of 111In-labeled annexin 
A5-CCPM. 
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Autoradiographic, fluorescence optical and histological images of muscle 

sections confirmed the intensely focal zones of 111In-labeled annexin A5-CCPM 

co-localized to the inflammatory areas with infiltration of granulocytes and less 

monocytes adjacent to abscess cavities (Figs. 27A-27C). 

 
 
 

 

Figure 27. Autoradiography, optical imaging and immunohistochemical analysisi 
of muscle section with 111In-labeled annexin A5-CCPM. The mice received 
intravenous injection of 111In-labeled annexin A5-CCPM 24 h after treatment with 
turpentine or PBS 100 uL/mouse by intramuscular injection. (A) Representative 
autoradiographs of excised tumors. (B) Fluorescence images of the same slides 
used in autoradiographic studies. (C) H&E staining of the same slides used in 
autoradiographic studies. All images were acquired 48 h after injection of 111In-
labeled annexin A5-CCPM. 
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Biodistribution data showed a general concordance with the imaging 

results, with the uptake value of 4.9 (%ID/g) in the thigh abscess after injection 

of 111In-labeled annexin A5-CCPM, as compared to the values of 0.6 (%ID/g) in 

the healthy thigh after injection of 111In-labeled annexin A5-CCPM and 2.3 

(%ID/g) in the thigh abscess after injection of 111In-labeled plain CCPM (p<0.001) 

(Fig. 28). Interestingly, 111In-labeled CCPM also exhibited higher uptake in the 

thigh abscess (2.3 %ID/g) than in the health thigh (0.4 %ID/g) (p<0.001) (Fig. 

28). 

 

 

 

Figure 28. Thigh uptake of 111In-labeled annexin A5-CCPM and 111In-labeled 
CCPM in mice treated with turpentine or PBS. Data obtained using the 
radioactivity count method plotted as percentage of injected dose per gram of 
tissue (%ID/g). All the data are expressed as mean ± standard deviation. * 
Indicates statistically significant change in values with P <0.001. 
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DISCUSSION 

 

In this study, we found that injection of 111In-labeled annexin A5-CCPM 

allowed ready visualization of drug-induced apoptosis with both SPECT and 

near-infrared fluorescence imaging in 6 different apoptosis models. Moreover, 

111In-labeled annexin A5-CCPM permitted detection of apoptotic cells at the 

microscopic level by optical imaging.  

Apoptosis is a dynamic process in which newly generated apoptotic cells 

are rapidly removed by phagocytic macrophages (146). Therefore, there is a 

short "time window" during which apoptotic cells display their characteristic 

features such as externalization of Phosphatidylserine to the outer leaflet of cell 

membrane. Generally, the time from initiation of apoptosis to completion occurs 

as quickly as 2 - 3 h. Furthermore, the peak apoptotic activity after therapy 

varies from treatment to treatment and from patient to patient. Thus, it is critical 

that apoptosis is captured at its peak or over a prolonged period during which 

apoptotic responses exists to maximize the detection sensitivity when using PS-

binding ligands. Currently, 99mTc-labeled annexin A5 is widely used in detection 

of apoptosis. Owing to its short blood half-life (<7 min) (13), it has been 

suggested that an imaging protocol using multiple separate injections of 99mTc-

labeled annexin A5 and multiple radionuclide scans could be used to assess 

peak apoptotic activity. Such a protocol, however, may be difficult to implement 

in larger-scale trials, because there probably is blocking interference between 

repetitive doses of annexin A5. It has been reported that annexin A5 can 
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strongly bind to 3 PS molecules on the cell surface with a nanomolar affinity 

(147). Thus, it is possible that the previous injection of annexin A5 may still tie 

up PS on the cell surface and thereby compromise the ability of the later dose to 

bind. We hypothesized that modulation of the pharmacokinetics of annexin A5 

through the use of long-circulating nanoparticles would permit single injection of 

this tracer to monitor apoptotic process over a prolonged period of time, avoiding 

an imaging protocol with multiple injections. On the other hand, due to short 

circulation time in vivo, 99mTc-labeled annexin A5 exhibits limited exposure time 

and penetration into tumor mass, which compromise its sensitivity. Therefore, 

the introduction of long-circulating nanoparticles permits annexin A5-

nanoparticles to penetrate deep and increase its uptake in apoptotic tissues. In 

this study, annexin A5 was conjugated to the surface of polyethylene glycol-

coated CCPM. Although introduction of annexin A5 molecules to CCPM resulted 

in significant reduction in the blood half-life of the resulting annexin A5-CCPM as 

compared to the unmodified CCPM (Table 6), the mean half-life of 12.5 h was 

still much longer than that of annexin A5. We found that while conventional 

99mTc-HYNIC annexin A5 showed an uptake value of 4.14 %ID/g in EL4 

lymphoma of the treated mice, 111In-labeled annexin A5-CCPM showed an 

uptake value of 8.01 %ID/g, indicating that prolonging the blood half of annexin 

A5 could lead to increased uptake of the radiotracer in apoptotic tumors. The 

increased tumor uptake of 111In-labeled annexin A5-CCPM was not a result of 

increased permeability and retention effect, because 111In-labeled CCPM, which 

had longer blood half life than annexin A5-CCPM, displayed only 2.81 %ID/g in 
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the treated tumors (Fig. 14B). Taken together, our data support the notion that 

increasing the half-life of annexin A5 improved the level of uptake signal in 

apoptotic tissues and was superior for noninvasive detection of apoptotic cells.  

The introduction of CCPM nanoparticles to annexin A5 also may improve 

uptake of annexin A5 in apoptotic tissues through multivalent effect. The overall 

strength of nanoparticle binding to target cells depends on both the affinity of the 

ligand-target interaction and the number of targeting ligands present on the 

nanoparticle surface. Nanoparticles containing multiple targeting ligands can 

provide multivalent binding to cell surface receptors (148). Multivalent effect has 

advantages over monovalency for binding interactions and can increase the 

avidity of interaction of ligands to their target receptor. Using multivalent 

targeting systems, including dimers, tetramers, and multimers, has been 

reported as a successful strategy for enhancing the avidity and/or biological 

functions of peptides, proteins, and antibodies (149-153). This approach is 

particularly useful for ligands that have a weak affinity to their target receptors in 

their monomer form. For example, trastuzumab, an engineered antibody for 

Her2+ breast cancer therapy, was increased in potency up to 25 times through 

conjugation to liposomes (154). In our study, each annexin A5-CCPM 

nanoparticle contained approximately 40 annexin A5 molecules on the surface. 

Thus, the repertoire of annexin A5 was greatly expanded due to multiple, 

simultaneous interactions between the surface of the nanoparticle and the 

surface of the apoptotic cell. The in vitro studies of binding to apoptotic cells 

showed that 111In-labeled annexin A5-CCPM displayed higher detection 
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sensitivity with radioactivity binding assay than monomeric FITC-annexin A5 with 

flow cytometry assay, possibly as a result of increased binding avidity (Fig. 11). 

Similarly, CCPM nanoparticles conjugated with multiple peptides also showed 

multivalent effect in our previously published study (155). The surface plasmon 

resonance (SPR) sensorgrams of this peptide-conjugated CCPM failed to fit into 

the standard 1:1 or 1:2 binding models, indicating that the binding kinetics 

between receptor and peptide-conjugated CCPM were complex. The complex 

binding profile probably was induced by the multivalent nature of this 

nanoparticle.  (Reprinted with the permission of (155)) 

In addition to prolonged circulation time and multivalent effect, the 

enhanced permeability and retention (EPR) effect of CCPM nanoparticles also 

benefit uptake of this imaging tracer in apoptotic areas, which is a form of 

selective targeted delivery termed as passive targeting. The blood vessels in 

some disease areas (such as tumors, inflammations, and infarcted areas) are 

irregular in shape, dilated, leaky or defective, and the endothelial cells are poorly 

aligned. Also, the perivascular cells and the basement membrane are frequently 

absent in the vascular wall. Therefore, long-circulation colloidal particles can 

slowly accumulate in pathological sites with affected and leaky vasculature, 

which is termed as EPR effect (156-160). It strongly depends on the cutoff size 

of blood vessel wall in disease areas (161, 162). Because the usual size of a 

polymeric micelle is 10-80 nm, this passive manner of delivery without specific 

binding to cellular targets has been demonstrated highly effective for polymeric 

micelles (158). It has been repeatedly shown that polymeric micellar 
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nanocarriers, such as adriamycin better accumulate in targeted disease areas 

than in non-target tissues, thus minimizing the undesired drug toxicity towards 

normal tissue (158, 163). Recently, a number of micellar drugs are in 

development based on this mechanism and the EPR effect is becoming a 

golden standard of drug design. Importantly, the EPR effect is a molecular 

weight-dependent phenomenon and functions for molecules or particles larger 

than 60 kDa, which is the threshold of renal clearance. It does not apply to low-

molecular-weight drugs like annexin A5 (160). Therefore, annexin A5 was 

conjugated to CCPM in this study, which also acted as a secondary uptake 

mechanism following EPR-based primary accumulation for better targeting. 

Annexin A5 derivatives labeled with fluorescent dyes for optical imaging 

or radioisotopes for nuclear imaging have been reported for detection of 

apoptosis in preclinical and clinical studies, respectively (14, 15, 22, 23, 78, 80-

84, 86, 102, 164). However, it is highly desirable that an imaging probe 

combining a radioisotope and a near-infrared fluorescent dye be available for 

dual nuclear and optical imaging (165). Nuclear imaging (e.g. PET/CT, 

SPECT/CT), an established clinical imaging modality, offers excellent sensitivity 

and covers the whole body. However, nuclear imaging techniques are limited by 

high cost, radiation exposure and relatively poor spatial resolution. Optical 

imaging techniques have the potential to offer real-time, high-resolution images 

of tissues as long as they are accessible with near-infrared light. Such real-time 

imaging techniques particularly play an important role when studying organs in 

motion, like the beating heart. Moreover, real-time imaging of spontaneous or 
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therapy-induced apoptosis could facilitate and speed up clinical decision. 

Furthermore, the fluorescent signal from the imaging probes permits ex vivo 

analysis of excised tissues and validation of its binding to the molecular targets 

in vivo. Since no imaging modality is perfect, the combination of 2 or more 

imaging techniques can therefore offer synergistic advantages over 1 modality 

alone in providing valuable diagnostic information. To date, several nanoparticle-

based multimodal imaging probes have been developed and applied for 

multimodality functional imaging in living animals (166, 167). These multimodal 

imaging systems have shown great promise in preclinical drug development and 

biomedical research. In this study, Cy-7 dye was entrapped in the core of CCPM 

and radioisotope chelator DTPA was conjugated on the surface of CCPM. Each 

micellar nanoparticle was loaded with multiple Cy7 dye molecules and 111In ions, 

providing a huge boost in signal intensity. As shown in both nuclear and optical 

imaging, 111In-labeled annexin A5-CCPM potentially can be used to locate 

apoptosis by whole-body nuclear and optical imaging. Histologically, 111In-

labeled annexin A5-CCPM revealed apoptotic areas in whole-body scanning 

consistent with autoradiographic and fluorescent findings of tumor sections. 

(Reprinted with the permission of (155)) 

Apoptosis occurs during the normal development and continues 

throughout the whole life. Abnormal apoptosis, especially too much apoptosis, 

can lead to disorders of normal tissues, such as myocardial diseases, 

neurodegenerative diseases, autoimmune diseases, and rejection of 

transplanted organs (liver, heart, lung, kidney) (1, 20-28). Therefore, imaging 
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apoptosis has broader applications other than the monitoring of drug-induced 

tumor apoptosis (168). It is necessary to demonstrate that apoptosis in all types 

of tissues can be visualized by our imaging tracer. In this study, our data showed 

that 111In-labeled annexin A5-CCPM had a great potential for imaging apoptosis 

not only in 4 different tumor apoptosis models, also in hepatic apoptosis and 

inflammation models. In 2 tumor apoptosis models, We observed that 111In-

labeled annexin A5-CCPM preferentially localized at the regions of splenic and 

intramedullary apoptotic injury induced by intraperitoneal injection of 

cyclophosphamide  (Figs. 14A and 21) - a finding that is consistent with the 

previous reports (83, 144). In addition, recent studies suggest that localization of 

annexin A5 does not appear to be entirely specific for apoptosis. Expression of 

PS also occurs with nonlethal cell injury prior to the irreversible changes such as 

DNA breakdown (169, 170). Early identifying expression of PS in injured cells 

may be helpful to defining tissues at risk of cell death and applying therapeutic 

recovery. Annexin A5 is also able to binds to necrotic cells, because of exposure 

of PS located in the inner leaflet of the highly permeable cell membrane of 

necrotic cells (99).  

Since inflammation is associated with a host of diseases, detection of 

inflammation is critical to diagnosis and treatment (171-176). The possibility of 

diagnosing inflammatory processes in the early stage may allow for prevention 

of diseases and early therapeutic intervention. Several Imaging techniques have 

been developed for diagnosis of inflammation, such as ultrasound, CT, MRI, 

PET, and SPECT. Nuclear medicine imaging procedures play an important role 
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in the assessment of inflammatory diseases. Currently, only a few agents are 

used for imaging inflammation in clinic, such as 18F-FDG, 99mTc-labeled 

bisphosphonates, 99mTc or 111In-labeled white blood cells, and radio-labeled 

protein (IgG, albumin). The accumulation of these agents in the site of 

inflammation is generally based on two different mechanisms (177). One is 

specific uptake by inflammatory tissue as a result of increased activities or 

specific cells associated with inflammation, such as 18F-FDG and 99mTc-labeled 

bisphosphonates. The other is unspecific accumulation in inflammatory sites 

because of enhanced vascular permeability. We hypothesize that the 

combination of these two mechanisms might make imaging more sensitive and 

specific. It has been reported that radio-labeled annexin A5 can be used to 

identify macrophages in the site of inflammation in vivo. In our study, CCPM 

nanoparticles displayed higher uptake in inflammatory muscle than in healthy 

muscle (Fig. 28), probably because of enhanced permeability of blood vessels. 

Our design takes advantages of these two mechanisms to increase the uptake 

of this nano-tracer in the site of inflammation and thus improve sensitivity of 

diagnosis.  

In ex vivo studies, apoptotic cells in tissue sections are generally detected 

using transmission electron microscopy (TEM) or microscopy incorporated with 

immunostaining such as H&E and TUNEL (9). Among these assays, TEM is 

considered a golden standard to confirm apoptosis, because of irrefutable 

categorization of an apoptotic cell containing certain ultrastructural 

morphological characteristics (9, 34). However, because the morphological 
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changes generally occur in the later phase of apoptosis, apoptotic cells in the 

early phase will not be detected with these methods. Additionally, TEM is high 

cost, time expenditure, and only allows visualization of a small region at a time. 

Similarly, H&E assay is also based on the morphological changes of apoptotic 

cells. However, these changes rapidly occur in the later phase of apoptosis and 

the fragments are quickly phagocytized so that considerable apoptosis may 

occur in some tissues before it is histologically apparent and cells are in early 

phase of apoptosis will not be detected (9). Due to the ability to detect DNA 

degradation that occurs in a later phase of apoptosis, TUNEL is not suitable for 

cells in the early phase of apoptosis, neither (9, 35). Taken together, regarding 

the mechanisms of these three assays mentioned above, their main 

disadvantage is limitation to the early phase of apoptosis. Therefore, it is very 

desirable to develop a non-invasive imaging tracer that can early and accurately 

detect occurance of apoptosis. This imaging tracer needs to be specifically 

designed on events that occur in the early phase of apoptosis. Externalized PS 

on the outer plasma membrane of apoptotic cells in the early phase of apoptosis 

is considered an optimal marker, which allows for early detection apoptosis via 

annexin A5 (41-44). This assay is sensitive (can detect a single apoptotic cell), 

fast, inexpensive and easy-to-use (9). Thus, we developed annexin A5-

functionalized tracer for imaging apoptosis in this study. Immunohistochemical 

analysis demonstrated a high correlation between localization of 111In-labeled 

annexin A5-CCPM with sites of apoptosis as confirmed by staining with TUNEL, 

H&E and anti-caspase 3 antibody. To sum up, 111In-labeled annexin A5-CCPM 
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has a great potential to early capture occurrence of apoptosis instead of 

conventional histological methods, which is critical and can result in improved 

patient outcomes.  

Though this 111In-labeled annexin A5-CCPM showed a great potential in 

the application of imaging apoptosis in mice, there is still a long way to go if we 

translate it into clinic. It is necessary to perform further studies to investigate it, 

including toxicity, stability, clearance, and efficacy. First, toxicity is considered 

one of the most important properties in the development of new medicines.  

There are thousands of medicines that can’t get the approval from FDA because 

of high toxicity. Therefore, a series of toxicity studies are supposed to be 

conducted in the near future. Secondly, there are many evidences that core-

cross-linked polymeric micelles are relatively stable, especially when they are 

coated with PEG shells. Both autoradiography and optical imaging of tumor 

sections demonstrated that radioactivity signal co-localized with fluorescence 

signal, indicating that CCPM was stable at 48 h post-injection in vivo. However, 

the long-term stability still needs to be elucidated. In addition to toxicity and 

stability, clearance also needs to be considered. It is well known that size of 

nanomedicines generally ranges from 10nm to 1000nm, which is over the 

threshold of renal clearance. Most of nanomedicines are hardly excreted through 

kidney, resulting in accumulation in the bodies for a long period. Therefore, it is 

highly desired to develop degradable nanomedicines for future clinical 

application. In the past few years, a variety of degradable nanomedicines have 

been reported and showed a great potential in drug delivery. Our group is also 
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working on that area. Now we have synthesized the second generation of CCPM 

and made it easily degradable in human body. Our studies demonstrated that 

the second generation of CCPM still kept advantages of first generation. In the 

future, we will conjugate targeting ligands like annexin A5 to new CCPM for 

imaging apoptosis.  

To the end, we envision the following clinical scenario: A patient with a 

suspected abnormal apoptosis lesion will be intravenously administered with a 

single dose of our imaging tracer dual-labeled with radionuclide and optical 

fluorophore. Initially the localization of abnormal apoptotic areas will be 

visualized by whole-body nuclear scanning (SPECT/CT). Subsequently, the 

optical imaging guidance will be applied during surgery procedure to accurately 

remove the abnormal mass. In the meantime, the optical imaging guided 

biopsies could be performed which will be aided by real-time fiber optical 

confocal microscopy imaging “from the tip of the needle” to minimize the false-

negative biopsies.  
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CONCLUSIONS 

 

In this study, we evaluated the potential application of 111In-labeled 

annexin A5-conjugated polymeric micelles for multimodal detection of drug-

induced apoptosis. In 6 different apoptosis models, apoptosis was readily 

visualized with 111In-labeled annexin A5-CCPM using both SPECT and near-

infrared fluorescence imaging. Moreover, annexin A5-CCPM permitted early 

detection of apoptotic cells at the microscopic level by optical imaging for a more 

complimentary diagnosis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



~ 84 ~ 
 

REFERENCES 

 

1. Thompson, C. B. Apoptosis in the Pathogenesis and Treatment of Disease. 

Science 1995; 267:1456-1462. 

2. Nagata, S. Apoptosis by death factor. Cell 1997; 88:355-365. 

3. Hengartner, M. O. The biochemistry of apoptosis. Nature 2000; 407:770-776. 

4. Cohen, G. M. Caspases: the executioners of apoptosis. Biochem J 1997; 326:1-16. 

5. Kerr, J. F. R., C. M. Winterford, and B. V. Harmon. Apoptosis - Its Significance 

in Cancer and Cancer-Therapy. Cancer 1994; 73:2013-2026. 

6. Earnshaw, W. C., L. M. Martins, and S. H. Kaufmann. Mammalian caspases: 

Structure, activation, substrates, and functions during apoptosis. Annu Rev 

Biochem 1999; 68:383-424. 

7. Budihardjo, I., H. Oliver, M. Lutter, X. Luo, and X. D. Wang. Biochemical 

pathways of caspase activation during apoptosis. Annu Rev Cell Dev Biol 1999; 

15:269-290. 

8. Majno, G., and I. Joris. Apoptosis, Oncosis, and Necrosis - an Overview of Cell-

Death. Am J Pathol 1995; 146:3-15. 

9. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol Pathol 2007; 

35:495-516. 

10. Al-Ejeh, F., J. M. Darby, C. Tsopelas, D. Smyth, J. Manavis, and M. P. Brown. 

APOMAB, a La-specific monoclonal antibody, detects the apoptotic tumor 

response to life-prolonging and DNA-damaging chemotherapy. PLoS One 2009; 

4:e4558. 



~ 85 ~ 
 

11. Nguyen, Q. D., G. Smith, M. Glaser, M. Perumal, E. Arstad, and E. O. Aboagye. 

Positron emission tomography imaging of drug-induced tumor apoptosis with a 

caspase-3/7 specific [F-18]-labeled isatin sulfonamide. Proc Natl Acad Sci U S A 

2009; 106:16375-16380. 

12. Petrovsky, A., E. Schellenberger, L. Josephson, R. Weissleder, and A. Bogdanov. 

Near-infrared fluorescent imaging of tumor apoptosis. Cancer Res 2003; 

63:1936-1942. 

13. Ke, S., X. X. Wen, Q. P. Wu, S. Wallace, C. Charnsangavej, A. M. Stachowiak, 

C. L. Stephens, J. L. Abbruzzese, D. A. Podoloff, and C. Li. Imaging taxane-

induced tumor apoptosis using PEGylated, In-111-labeled annexin V. J Nucl 

Med 2004; 45:108-115. 

14. Blankenberg, F. G., P. D. Katsikis, J. F. Tait, R. E. Davis, L. Naumovski, K. 

Ohtsuki, S. Kopiwoda, M. J. Abrams, and H. W. Strauss. Imaging of apoptosis 

(programmed cell death) with Tc-99m annexin V. J Nucl Med 1999; 40:184-191. 

15. Blankenberg, F. G., J. F. Tait, T. A. Blankenberg, A. M. Post, and H. W. Strauss. 

Imaging macrophages and the apoptosis of granulocytes in a rodent model of 

subacute and chronic abscesses with radiolabeled monocyte chemotactic peptide-

1 and annexin V. Eur J Nucl Med 2001; 28:1384-1393. 

16. Gershwin, M. E., E. J. Goetzl, and Steinber.Ad. Cyclophosphamide - Use in 

Practice. Ann Intern Med 1974; 80:531-540. 

17. Colvin, O. M. An overview of cyclophosphamide development and clinical 

applications. Curr Pharm Des 1999; 5:555-560. 



~ 86 ~ 
 

18. Ahmed, A. R., and S. M. Hombal. Cyclophosphamide (Cytoxan) - a Review on 

Relevant Pharmacology and Clinical Uses. J Am Acad Dermatol 1984; 11:1115-

1126. 

19. Ogasawara, J., R. Watanabe-Fukunaga, M. Adachi, A. Matsuzawa, T. Kasugai, Y. 

Kitamura, N. Itoh, T. Suda, and S. Nagata. Lethal effect of the anti-Fas antibody 

in mice. Nature 1993; 364:806-809. 

20. Lahorte, C. M. M., J. L. Vanderheyden, N. Steinmetz, C. Van de Wiele, R. A. 

Dierckx, and G. Slegers. Apoptosis-detecting radioligands: current state of the art 

and future perspectives. Eur J Nucl Med Mol Imaging 2004; 31:887-919. 

21. Meier, P., A. Finch, and G. Evan. Apoptosis in development. Nature 2000; 

407:796-801. 

22. Blankenberg, F. G. Recent advances in the imaging of programmed cell death. 

Curr Pharm Des 2004; 10:1457-1467. 

23. Blankenberg, F. G. In vivo detection of apoptosis. J Nucl Med 2008; 49:81s-95s. 

24. Kerr, J. F. R., A. H. Wyllie, and A. R. Currie. Apoptosis - Basic Biological 

Phenomenon with Wide-Ranging Implications in Tissue Kinetics. Br J Cancer 

1972; 26:239-257. 

25. Narula, J., N. Haider, R. Virmani, T. G. DiSalvo, F. D. Kolodgie, R. J. Hajjar, U. 

Schmidt, M. J. Semigran, G. W. Dec, and B. A. Khaw. Apoptosis in myocytes in 

end-stage heart failure. N Engl J Med 1996; 335:1182-1189. 

26. Tepper, C. G., and G. P. Studzinski. Resistance of Mitochondrial-DNA to 

Degradation Characterizes the Apoptotic but Not the Necrotic Mode of Human 

Leukemia-Cell Death. J Cell Biochem 1993; 52:352-361. 



~ 87 ~ 
 

27. Saikumar, P., Z. Dong, V. Mikhailov, M. Denton, J. M. Weinberg, and M. A. 

Venkatachalam. Apoptosis: Definition, mechanisms, and relevance to disease. 

Am J Med 1999; 107:489-506. 

28. Evan, G. I., and K. H. Vousden. Proliferation, cell cycle and apoptosis in cancer. 

Nature 2001; 411:342-348. 

29. White, E. Life, death, and the pursuit of apoptosis. Genes Dev 1996; 10:1-15. 

30. Evan, G., and T. Littlewood. A matter of life and cell death. Science 1998; 

281:1317-1322. 

31. Dive, C., and J. A. Hickman. Drug-Target Interactions - Only the 1st Step in the 

Commitment to a Programmed Cell-Death. Br J Cancer 1991; 64:192-196. 

32. Watanabe, M., M. Hitomi, K. van der Wee, F. Rothenberg, S. A. Fisher, R. 

Zucker, K. K. H. Svoboda, E. C. Goldsmith, K. M. Heiskanen, and A. L. 

Nieminen. The pros and cons of apoptosis assays for use in the study of cells, 

tissues, and organs. Microsc Microanal 2002; 8:375-391. 

33. Otsuki, Y., Z. L. Li, and M. A. Shibata. Apoptotic detection methods - from 

morphology to gene. Prog Histochem Cytochem 2003; 38:275-339. 

34. White, M. K., and C. Cinti. A morphologic approach to detect apoptosis based on 

electron microscopy. Methods Mol Biol 2004; 285:105-111. 

35. Kressel, M., and P. Groscurth. Distinction of Apoptotic and Necrotic Cell-Death 

by in-Situ Labeling of Fragmented DNA. Cell Tissue Res 1994; 278:549-556. 

36. Gurtu, V., S. R. Kain, and G. H. Zhang. Fluorometric and colorimetric detection 

of caspase activity associated with apoptosis. Anal Biochem 1997; 251:98-102. 



~ 88 ~ 
 

37. Love, S., R. Barber, and G. K. Wilcock. Increased poly(ADP-ribosyl)ation of 

nuclear proteins in Alzheimer's disease. Brain 1999; 122 ( Pt 2):247-253. 

38. Zucker, R. M., E. S. Hunter, 3rd, and J. M. Rogers. Confocal laser scanning 

microscopy of morphology and apoptosis in organogenesis-stage mouse embryos. 

Methods Mol Biol 2000; 135:191-202. 

39. Gorczyca, W., E. Bedner, P. Burfeind, Z. Darzynkiewicz, and M. R. Melamed. 

Analysis of apoptosis in solid tumors by laser-scanning cytometry. Mod Pathol 

1998; 11:1052-1058. 

40. Darzynkiewicz, Z., E. Bedner, X. Li, W. Gorczyca, and M. R. Melamed. Laser-

scanning cytometry: A new instrumentation with many applications. Exp Cell 

Res 1999; 249:1-12. 

41. Verhoven, B., R. A. Schlegel, and P. Williamson. Mechanisms of 

phosphatidylserine exposure, a phagocyte recognition signal, on apoptotic T 

lymphocytes. J Exp Med 1995; 182:1597-1601. 

42. Fadok, V. A., J. S. Savill, C. Haslett, D. L. Bratton, D. E. Doherty, P. A. 

Campbell, and P. M. Henson. Different populations of macrophages use either 

the vitronectin receptor or the phosphatidylserine receptor to recognize and 

remove apoptotic cells. J Immunol 1992; 149:4029-4035. 

43. Blankenberg, F. G., J. Tait, K. Ohtsuki, and H. W. Strauss. Apoptosis: The 

importance of nuclear medicine. Nucl Med Commun 2000; 21:241-250. 

44. Green, D. R. Detection of apoptosis by Annexin V labeling. Apoptosis 2000; 

322:15-18. 



~ 89 ~ 
 

45. Hayes, M. J., and S. E. Moss. Annexins and disease. Biochem Biophys Res 

Commun 2004; 322:1166-1170. 

46. Gerke, V., and S. E. Moss. Annexins: From structure to function. Physiol Rev 

2002; 82:331-371. 

47. Bastian, B. C. Annexins in cancer and autoimmune diseases. Cell Mol Life Sci 

1997; 53:554-556. 

48. Seaton, B. A., and J. R. Dedman. Annexins. Biometals 1998; 11:399-404. 

49. Mortimer, J. C., A. Laohavisit, N. Macpherson, A. Webb, C. Brownlee, N. H. 

Battey, and J. M. Davies. Annexins: multifunctional components of growth and 

adaptation. J Exp Bot 2008; 59:533-544. 

50. Moss, S. E., and R. O. Morgan. The annexins. Genome Biol 2004; 5:219-227. 

51. Boersma, H. H., B. L. J. H. Kietselaer, L. M. L. Stolk, A. Bennaghmouch, L. 

Hofstra, J. Narula, G. A. K. Heidendal, and C. P. M. Reutelingsperger. Past, 

present, and future of annexin A5: From protein discovery to clinical applications. 

J Nucl Med 2005; 46:2035-2050. 

52. van Engeland, M., L. J. W. Nieland, F. C. S. Ramaekers, B. Schutte, and C. P. M. 

Reutelingsperger. Annexin V-affinity assay: A review on an apoptosis detection 

system based on phosphatidylserine exposure. Cytometry 1998; 31:1-9. 

53. Vanheerde, W. L., P. G. Degroot, and C. P. M. Reutelingsperger. The 

Complexity of the Phospholipid-Binding Protein Annexin-V. Thromb Haemost 

1995; 73:172-179. 



~ 90 ~ 
 

54. Reutelingsperger, C. P. M., and W. L. vanHeerde. Annexin V, the regulator of 

phosphatidylserine-catalyzed inflammation and coagulation during apoptosis. 

Cell Mol Life Sci 1997; 53:527-532. 

55. van Heerde, W. L., S. Robert-Offerman, E. Dumont, L. Hofstra, P. A. 

Doevendans, J. F. M. Smits, M. J. A. P. Daemen, and C. P. M. Reutelingsperger. 

Markers of apoptosis in cardiovascular tissues: focus on Annexin V. Cardiovasc 

Res 2000; 45:549-559. 

56. Romisch, J., E. Schuler, B. Bastian, T. Burger, F. G. Dunkel, A. Schwinn, A. A. 

Hartmann, and E. P. Paques. Annexin-1 to Annexin-6 - Quantitative-

Determination in Different Human Cell-Types and in Plasma after Myocardial-

Infarction. Blood Coagul Fibrinolysis 1992; 3:11-17. 

57. Andree, H. A. M., M. C. A. Stuart, W. T. Hermens, C. P. M. Reutelingsperger, H. 

C. Hemker, P. M. Frederik, and G. M. Willems. Clustering of Lipid-Bound 

Annexin-V May Explain Its Anticoagulant Effect. J Biol Chem 1992; 267:17907-

17912. 

58. Kirsch, T., G. Harrison, E. E. Golub, and H. D. Nah. The roles of annexins and 

types II and X collagen in matrix vesicle-mediated mineralization of growth plate 

cartilage. J Biol Chem 2000; 275:35577-35583. 

59. Matteo, R. G., and C. S. Moravec. Immunolocalization of annexins IV, V and VI 

in the failing and non-failing human heart. Cardiovasc Res 2000; 45:961-970. 

60. Walker, J. H., C. M. Boustead, R. Brown, J. J. Koster, and C. A. Middleton. 

Tissue and Subcellular-Distribution of Endonexin, a Calcium-Dependent 

Phospholipid-Binding Protein. Biochem Soc Trans 1990; 18:1235-1236. 



~ 91 ~ 
 

61. Walker, J. H., C. M. Boustead, J. J. Koster, M. Bewley, and D. A. Waller. 

Annexin-V, a Calcium-Dependent Phospholipid-Binding Protein. Biochem Soc 

Trans 1992; 20:828-833. 

62. Murphy, C. T., S. H. Peers, R. A. Forder, R. J. Flower, F. Carey, and J. Westwick. 

Evidence for the Presence and Location of Annexins in Human Platelets. 

Biochem Biophys Res Commun 1992; 189:1739-1746. 

63. Speijer, H., S. W. S. Jans, C. P. M. Reutelingsperger, C. E. Hack, G. J. 

vanderVusse, and W. T. Hermens. Partial coverage of phospholipid model 

membranes with annexin V may completely inhibit their degradation by 

phospholipase A(2). FEBS Lett 1997; 402:193-197. 

64. Mira, J. P., T. Dubois, J. P. Oudinet, S. Lukowski, F. RussoMarie, and B. Geny. 

Inhibition of cytosolic phospholipase A(2) by annexin V in differentiated 

permeabilized HL-60 cells - Evidence of crucial importance of domain I type II 

Ca2+-binding site in the mechanism of inhibition. J Biol Chem 1997; 272:10474-

10482. 

65. Isas, J. M., J. P. Cartailler, Y. Sokolov, D. R. Patel, R. Langen, H. Luecke, J. E. 

Hall, and H. T. Haigler. Annexins V and XII insert into bilayers at mildly acidic 

pH and form ion channels. Biochemistry 2000; 39:3015-3022. 

66. Kubista, H., T. E. Hawkins, D. R. Patel, H. T. Haigler, and S. E. Moss. Annexin 

5 mediates a peroxide-induced Ca2+ influx in B cells. Curr Biol 1999; 9:1403-

1406. 



~ 92 ~ 
 

67. Krahling, S., M. K. Callahan, P. Williamson, and R. A. Schlegel. Exposure of 

phosphatidylserine is a general feature in the phagocytosis of apoptotic 

lymphocytes by macrophages. Cell Death Differ 1999; 6:183-189. 

68. Callahan, M. K., P. Williamson, and R. A. Schlegel. Surface expression of 

phosphatidylserine on macrophages is required for phagocytosis of apoptotic 

thymocytes. Cell Death Differ 2000; 7:645-653. 

69. Kenis, H., H. van Genderen, N. M. Deckers, P. A. G. Lux, L. Hofstra, J. Narula, 

and C. P. M. Reutelingsperger. Annexin A5 inhibits engulfment through 

internalization of PS-expressing cell membrane patches. Exp Cell Res 2006; 

312:719-726. 

70. Munoz, L. E., S. Franz, F. Pausch, B. Furnrohr, A. Sheriff, B. Vogt, P. M. Kern, 

W. Baum, C. Stach, D. von Laer, B. Brachvogel, E. Poschl, M. Herrmann, and U. 

S. Gaipl. The influence on the immunomodulatory effects of dying and dead cells 

of Annexin V. J Leukoc Biol 2007; 81:6-14. 

71. Gaipl, U. S., L. E. Munoz, F. Rodel, F. Pausch, B. Frey, B. Brachvogel, K. Von 

Der Mark, and E. Poschl. Modulation of the immune system by dying cells and 

the phosphatidylserine-ligand annexin A5. Autoimmunity 2007; 40:254-259. 

72. van Genderen, H. O., H. Kenis, L. Hofstra, J. Narula, and C. P. M. 

Reutelingsperger. Extracellular annexin A5: Functions of phosphatidylserine-

binding and two-dimensional crystallization. Biochim Biophys Acta-Mol Cell 

Res 2008; 1783:953-963. 



~ 93 ~ 
 

73. Bennett, M. R., D. F. Gibson, S. M. Schwartz, and J. F. Tait. Binding and 

Phagocytosis of Apoptotic Vascular Smooth-Muscle Cells Is Mediated in Part by 

Exposure of Phosphatidylserine. Circ Res 1995; 77:1136-1142. 

74. Tait, J. F., C. Smith, and B. L. Wood. Measurement of phosphatidylserine 

exposure in leukocytes and platelets by whole-blood flow cytometry with 

annexin V. Blood Cell Mol Dis 1999; 25:271-278. 

75. VandenEijnde, S. M., L. Boshart, C. P. M. Reutelingsperger, C. I. DeZeeuw, and 

C. VermeijKeers. Phosphatidylserine plasma membrane asymmetry in vivo: A 

pancellular phenomenon which alters during apoptosis. Cell Death Differ 1997; 

4:311-316. 

76. Zhang, G. H., V. Gurtu, S. R. Kain, and G. C. Yan. Early detection of apoptosis 

using a fluorescent conjugate of annexin V. Biotechniques 1997; 23:525-531. 

77. Schellenberger, E. A., R. Weissleder, and L. Josephson. Optimal modification of 

annexin V with fluorescent dyes. Chembiochem 2004; 5:271-274. 

78. Glaser, M., D. R. Collingridge, E. O. Aboagye, L. Bouchier-Hayes, O. C. 

Hutchinson, S. J. Martin, P. Price, F. Brady, and S. K. Luthra. Iodine-124 

labelled Annexin-V as a potential radiotracer to study apoptosis using positron 

emission tomography. Appl Radiat Isot 2003; 58:55-62. 

79. Zijlstra, S., J. Gunawan, and W. Burchert. Synthesis and evaluation of a F-18-

labelled recombinant annexin-V derivative, for identification and quantification 

of apoptotic cells with PET. Appl Radiat and Isot 2003; 58:201-207. 



~ 94 ~ 
 

80. Grierson, J. R., K. J. Yagle, J. F. Eary, J. F. Tait, D. F. Gibson, B. Lewellen, J. M. 

Link, and K. A. Krohn. Production of [F-18]fluoroannexin for imaging apoptosis 

with PET. Bioconjug Chem 2004; 15:373-379. 

81. Murakami, Y., H. Takamatsu, J. Taki, M. Tatsumi, A. Noda, R. Ichise, J. F. Tait, 

and S. Nishimura. F-18-labelled annexin V: a PET tracer for apoptosis imaging. 

Eur J Nucl Med Mol Imaging 2004; 31:469-474. 

82. Blankenberg, F. G., P. D. Katsikis, J. F. Tait, R. E. Davis, L. Naumovski, K. 

Ohtsuki, S. Kopiwoda, M. J. Abrams, M. Darkes, R. C. Robbins, H. T. Maecker, 

and H. W. Strauss. In vivo detection and imaging of phosphatidylserine 

expression during programmed cell death. Proc Natl Acad Sci U S A 1998; 

95:6349-6354. 

83. Blankenberg, F. G., L. Naumovski, J. F. Tait, A. M. Post, and H. W. Strauss. 

Imaging cyclophosphamide-induced intramedullary apoptosis in rats using Tc-

99m-radiolabeled annexin V. J Nucl Med 2001; 42:309-316. 

84. Blankenberg, F. G., A. M. Post, J. F. Tait, T. A. Blankenberg, and H. W. Strauss. 

Apoptosis in acute and chronic abscesses. J Nucl Med 2001; 42:333p-334p. 

85. Post, A. M., P. D. Katsikis, J. F. Tait, H. W. Strauss, and F. G. Blankenberg. 

Apoptosis in experimental rheumatoid arthritis. J Nucl Med 2001; 42:128p-128p. 

86. Tokita, N., S. Hasegawa, K. Maruyama, T. Izumi, F. G. Blankenberg, J. F. Tait, 

H. W. Strauss, and T. Nishimura. Tc-99m annexin V imaging to evaluate 

apoptosis in autoimmune myocarditis rats. J Nucl Med 2001; 42:45p-45p. 

87. Franc, B. L., H. M. Song, S. M. Warren, K. Fong, M. T. Longaker, C. H. Contag, 

and F. G. Blankenberg. Imaging cranial suture apoptosis utilizing Tc-99m 



~ 95 ~ 
 

labeled Annexin V in a rat model of suture fusion. J Nucl Med 2002; 43:346p-

346p. 

88. Schellenberger, E. A., D. Hogemann, L. Josephson, and R. Weissleder. Annexin 

V-CLIO: A nanoparticle for detecting apoptosis by MRI. Acad Radiol 2002; 

9:S310-S311. 

89. van Tilborg, G. A. F., W. J. M. Mulder, P. T. K. Chin, G. Storm, C. P. 

Reutelingsperger, K. Nicolay, and G. J. Strijkers. Annexin A5-conjugated 

quantum dots with a paramagnetic lipidic coating for the multimodal detection of 

apoptotic cells. Bioconjug Chem 2006; 17:865-868. 

90. Zhao, M. In Vivo Apoptosis Imaging Agents and Strategies. AntiCancer Agents 

Med Chem 2009; 9:1018-1023. 

91. Kemerink, G. J., X. Liu, D. Kieffer, S. Ceyssens, L. Mortelmans, A. M. 

Verbruggen, N. D. Steinmetz, J. L. Vanderheyden, A. M. Green, and K. Verbeke. 

Safety, biodistribution, and dosimetry of Tc-99m-HYNIC-annexin V, a novel 

human recombinant annexin V for human application. J Nucl Med 2003; 44:947-

952. 

92. Boersma, H. H., I. H. Liem, G. J. Kemerink, P. W. L. Thimister, L. Hofstra, L. M. 

L. Stolk, W. L. van Heerde, M. T. W. Pakbiers, D. Janssen, A. J. Beysens, C. P. 

M. Reutelingsperger, and G. A. K. Heidendal. Comparison between human 

pharmacokinetics and imaging properties of two conjugation methods for Tc-

99m-Annexin A5. Br J Radiol 2003; 76:553-560. 



~ 96 ~ 
 

93. Vanderheyden, J. L., G. Z. Liu, J. He, B. Patel, J. F. Tait, and D. J. Hnatowich. 

Evaluation of Tc-99m-MAG(3)-annexin V: influence of the chelate on in vitro 

and in vivo properties in mice. Nucl Med Biol 2006; 33:135-144. 

94. Tait, J. F., D. S. Brown, D. F. Gibson, F. G. Blankenberg, and H. W. Strauss. 

Development and characterization of annexin V mutants with endogenous 

chelation sites for Tc-99m. Bioconjug Chem 2000; 11:918-925. 

95. Tait, J. F., C. Smith, and F. G. Blankenberg. Structural requirements for in vivo 

detection of cell death with Tc-99m-annexin V. J Nucl Med 2005; 46:807-815. 

96. Jin, M., C. Smith, H. Y. Hsieh, D. F. Gibson, and J. F. Tait. Essential role of B-

helix calcium binding sites in annexin V-membrane binding. J Biol Chem 2004; 

279:40351-40357. 

97. Mukherjee, A., K. Kothari, G. Toth, E. Szemenyei, H. D. Sarma, J. Kornyei, and 

M. Venkatesh. Tc-99m-labeled annexin V fragments: a potential SPECT 

radiopharmaceutical for imaging cell death. Nucl Med Biol 2006; 33:635-643. 

98. Tait, J. F., C. Smith, Z. Levashova, B. Patel, F. G. Blankenberg, and J. L. 

Vanderheyden. Improved detection of cell death in vivo with annexin V 

radiolabeled by site-specific methods. J Nucl Med 2006; 47:1546-1553. 

99. Koopman, G., C. P. M. Reutelingsperger, G. A. M. Kuijten, R. M. J. Keehnen, S. 

T. Pals, and M. H. J. Vanoers. Annexin-V for Flow Cytometric Detection of 

Phosphatidylserine Expression on B-Cells Undergoing Apoptosis. Blood 1994; 

84:1415-1420. 

100. Vermes, I., C. Haanen, H. Steffensnakken, and C. Reutelingsperger. A Novel 

Assay for Apoptosis - Flow Cytometric Detection of Phosphatidylserine 



~ 97 ~ 
 

Expression on Early Apoptotic Cells Using Fluorescein-Labeled Annexin-V. J 

Immunol Methods 1995; 184:39-51. 

101. Vermes, I., C. Haanen, and C. Reutelingsperger. Flow cytometry of apoptotic 

cell death. J Immunol Methods 2000; 243:167-190. 

102. Ntziachristos, V., E. A. Schellenberger, J. Ripoll, D. Yessayan, E. Graves, A. 

Bogdanov, L. Josephson, and R. Weissleder. Visualization of antitumor 

treatment by means of fluorescence molecular tomography with an annexin V-

Cy5.5 conjugate. Proc Natl Acad Sci U S A 2004; 101:12294-12299. 

103. van Tilborg, G. A. F., W. J. M. Mulder, N. Deckers, G. Storm, C. P. M. 

Reutelingsperger, G. J. Strijkers, and K. Nicolay. Annexin A5-functionalized 

bimodal lipid-based contrast agents for the detection of apoptosis. Bioconjug 

Chem 2006; 17:741-749. 

104. Massoud, T. F., and S. S. Gambhir. Molecular imaging in living subjects: seeing 

fundamental biological processes in a new light. Genes Dev 2003; 17:545-580. 

105. Kim, J., Y. Piao, and T. Hyeon. Multifunctional nanostructured materials for 

multimodal imaging, and simultaneous imaging and therapy. Chem Soc Rev 

2009; 38:372-390. 

106. Gerloff, C., K. Bushara, A. Sailer, E. M. Wassermann, R. Chen, T. Matsuoka, D. 

Waldvogel, G. F. Wittenberg, K. Ishii, L. G. Cohen, and M. Hallett. Multimodal 

imaging of brain reorganization in motor areas of the contralesional hemisphere 

of well recovered patients after capsular stroke. Brain 2006; 129:791-808. 

107. Dickinson, M. E. Multimodal imaging of mouse development: tools for the 

postgenomic era. Dev Dyn 2006; 235:2386-2400. 



~ 98 ~ 
 

108. Lawler, C., W. A. Suk, B. R. Pitt, C. M. Croix, and S. C. Watkins. Multimodal 

optical imaging. Am J Physiol Lung Cell Mol Physiol 2003; 285:L269-280. 

109. Louie, A. Multimodality imaging probes: design and challenges. Chem Rev  

110:3146-3195. 

110. Weissleder, R., and M. J. Pittet. Imaging in the era of molecular oncology. 

Nature 2008; 452:580-589. 

111. Wester, H. J. Nuclear imaging probes: from bench to bedside. Clin Cancer Res 

2007; 13:3470-3481. 

112. Blankenberg, F. G., and H. W. Strauss. Nuclear medicine applications in 

molecular imaging. J Magn Reson Imaging 2002; 16:352-361. 

113. Blankenberg, F. G., and H. W. Strauss. Nuclear medicine applications in 

molecular imaging: 2007 update. Q J Nucl Med Mol Imaging 2007; 51:99-110. 

114. Weissleder, R., and U. Mahmood. Molecular imaging. Radiology 2001; 219:316-

333. 

115. Wang, W., S. Ke, S. Kwon, S. Yallampalli, A. G. Cameron, K. E. Adams, M. E. 

Mawad, and E. M. Sevick-Muraca. A new optical and nuclear dual-labeled 

imaging agent targeting interleukin 11 receptor alpha-chain. Bioconjug Chem 

2007; 18:397-402. 

116. Grinvald, A., R. D. Frostig, E. Lieke, and R. Hildesheim. Optical imaging of 

neuronal activity. Physiol Rev 1988; 68:1285-1366. 

117. Gibson, A. P., J. C. Hebden, and S. R. Arridge. Recent advances in diffuse 

optical imaging. Phys Med Biol 2005; 50:31-43. 



~ 99 ~ 
 

118. Bremer, C., V. Ntziachristos, and R. Weissleder. Optical-based molecular 

imaging: contrast agents and potential medical applications. Eur Radiol 2003; 

13:231-243. 

119. Hielscher, A. H. Optical tomographic imaging of small animals. Curr Opin 

Biotechnol 2005; 16:79-88. 

120. Licha, K., and C. Olbrich. Optical imaging in drug discovery and diagnostic 

applications. Adv Drug Deliv Rev 2005; 57:1087-1108. 

121. Niell, C. M., and S. J. Smith. Live optical imaging of nervous system 

development. Annu Rev Physiol 2004; 66:771-798. 

122. Hadjipanayis, C. G., H. Jiang, D. W. Roberts, and L. Yang. Current and future 

clinical applications for optical imaging of cancer: from intraoperative surgical 

guidance to cancer screening. Semin Oncol  38:109-118. 

123. Luker, G. D., and K. E. Luker. Optical imaging: current applications and future 

directions. J Nucl Med 2008; 49:1-4. 

124. Cerussi, A., D. Hsiang, N. Shah, R. Mehta, A. Durkin, J. Butler, and B. J. 

Tromberg. Predicting response to breast cancer neoadjuvant chemotherapy using 

diffuse optical spectroscopy. Proc Natl Acad Sci U S A 2007; 104:4014-4019. 

125. Rao, J., A. Dragulescu-Andrasi, and H. Yao. Fluorescence imaging in vivo: 

recent advances. Curr Opin Biotechnol 2007; 18:17-25. 

126. Frangioni, J. V. In vivo near-infrared fluorescence imaging. Curr Opin Chem 

Biol 2003; 7:626-634. 



~ 100 ~ 
 

127. Ntziachristos, V., C. Bremer, and R. Weissleder. Fluorescence imaging with 

near-infrared light: new technological advances that enable in vivo molecular 

imaging. Eur Radiol 2003; 13:195-208. 

128. Reich, G. Near-infrared spectroscopy and imaging: basic principles and 

pharmaceutical applications. Adv Drug Deliv Rev 2005; 57:1109-1143. 

129. Mahmood, U., and R. Weissleder. Near-infrared optical imaging of proteases in 

cancer. Mol Cancer Ther 2003; 2:489-496. 

130. Brigger, I., C. Dubernet, and P. Couvreur. Nanoparticles in cancer therapy and 

diagnosis. Adv Drug Deliv Rev 2002; 54:631-651. 

131. Moghimi, S. M., A. C. Hunter, and J. C. Murray. Nanomedicine: current status 

and future prospects. FASEB J 2005; 19:311-330. 

132. Riehemann, K., S. W. Schneider, T. A. Luger, B. Godin, M. Ferrari, and H. 

Fuchs. Nanomedicine--challenge and perspectives. Angew Chem Int Ed Engl 

2009; 48:872-897. 

133. Liu, H., and T. J. Webster. Nanomedicine for implants: A review of studies and 

necessary experimental tools. Biomaterials 2006; 28:354-369. 

134. Liu, Y., H. Miyoshi, and M. Nakamura. Nanomedicine for drug delivery and 

imaging: a promising avenue for cancer therapy and diagnosis using targeted 

functional nanoparticles. Int J Cancer 2007; 120:2527-2537. 

135. Micha, J. P., B. H. Goldstein, C. L. Birk, M. A. Rettenmaier, and J. V. Brown. 

Abraxane in the treatment of ovarian cancer: The absence of hypersensitivity 

reactions. Gynecol Oncol 2006; 100:437-438. 



~ 101 ~ 
 

136. [Anon]. Albumin-bound paclitaxel (Abraxane) for advanced breast cancer. Med 

Lett Drugs Ther 2005; 47:39-40. 

137. Tkachenko, A. G., H. Xie, D. Coleman, W. Glomm, J. Ryan, M. F. Anderson, S. 

Franzen, and D. L. Feldheim. Multifunctional gold nanoparticle-peptide 

complexes for nuclear targeting. J Am Chem Soc 2003; 125:4700-4701. 

138. Paciotti, G. F., D. G. I. Kingston, and L. Tamarkin. Colloidal gold nanoparticles: 

A novel nanoparticle platform for developing multifunctional tumor-targeted 

drug delivery vectors. Drug Dev Res 2006; 67:47-54. 

139. Kopelman, R., Y. E. L. Koo, M. Philbert, B. A. Moffat, G. R. Reddy, P. 

McConville, D. E. Hall, T. L. Chenevert, M. S. Bhojani, S. M. Buck, A. 

Rehemtulla, and B. D. Ross. Multifunctional nanoparticle platforms for in vivo 

MRI enhancement and photodynamic therapy of a rat brain cancer. J Magn Magn 

Mater 2005; 293:404-410. 

140. Wang, C. G., and J. Irudayaraj. Multifunctional Magnetic-Optical Nanoparticle 

Probes for Simultaneous Detection, Separation, and Thermal Ablation of 

Multiple Pathogens. Small 2010; 6:283-289. 

141. Chen, W., N. F. Xu, L. G. Xu, L. B. Wang, Z. K. Li, W. Ma, Y. Y. Zhu, C. L. Xu, 

and N. A. Kotov. Multifunctional Magnetoplasmonic Nanoparticle Assemblies 

for Cancer Therapy and Diagnostics (Theranostics). Macromol Rapid Commun 

2010; 31:228-236. 

142. Zhou, M., R. Zhang, M. A. Huang, W. Lu, S. L. Song, M. P. Melancon, M. Tian, 

D. Liang, and C. Li. A Chelator-Free Multifunctional [Cu-64]CuS Nanoparticle 



~ 102 ~ 
 

Platform for Simultaneous Micro-PET/CT Imaging and Photothermal Ablation 

Therapy. J Am Chem Soc 2010; 132:15351-15358. 

143. Yang, Z., S. Zheng, W. J. Harrison, J. Harder, X. Wen, J. G. Gelovani, A. Qiao, 

and C. Li. Long-circulating near-infrared fluorescence core-cross-linked 

polymeric micelles: synthesis, characterization, and dual nuclear/optical imaging. 

Biomacromolecules 2007; 8:3422-3428. 

144. Zhang, R., W. Lu, X. Wen, M. Huang, M. Zhou, D. Liang, and C. Li. Annexin 

A5-Conjugated Polymeric Micelles for Dual SPECT and Optical Detection of 

Apoptosis. J Nucl Med  52:958-964. 

145. Kuypers, F. A., R. A. Lewis, M. Hua, M. A. Schott, D. Discher, J. D. Ernst, and 

B. H. Lubin. Detection of altered membrane phospholipid asymmetry in 

subpopulations of human red blood cells using fluorescently labeled annexin V. 

Blood 1996; 87:1179-1187. 

146. Green, D. R., and H. M. Beere. Apoptosis - Gone but not forgotten. Nature 2000; 

405:28-29. 

147. Kuge, Y., M. Sato, S. Zhao, T. Takei, K. Nakada, K. I. Seki, H. W. Strauss, F. G. 

Blankenberg, J. F. Tait, and N. Tamaki. Feasibility of 99mTc-annexin V for 

repetitive detection of apoptotic tumor response to chemotherapy: an 

experimental study using a rat tumor model. J Nucl Med 2004; 45:309-312. 

148. Hong, S., P. R. Leroueil, I. J. Majoros, B. G. Orr, J. R. Baker, Jr., and M. M. 

Banaszak Holl. The binding avidity of a nanoparticle-based multivalent targeted 

drug delivery platform. Chem Biol 2007; 14:107-115. 



~ 103 ~ 
 

149. Munoz-Torrero, D. Exploiting Multivalency in Drug Design. Curr Pharm Des 

2009; 15:585-586. 

150. Deyev, S. M., and E. N. Lebedenko. Multivalency: the hallmark of antibodies 

used for optimization of tumor targeting by design. Bioessays 2008; 30:904-918. 

151. Vadas, O., and K. Rose. Multivalency - a way to enhance binding avidities and 

bioactivity-preliminary applications to EPO. J Pept Sci 2007; 13:581-587. 

152. Baudino, L., L. Fossati-Jimack, C. Chevalley, E. Martinez-Soria, M. J. Shulman, 

and S. Izui. IgM and IgA anti-erythrocyte autoantibodies induce anemia in a 

mouse model through multivalency-dependent hemagglutination but not through 

complement activation. Blood 2007; 109:5355-5362. 

153. Wang, J., S. M. Tian, R. A. Petros, M. E. Napier, and J. M. DeSimone. The 

Complex Role of Multivalency in Nanoparticles Targeting the Transferrin 

Receptor for Cancer Therapies. J Am Chem Soc 2010; 132:11306-11313. 

154. Chiu, G. N. C., L. A. Edwards, A. I. Kapanen, M. M. Malinen, W. H. Dragowska, 

C. Warburton, G. G. Chikh, K. Y. Y. Fang, S. Tan, J. Sy, C. Tucker, D. N. 

Waterhouse, R. Klasa, and M. B. Bally. Modulation of cancer cell survival 

pathways using multivalent liposomal therapeutic antibody constructs. Mol 

Cancer Ther 2007; 6:844-855. 

155. Zhang, R., C. Xiong, M. Huang, M. Zhou, Q. Huang, X. Wen, D. Liang, and C. 

Li. Peptide-conjugated polymeric micellar nanoparticles for Dual SPECT and 

optical imaging of EphB4 receptors in prostate cancer xenografts. Biomaterials  

32:5872-5879. 



~ 104 ~ 
 

156. Palmer, T. N., V. J. Caride, M. A. Caldecourt, J. Twickler, and V. Abdullah. The 

mechanism of liposome accumulation in infarction. Biochim Biophys Acta 1984; 

797:363-368. 

157. Iyer, A. K., G. Khaled, J. Fang, and H. Maeda. Exploiting the enhanced 

permeability and retention effect for tumor targeting. Drug Discov Today 2006; 

11:812-818. 

158. Torchilin, V. P. Micellar nanocarriers: pharmaceutical perspectives. Pharm Res 

2007; 24:1-16. 

159. Maeda, H., J. Wu, T. Sawa, Y. Matsumura, and K. Hori. Tumor vascular 

permeability and the EPR effect in macromolecular therapeutics: a review. J 

Control Release 2000; 65:271-284. 

160. Fang, J., H. Nakamura, and H. Maeda. The EPR effect: Unique features of tumor 

blood vessels for drug delivery, factors involved, and limitations and 

augmentation of the effect. Adv Drug Deliv Rev 2011; 63:136-151. 

161. Jain, R. K. Transport of molecules, particles, and cells in solid tumors. Annu Rev 

Biomed Eng 1999; 1:241-263. 

162. Yuan, F., M. Dellian, D. Fukumura, M. Leunig, D. A. Berk, V. P. Torchilin, and 

R. K. Jain. Vascular permeability in a human tumor xenograft: molecular size 

dependence and cutoff size. Cancer Res 1995; 55:3752-3756. 

163. Kwon, G. S., and K. Kataoka. Block-Copolymer Micelles as Long-Circulating 

Drug Vehicles. Adv Drug Deliv Rev 1995; 16:295-309. 



~ 105 ~ 
 

164. Blankenberg, F. To scan or not to scan, it is a question of timing: Technetium-

99M-annexin V radionuclide imaging assessment of treatment efficacy after one 

course of chemotherapy. Clin Cancer Res 2002; 8:2757-2758. 

165. Li, C., W. Wang, Q. P. Wu, K. Shi, J. Houston, E. Sevick-Muraca, L. Dong, D. 

Chow, C. Charnsangavej, and J. G. Gelovani. Dual optical and nuclear imaging 

in human melanoma xenografts using a single targeted imaging probe. Nucl Med 

Biol 2006; 33:349-358. 

166. Schmidt, V., C. Giacomelli, F. Lecolley, J. Lai-Kee-Him, A. R. Brisson, and R. 

Borsali. Diblock copolymer micellar nanoparticles decorated with Annexin-A5 

proteins. J Am Chem Soc 2006; 128:9010-9011. 

167. Van Tilborg, G. A. F., W. J. M. Mulder, P. T. K. Chin, G. Storm, C. P. 

Reutelingsperger, K. Nicolay, and G. J. Strijkers. Annexin A5-conjugated 

quantum dots with a paramagnetic lipidic coating for the multimodal detection of 

apoptotic cells. Bioconjug Chem 2006; 17:865-868. 

168. Blankenberg, F. G. Recent advances in the imaging of programmed cell death. 

Curr Pharm Des 2004; 10:1457-1467. 

169. Hammill, A. K., J. W. Uhr, and R. H. Scheuermann. Annexin V staining due to 

loss of membrane asymmetry can be reversible and precede commitment to 

apoptotic death. Exp Cell Res 1999; 251:16-21. 

170. Lin, S. H., A. Vincent, T. Shaw, K. I. Maynard, and K. Maiese. Prevention of 

nitric oxide-induced neuronal injury through the modulation of independent 

pathways of programmed cell death. J Cereb Blood Flow Metab 2000; 20:1380-

1391. 



~ 106 ~ 
 

171. Coussens, L. M., and Z. Werb. Inflammation and cancer. Nature 2002; 420:860-

867. 

172. Libby, P. Inflammation in atherosclerosis. Nature 2002; 420:868-874. 

173. Hansson, G. K. Inflammation, atherosclerosis, and coronary artery disease. N 

Engl J Med 2005; 352:1685-1695. 

174. Gabay, C., and I. Kushner. Acute-phase proteins and other systemic responses to 

inflammation. N Engl J Med 1999; 340:448-454. 

175. Akiyama, H., S. Barger, S. Barnum, B. Bradt, J. Bauer, G. M. Cole, N. R. Cooper, 

P. Eikelenboom, M. Emmerling, B. L. Fiebich, C. E. Finch, S. Frautschy, W. S. 

Griffin, H. Hampel, M. Hull, G. Landreth, L. Lue, R. Mrak, I. R. Mackenzie, P. 

L. McGeer, M. K. O'Banion, J. Pachter, G. Pasinetti, C. Plata-Salaman, J. Rogers, 

R. Rydel, Y. Shen, W. Streit, R. Strohmeyer, I. Tooyoma, F. L. Van Muiswinkel, 

R. Veerhuis, D. Walker, S. Webster, B. Wegrzyniak, G. Wenk, and T. Wyss-

Coray. Inflammation and Alzheimer's disease. Neurobiol Aging 2000; 21:383-

421. 

176. Mantovani, A., P. Allavena, A. Sica, and F. Balkwill. Cancer-related 

inflammation. Nature 2008; 454:436-444. 

177. Gotthardt, M., C. P. Bleeker-Rovers, O. C. Boerman, and W. J. Oyen. Imaging of 

inflammation by PET, conventional scintigraphy, and other imaging techniques. 

J Nucl Med  51:1937-1949. 

 

 

 



~ 107 ~ 
 

VITA 

 

Rui Zhang was born at Yantai, China on November 5th, 1979, the son of 

Huaping Zhang and Binge Zhang. After completing his high school at The First 

High School of Yantai, Shandong, China in 1998, he entered College of Life 

Science at Zhejiang University in Hangzhou, China. He received the degree of 

Bachelor of Science with a major in biotechnology from Zhejiang University in 

July, 2002. In September 2003, he entered Dr. Xingguo Gong’s lab to study and 

received the degree of Master of Science with a major in Biochemistry and 

Molecular Biology from Zhejiang University in July 2006. Then he entered The 

University of Texas Health Science Center at Houston Graduate School of 

Biomedical Sciences and The University of MD Anderson Cancer Center 

(Advisor, Chun Li, Ph.D.). 

 

 

Permanent address: 

RM11, 63 Nanhenanya,  

Yantai, 

Shandong, China, 264001. 

 


