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A  Partnership Training Program In Breast Cancer Research Using Molecular Imaging 
Techniques 

 
 
I. INTRODUCTION 
 

Advances in  molecular and cell bio logy techn iques in recen t years have had a m arked 
effect on our understanding of th e cellular and m olecular m echanisms of cancers, including 
breast cancer. Significant strides have also been made in the development of a noninvasive, high-
resolution, in vivo im aging technology such as positron emissi on tomography (PET), magnetic 
resonance imaging (MRI), and optical im aging techniques for better imaging of tumors. In vivo 
molecular imaging, which utilizes  these two fronts, opens up an extraordinary opportunity for  
studying diseases noninvasively, and in m any cases, quantitatively at the m olecular level (1-4). 
Molecular imaging is a growing re search discipline aimed at developing and testing novel tools, 
reagents, and m ethods to im age specific molecular pathways in vi vo, particularly those that are 
key targets in disease processes. 

The current assessment of breast cancer depe nds on anatomic and physiological changes 
of the disease. These changes are a late m anifestation of  the m olecular change s that truly 
underlie the disease. If im aging of these early molecular change s is p ossible, it will directly  
affect patient care by  allowing much earlier detection of the disease.  Potentially, clinicians may 
be able to im age molecular changes that currently  are defined as “predisease s tates”. This will  
allow interv ention at a tim e when t he outcom e will be m ost likely affected. In ad dition, by  
directly imaging the underlying alterations of di sease, the effects of therapy m ay be m onitored 
shortly after therapy has been initiated in contrast to the many months often required(5). 

In this proposed training program , a partne rship between Howard Uni versity (HU) and 
the In Vivo Cellular Molecular Imaging Center (ICMIC) at Johns Hopkins University (JHU) was 
established to pursue th e molecular imaging research of breast can cer. At Howard University,  
this partners hip involves  a m ultidisciplinary con sortium of five departments.  The program  is 
composed of two com ponents: a research com ponent and a broad training com ponent. Howard 
University faculty have obtained training th rough conducting collabora tive research and by 
participating in a broad based training program. Experts from Johns Hopkins have participated in 
training by offering laboratory internships, m entoring research efforts, and conducting sem inars 
and workshops. Through this program , a core facility will was established to support sustainable 
long-term molecular imaging research at Howard University.   

Our goal f or this progra m is to provide f aculty trainees at Howard University with basic  
and updated m olecular imaging techniques that they can em ploy while conducting breast cancer 
research.  The program objectives are: 
1. Train new researchers in the breast cancer imaging using molecular imaging techniques. 
2. Offer m olecular im aging and breast cancer-r elated lectu res, sem inars, worksho ps, and  

laboratory internships. 
3. Conduct two proposed research projects: 

a. Magnetic resonance (MR) image enhancement by tumor cell targeted 
  immunoliposome complex delivered contrast agent. 

b. Imaging the effects of macrophage function on tumor progression. 
4. Establish a molecular imaging core to support long-term sustainable research. 
5. Research concept development and submit grants in breast cancer imaging. 
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II. BODY 
 

This training program  consists of two co mponents: a research com ponent and a broad 
based training com ponent. The research com ponent includes research in m olecular imaging of 
breast cancer and the establishment of a molecular imaging core facility at Howard University.  
 
II.1  Research Projects 
 

(a) Research Projects:  
 
Project 1:  MR Image Enhancement by Tumor Cell Targeted Immunoliposome Complex 

Delivered Contrast Agent  
 
Contrast-enhanced MRI is one of the best noninvasive m ethodologies available today in 

clinical medicine for assessing anatomy and func tion of tissues (6). High spatia l resolution and 
high soft tissue contrast are desi rable features of noninvasive MRI. However, due to intrinsically 
low sensitivity, a large amount of CA has to be used due to the non-specific uptake by tum ors in 
vivo. In recent years, targeted CA delivery syst ems have been developing based on the concept 
that m olecular im aging can incr ease the s ignal to nois e r atio by de tecting the dif ference in 
‘molecular properties’ between cancer and normal tissues (7-9). This should, in theory, allow for  
detection of smaller tumors. As one strategy, monoclonal antibodies or antibody fragm ents have 
been coupled with CA directly or linked with CA through liposom e (Lip) carriers. High 
concentrations of antibody-mediated CA such as  Gd provide s high T1  positive contrast in vivo, 
but insufficient direct linkage of Gd with antib odies or the large m olecular size of antibody-Lip-
Gd particles  m ay lim it its use for im aging cell- surface receptors in so lid tum ors because of 
inefficient extravasation and ve ry slow diffusion in the inte rstitial com partment (10,11). 
Furthermore, antibody immunogenicity, poor stability of the conjugates and a potential change of 
the antibody binding ability due to changes in  surface antigens are still problem atic for in vivo 
applications. A ligand with less toxic, high binding speci ficity for tumors, relative small size and 
without immunogenicity is required to target the CA to tumors.  

Optical imaging offers several advantages over other im aging techniques. Am ong these  
are simplicity of technique, high sensitiv ity and absence of ionizing radiation. There is a general 
increase in the developm ent of techniques for in vivo evaluation of gene expression, m onitoring 
of gene delivery and real-tim e intraoperative vi sualization of  tum or m argins and m etastatic 
lesions to improve surgical outcom es (12-14). Li mited depth of light pe netration a nd lack of 
tomographic information prevent in vivo efficiency of optical im aging. In order to overcom e the 
limitations of various imaging modalities, multimodal probes have been developed f or detection 
using multiple imaging devices (15-17). 

Transferrin receptor (TfR) is a cell-surface inte rnalizing receptor respon sible for almost 
all iron sequestration in mammalian cells. Overexpression of TfR is reported on hum an cancers 
from various tissues including br east and  is  of great valu e in grading tumors and determ ining 
prognosis (18). TfR has been succe ssfully applied as a molecular target to direct therapeutic  
agents to tumor cells (19). Tran sferrin (Tf), the TfR ligand, is a m onomeric glycoprotein tha t 
binds Fe 3+ atom s for delivery to vertebrate ce lls through receptor-m ediated endocytosis. 
Fluorescently labeled Tf has greatly aided the investigation of endocytosis in vitro. In vivo use of 
the physiological serum protein Tf is less likely to  cause adverse reactions. Indeed, Tf has been 
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successfully used in targeted gene therapy (20, 21). W e hypot hesized that near-infrared dye 
(NIR) labeled Tf (Tf NIR) would be an ideal ligand and woul d sele ctively inc rease the cellula r 
uptake of MRI and optical reporters in vivo, resulting in contrast-enhanced MRI and NIR-based 
optical detection.  

We have first developed a Tf- and Lip-m ediated du al molecular p robe with both  
fluorescent and m agnetic reporter groups (Tf NIR–LipNBD-CA). The nanoparticles wer e 
constructed with Tf on the surface  of Lip as a ligand for specific  targeting and CA (Magnevist) 
inside as the payload. These com ponents t ogether for med a liposom al nanocom plex, Tf NIR–
LipNBD-CA, with a diam eter less than 100 nm. The feasibility of the nanoparticles was tested  
both in vitro and in anim al m odels. In vitro a nalysis demonstra ted th at th e Tf NIR–LipNBD-CA 
nanocomplex dramatically improved the uptake of CA in monolayer cultures of MD A-MB-231-
luc human breast cancer cells through both receptor- and Lip-mediated endocytosis. In vivo, the 
probe significantly enhanced the MRI signals, and was superior to  the use of  clinical MRI CA 
alone. The DCE-MRI  exhibite d heterogeneous signal enhancement by the liposom al 
nanocomplex probe and was correlated well with the pathology of the tumors. 

To visualize  tumors using the op tical imaging technique, the Tf was labeled with NIR 
fluorescent dye (Tf NIR). NIR dyes were encap sulated in th e Lip, instead of MRI CA, to yield 
targeted fluorescent lip osome nanoparticles (Tf NIR–LipNBD-dye) in some experim ents. Confocal  
microscopy showed endocytosis of the fluoresce nt reporters from  Tf, liposome particles and 
encapsulated dyes, separately, following incu bation of the MDA-MB-231-luc cells with th e 
nanoparticles. Pretreatment with Tf blocked the cellular uptake of the reporters indicating the 
importance and specificity of the T f moiety for targeting. Quantification using flow cytom etry 
revealed a 1.8, 7.0 and 16 fold higher fluorescence intensity in cells incubated for 1 hour with 
TfNIR, Lip NBD-dye, and Tf NIR–LipNBD-dye, separately, than in cont rol cells without  probes (all 
p<0.05). System ic adm inistration of Tf NIR alone showed a preferen tial accum ulation of the 
fluorescent signal in tum or xenogr afts in nude m ice. The fl uorescent signal was clearly 
detectable at 10 min in tumors and reached the maximum intensity at 90-120 min after injection. 
The ratio of the signal from  tum or to bac kground from  muscle ranged from  1.64 to 3.14, 
depending on the tumor sizes. A pplication of the Tf NIR–LipNBD-dye nanoparticles further 
increased the signal from tum or to bac kground ratio by up to 30 % compared to Tf NIR alone. 
Importantly, Tf NIR–LipNBD-dye system is superior to Tf NIR alone for im aging small tumors (<3 
mm in diameter).  

To increase the sensitivity of optical im aging in early diagnosis of  cancers, we have 
further designed QDs c onjugated with Tf as an optical im aging agent. QD is chosen to im prove 
detection se nsitivity du e to its gre at extinctio n coef ficient and em ission of  brig ht ligh t in  
comparison to the organic fluorescent dyes. Two step carbodiimide chemistry process was used 
to obtain the QDs-transferrin conjugation. Firs t, Carboxylated QDs were activated by excess 
EDC and s ulfo-NHS a t pH 6.5. Then the excess EDC and sulfo-NHS was rem oved by 
Sephadex™. Later, the ac tivated QDs were conjugated with transferrin at pH 8.3, and further 
purified by gel filtration. A controlled experim ent from Tf-Alexa Fluor conjugate was used to 
confirm the conjugation. The successful linkage of transferrin to QDs was demonstrated by SDS-
PAGE gel e lectrophoresis. In vitro uptake of QDs-Tf by MDA-MB -231 cells was confirm ed by 
cellular labeling combined with flow cytometry. In addition, to further st abilize quantum dots, a 
novel kind of tri-b lock copolymer as a m ulti-dentate ligand has been s uccessfully synthesized.  
The block copolym er has a polycarboxylic acid and polythiol block at both ends and a 
intermediate poly(s tyrene/divinyl benzene) b lock. The m ultiple m ercapto groups  o f polythiol 
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block will act as m ulti-dentate lig ands to stabilize quan tum dots na noparticles, while the 
polycarboxylic acid  blo ck offers reaction sites to m odify or conju gate qu antum dots with  
biomolecules. The densely com pacted hydrophobic in termediate shell formed from cross-linked 
poly(styrene/divinyl ben zene) blo ck will ef ficiently proh ibit the dif fusion of  other m olecules 
through the macromolecular shell, resulting in decomposition of quantum dots. The QDs can be 
coated and stabilized with th is multi-dentate b lock copolymer in water. It is expected that th e 
novel multi-dentate ligand can improve the stability and biocompatibility of QDs under harsh in 
vivo conditions.  

In addition, we have also developed a bioluminescence assay sy stem for r apid 
measurement of tum or cell death using Xenogen IVIS digital cam era system  and luciferase-
transfected MDA-MB-231-luc cells.  The system was tested when cells were subjected to 43 oC 
hyperthermia and com pared with traditional methods including MTT and colony for mation 
assays. The luminescence using the biolum inescence assay system was related to the num ber of 
viable cells over a wide range (10 2 to 10 5 cells per well). The decrease in lum inescence was  
detectable immediately after heat treatment. This decrease was rela ted to the duration of heating 
at 43oC.  Re lative to the gold standard of clonoge nic assay, MTT assay overestim ated viability, 
while biolum inescence underestim ated viability  of cells subjected to hypertherm ia.  
Bioluminescence assay of response to hypertherm ia is rapid in biolum inescent cells, but is not 
closely related to the clonogenic potential. This sugge sts that other ATP based assays of cell 
viability will also overestimate cytotoxicity when compared to clonogenicity assays. Nonetheless 
bioluminescence estimate of ATP in cells can be used for rapid screening of cytotoxic regimens.  

 
Project 2:  Imaging the Effects of Macrophage Function on Tumor Promotion 
 

Accumulating evidence im plicates tum or-associated m acrophages (TAMs) in tum or 
progression. Recent reports indicate that k ey modifier genes of tumor progression are expressed 
in TAMs. Macrophage ablation has been proposed as a therapeu tic strategy; however, context-
specific targeting of TAMs would be preferable. W e used a path way-focused gene array, RT-
PCR, and Western blo t analyses of inflamm ation- and angiogenesis-related gene expression in  
co-cultured MCF-7 cells and m acrophages, to determ ine how intera ctions between the two cell 
types are affected by tamoxifen a nd aspirin.  We also sought to identify phenotypic changes that 
may render TAMs selectively vulnerable to pharmacological agents.  

THP-1 (human monocytic leukemia), MCF-10A (nontumorigenic mammary epithelial), 
MCF-7 (mammary adenocarcinoma) and MDA-MB-231 (mammary adenocarcinoma) were used 
in this study. THP-1 monocytes were differentiated to macrophages with PMA (100 nM) for 3 d; 
differentiated macrophages were activated with LPS (20 ng/ml) for 5 h. THP-1 were cultured in 
RPMI m edium 1640 supplem ented with 7.5% FBS, 100 U/m l penicillin, 100 μg/ml 
streptomycin, and 50 μM 2-m ercaptoethanol. Breast cell lines were propagated in MEM 
supplemented with 8% FBS and antibiotics. 1 x 10 6 THP-1 cells/well were seeded in the inserts  
(3-μm pore size) of 6-well Transwell ™ chambers, and differ entiated 1 d later with PMA, and 
then activated with LPS. 2.5x 10 5 MCF-7 cells/ml were seeded in a 2-m l volume in lower wells 
(separately) 2 d after THP-1 cells were seede d. The medium of both cell types was changed and 
inserts (activated macrophages) were placed in the lower wells. Cham bers were incubated for 3 
d. Tamoxifen, aspirin, and rhMIF were us ed at final concentrations of 10 μM (24 h), 1 m M (24 
h), and 10 ng/ml (6 h), respectively. The results showed that all cells expressed MIF RNA. In co-
culture, MIF expression was upregulated in MCF-7, but downregulated in macrophages. MCF-7-
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induced reduction of MIF expression in TAMs m ay be associated with pa rtial M2 p olarization; 
therefore, co-culture produced m acrophage phenotypes that were interm ediate between M1 and 
M2. Reduction of MIF expression m ay also produce context-specifi c vulnerability of 
macrophages to therapeutic agents. Aspirin induced IL-10 expression in both m acrophages and 
MCF-7 grown separately.  MC F-7 cells did not express IL-10 when gr own separately or in co-
culture. However, aspirin induced IL-10 expression in MCF-7 and in tamoxifen-pretreated MCF-
7. Moreover, aspirin-pretreated  macrophages potently induced IL-10 expression in MCF-7 cells 
and pretreatm ent of MCF-7 with tam oxifen di d not prev ent this  ind uction. Two m olecular 
variants of MIF were identified: a larger, macrophage-type and a s maller, MCF-7-type; both 
variants we re pr esent in co-cu ltured MCF-7 c ells. Co-culture of  MC F-7 with L PS-activated 
THP-1 m acrophages induced a change in MCF-7 morphology rem iniscent of an epithelial-to-
mesenchymal transition. 

 
(b) Establish a Molecular Imaging Core Facility 

 
 It is essential for Howard to establish a basic infrastructure that is capable of supporting a 
sustainable long-term research program  in the fi eld of m olecular imaging of breast cancer after 
this tra ining program. This inf rastructure is ne cessary in order to provide the researchers with 
tools to perfor m the pr oposed researched project s as well as to provide a broader research 
training experience. The core of the infrastruc ture is built upon the existing Biom edical NMR 
Laboratory in the Howard University  Cancer Ce nter. The newly established Molecular Im aging 
Laboratory has two NMR m achines capable of im aging small animals. Through this program , a 
fluorescent and lum inescence im aging instrum ent (Xenogen IVIS 200) was acquired, which 
enables us to study strom al inflammation and the internalization of contrast agent in tum or. This 
new optical imaging instrument has significantly enhanced the molecular imaging capabilities of 
the research  core at Howard University.   Th is has com plemented the existing N MR im aging 
facility on c ampus. The core f acility in the Molecular Imaging Laboratory also includes other 
optical instruments such as a fluorescent microscope, a confocol  microscope, and a SEM. The 
staff of the Molecu lar Im aging Lab includ es tw o im aging scien tists, a m olecular biolog ist, a  
chemist, and a research  assistant. T he lab beco mes a syner gic center o n campus for prom oting 
molecular imaging research. New research collabor ations were estab lished among the faculty at 
Howard as well as with  the externa l scientists from Georgetown University and th e Children’s 
National Medical Center. Currently, there are four teen p rojects using  the lab im aging f acility 
conducting research on a variety of topics including breast cancer research.  
 
II.2  Broad Based Training Components  
 
 The Molecular Im aging Lab has regular bi-weekly group m eetings, journal club, and 
seminars. Many outside speakers were invited to gi ve seminars. The faculty  trainees have also 
attended special workshops on m olecular imaging and i maging instrumentation. There were at 
least three workshops on m olecular im aging and imaging techniques each year. The trainees 
have also attended weekly sem inars at JHU ICMIC. The trainees have in-depth group m eetings 
with faculty from JHU to exchange ideas  and discussing various aspects of  the research. The PI  
and the partnership leader at J HU have been coordinating the tr aining efforts through m eetings 
and emails. The PI and faculty trainees have submitted grants to NIH and CDMRP together with 
the partnership leader at JHU.  
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II.3  Statement of Work  
 
 All the tasks listed in the Statement of Work have been accomplished. 
 
Task 1. To conduct the study “MR Image Enhancement by Tumor Cell Targeted    
 immunoliposome Complex Delivered Contrast Agent” 
 

a. Purchase supplies for cell culture and materials for construction of liposome (Mon 1-2)  
b. Construct and measure the size of liposome (Months 3-4)  
c. Attach ligands (single chain variable fragment of transferring antibody) to liposome 

(TfR-scFv-Lip) (Months 5-8)  
d. Make TfR-scFv-Lip-contrast agent complex. Measure the size of complex and amount of 

contrast agent encapsulated in the liposome (Month 9-12)  
e. In vitro imaging of transfected MDA-MB-231 breast cancer cells in pellet (Month 13-24)  
f. Verify the transfection efficiency by MRI and optical imaging (Month 19-24)  
g. Animal Study: Grow tumor xenografts on nude mice. In vivo MRI imaging of 120 

tumor-bearing mice administered TfR-scFv-Lip-CA, Lip-CA, and CA only, using T1 and 
T2 weighted MRI imaging techniques (Months 27-45)  

h. Quantify the contrast enhancement. Image data analysis (Months 27-45). 
 
Task 2. To conduct the study “Imaging the Effects of Macrophage Function on Tumor 
 Promotion” 
 

• Determine the effects of macrophages on metastasis-related gene expression in breast 
cancer cells (Months 1 – 24)  

a.  Measure migratory and invasive properties of breast cell lines that are co-cultured with 
macrophages: changes in anchorage-dependent cell growth, invasion through matrigel 
(Months 1 – 12)  

b.  Isolate RNA for gene expression analysis using gene arrays. Monitor expression of 
proinvasive integrins, MMPs, and TIMPs, etc. (Months 6 – 18)  

c.  Transfect MCF-12A (mammary epithelial cells), MDA-MB-231, and MDA-MB-468 
cancer cells with luciferase construct. Screen luciferase-expressing cells and isolate stable 
clones by limiting dilution (Months 8 – 24)  

• Determine the effects of co-culture with macrophages on the growth of Luc+ mammary 
co-culture with macrophages on the growth of Luc+ mammary epithelial cells and breast 
cancer cells in 20 athymic nu/nu mice (Months 24 – 48) 

a. Luc+ MCF-7 cells (in development) and MDA-MB-231 cells will be obtained from 
Xenogen. Luc+ mammary epithelial and breast cancer cells co-cultured with 
macrophages (LPS activated or unactivated). Inject breast cells into athymic mice and 
monitor with the Xenogen IVIS™ Imaging System. (Month 24-48) 

b. Repeat gene expression experiments in Luc+ cells to correlate gene expression patterns 
with in vivo growth (Months 36 – 48)  
 

Task 3. To establish a molecular imaging core facility 
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a. Purchase laboratory supplies (months 1-4)  
b. Purchase Xenogen IVIS imaging system (months 3-9)  
c. Establish the designated Molecular Imaging Core Facility in Cancer Center (Rm B103). 

Install incubator and hood. (Months 3-9)  
d. Relocate/centralize all the molecular biology instruments to the Molecular Imaging Core 

Facility (Months 3-9)  
e. Training on Xenogen IVIS imaging system (Month 10)  
f. Molecular Imaging Core Facility open house (Month 10)  

 
Task 4. To train faculty trainees in molecular imaging research. 
 

a. Biweekly group meetings (organized by research leaders) (Months 1-48)  
b.  Monthly journal clubs (Months 1-48)  
c.  Seminar series (nine seminars each year) (Months 1-48)  
d.  Six workshops (chaired by Dr. Wang and Dr. Bhujwalla) (months 1-18)  
e.  Laboratory Internships (2 days to one week each) (Months 1-18)  
f.  Research concepts development  
g.  Research grants submission  

 
Task 5. Administrative and communication affairs  
 

a.  Status reports (monthly, quarterly, and annual reports). 
b.  Research progress review (quarterly). 
c.  Administrative meetings (biannually meetings). 
d.  Coordination of seminars, workshops, and laboratory internships. 

 
 
III.  KEY RESEARCH ACCOMPLISHEMENTS 

 
Project 1: MR Image Enhancement by Tumor Cell Targeted Immunoliposome Complex 

Delivered Contrast Agent 
 

• We have successfully constructed a dual imaging probe for MRI and fluorescent imaging 
by linkage of near-infrared (NIR) fluorescently labeled transferrin (TfNIR) on the surface 
of contrast agent (CA)-encapsulated cationic liposomes (TfNIR-LipNBD-CA).  

• The size of dual probe is controlled by gel filtration and its size (~80 nm) was determined 
by laser light scattering technique. The amount of MR contrast agent encapsulated in the 
liposome was measured by the atomic absorption spectroscopy.  

• Using confocal microscopy, fluorescent imaging, and MRI, we have confirmed that the 
cellular uptake of both fluorescent and magnetic reporter groups in monolayer cultures of 
MDA-MB-231-luc human breast cancer cells significantly increased compared to that of 
fluorescent dye or MR contrast agent alone.  

• In vivo, the probe significantly enhanced the MRI signals, and was superior to the use of 
clinical MRI CA alone. The contrast enhancement in MRI by the TfNIR-LipNBD-CA probe 
showed a heterogeneous pattern within tumors, which reflected the tumor morphological 
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heterogeneity. The heterogeneous signal enhancement by the liposomal nanocomplex 
probe correlates well with the pathology of the tumors. 

• Dynamic contrast enhancement MRI (DCE-MRI) imaging shows the MRI image 
intensities increase initially and later decrease at various rates for different regions in the 
tumor using either Tf-Lip-Mag liposomal nanocomplex or Magnevist. These distinct 
differences are due to the specific targeting and prolong retention of the Tf-Lip-Mag 
liposomal nanocomplex in the tumor.   

• A much higher contrast in viable cells in the periphery of tumors was observed at the 
initial stage of the targeted DCE-MRI. The image intensity was persistently higher 
compared to the DCE-MRI of free CA and lasts for several hours. 

• Quantitative analysis of Gd concentration from muscle, necrotic areas and area of viable 
cells of the tumor reveal that after 120 min of i.v. administration of the nanocomplex the 
Gd concentrations are about ~2.5 times higher in the samples collected from the mice 
injected with Tf-Lip-Mag than the mice injected with contrast agent, Magnevist, only. 

• The highest Gd concentration ratio of 2.8 was observed in the samples collected in the 
region of viable cells in the tumor. 

• The dual probe not only enhances the tumor MR image contrast but also is an excellent 
probe for NIR optical imaging. The probe is also superior to the MR contrast agent for 
identifying the tumor pathology. 

• Three human breast cancer models including subcutaneous tumor xenografts, mammary 
gland xenografts and lung metastasis in nude mice were also established using luciferase-
expressing MDA-MB-231-luc cells. The MDA-MB-231-luc cell line has been transfected 
with the luciferase gene for bioluminescent optical imaging. 

• For optical imaging of human breast cancers, we have constructed targeted fluorescent 
liposome nanoparticles using near-infrared (NIR) fluorescent transferrin conjugate 
(TfNIR), NIR fluorescent dyes and fluorescently labeled (NBD) cationic liposomes 
(LipNBD) (TfNIR–LipNBD-dye). In vitro and in vivo analysis indicates that both TfNIR and 
TfNIR–LipNBD-dye are potentially useful for visualizing human breast cancer in clinic. 
TfNIR–LipNBD-dye is superior to TfNIR alone for imaging small tumors because of better 
delivery of fluorescent contrast agents to the tumors. 

• Dynamic optical imaging of MDA-MB-231-luc tumors growing on the mouse’s back or 
on the mammary gland fat pad showed the luminescent image intensity increased to its 
peak in ~ 20 minutes and gradually diminished about one hour after intraperitoneal 
injection of D-luciferin.  

• A significant correlation between tumor volume and optical signal intensity of 
luminescent images in tumor was established. Metastatic lesion of 0.3-0.5 mm in 
diameter could be clearly detected in vivo.  

• To increase the sensitivity of optical detection of breast cancer, we have synthesized QDs 
and conjugated QDs with Tf as an optical imaging agent. In vitro targeted uptake of QDs-
Tf by MDA-MB-231 cells was confirmed using flow cytometry. In addition, to further 
stabilize QDs, a novel kind of tri-block copolymer as a multi-dentate ligand has been 
successfully synthesized. It is expected that the novel multi-dentate ligand can improve 
the stability and biocompatibility of QDs under harsh in vivo conditions.  

• We have also developed a bioluminescence assay for rapid measurement of cell death 
using Xenogen Optical Imaging System and luciferase transfected MDA-MB-231-luc 
human breast cancer cells. The assay was tested when cells were subjected to 43oC 
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hyperthermia and compared with traditional methods including MTT and colony 
formation assays. The results indicate that this assay may be used for rapid screening of 
cytotoxic regimens.  
 

Project 2: Imaging the Effects of Macrophages on Breast Cancer Metastasis 
 

• MCF-7-Luc-F5 cells grown in RPMI Medium 1640 supplemented with 10% FBS and 10 
g/ml bovine insulin, sodium pyruvate and non-essential amino acids, showed significant 
differences in the growth patterns, compared with the parent MCF-7 cells grown in MEM 
without insulin, non-essential amino acids, sodium pyruvate and phenol red. 

• MCF-7-Luc-F5 cells have a doubling time of 22 hours as compared to the parental MCF-
7 cell line which takes 40 hours. 

• MCF-10A (immortalized mammary epithelial) cells have the highest levels of 
phosphatase and tensin homology gene PTEN mRNA compared to MCF-7 and MDA-
MB-231, which is consistent to their non-tumorigenic characteristic. 

• Co-culture of MCF-7 with activated human monocytic leukemia, THP-1, derived 
macrophages caused an increase in PTEN expression. 

• Migration inhibitory factor (MIF) expression is dramatically induced in MCF-7 cells 
when they are co-cultured with macrophages. 

• We have analyzed how interactions between the MCF-7 and macrophages are affected by 
tamoxifen and aspirin, and the phenotypic changes that may render TAMs selectively 
vulnerable to pharmacological agents.  

• All cells expressed MIF RNA.  In co-culture, MIF expression was upregulated in MCF-7, 
but downregulated in macrophages. MCF-7-induced reduction of MIF expression in 
TAMs may be associated with partial M2 polarization; therefore, co-culture produced 
macrophage phenotypes that were intermediate between M1 and M2. Reduction of MIF 
expression may also produce context-specific vulnerability of macrophages to therapeutic 
agents.  

• Aspirin induced IL-10 expression in both macrophages and MCF-7 grown separately.  
MCF-7 cells did not express IL-10 when grown separately or in co-culture. However, 
aspirin induced IL-10 expression in MCF-7 and in tamoxifen-pretreated MCF-7. 
Moreover, aspirin-pretreated macrophages potently induced IL-10 expression in MCF-7 
cells and pretreatment of MCF-7 with tamoxifen did not prevent this induction. 

• Two molecular variants of MIF were identified: a larger, macrophage-type and a smaller, 
MCF-7-type; both variants were present in co-cultured MCF-7 cells. Co-culture of MCF-
7 with LPS-activated THP-1 macrophages induced a change in MCF-7 morphology 
reminiscent of an epithelial-to-mesenchymal transition. 
 
 

IV. REPORTABLE OUTCOMES 
 
Publications 
 

1. Pirollo K, Dagata J, Wang PC, Freedman M, Vladar A, Fricke S, Ileva L, Zhou Q, Chang 
EH. A Tumor-Targeted Nanodelivery System to Improve Early MRI Detection of 
Cancer. Molecular Imaging 5(1):41-52, 2006 
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2. Shan L, Wang S, Sridhar R, Bhujwalla ZM, Wang PC. Dual Probe with Fluorescent and 
Magnetic Properties for Imaging Solid Tumor Xenografts. Molecular Imaging 6(2)85-95, 
2007.  

3. Chang YJ, Hsu HY, Hsu J, Yao WC, Hsu MS, Chen MC, Lee SC, Hsu C, Miao L, Byrd 
K, Chouikha M, Gu XB, Wang PC, Szu H. Non-invasive methodology for wellness 
baseline profiling. Proceedings of SPIE “Independent Component Analyses, Wavelets, 
Unsupervised Nano-Biomimetic Sensors, and Neural Networks V”, vol. 6576:OR1-17, 
2007. 

4. Manaye KF, Wang PC, O’Neil JN, Tizabi Y, Lei D, Xu T, Huang SY, Ottinger MA, 
Ingram DK, Mouton PR. Neuropathological Quantification of Dtg APP/PS1: 
Neuroimaging, Stereology, and Biochemistry. AGE (29):87-96, 2007. 

5. Ross, S, Ejofodomi O, Jendoubi A, Kinnard L, Chouikha M, Lo B, Wang P, Zheng J. A 
Mammography Database and View System for the African American Patients. J Digital 
Imaging 21(1):18-26, 2008. 

6. Cheng KT, Wang PC, and Shan L. Alexa Fluor 680-labeled transferrin- cationic (NBD-
labeled DOPE-DOTAP) liposome-encapsulated gadopentetate dimeglumine complex 
(Abbreviated name: TfNIR-LipNBD-CA complex) targeting to transferrin receptors (TfR). 
In: Molecular Imaging and Contrast Agent Database (MICAD) [database online]. 
Bethesda (MD): National Library of Medicine (US), NCBI; 2008. http://micad.nih.gov. 

7. Burnett GT, Wathersby DC, Taylor TE, Bremner TA. Regulation of Inflammation- and 
Angiogenesis-related Gene Expression in Breast Cancer and Co-Cultured Macrophage. 
AntiCancer Res. 28(4B): 2093-2100, 2008 

8. Shan L, Hao YB, Wang SP, Korotcov A, Zhang RS, Wang TX, Califano J, Gu XB, 
Sridhar R, Bhujwalla ZM, Wang PC. Visualizing Head and Neck Tumors In Vivo Using 
Near-infrared Fluorescent Transferrin Conjugate. Molecular Imaging 7(1):42-49, 2008. 

9. Shan L, Wang SP, Zhou YF, Korotcov A, Sridhar R, Wang PC. Bioluminescent Animal 
Models of Human Breast Cancer for Tumor Biomass Evaluation and Metastasis 
Detection. Ethnicity and Disease 18(S2):65-69, 2008. 

10. Yin JJ, Lao F, Meng J, Fu PP, Zhao YL, Xing GM, Gao XY, Sun BY, Wang PC, Chen 
CY, and Liang XJ. Inhibition of Tumor Growth by Endohedral Metallofullerenol 
Nanoparticles Optimized as Reactive Oxygen Species Scavenger. Mol Pharmacol. Vol 
74(4):1132-1140, 2008 

11. Shan L, Zhang RS, Zhang WH, Lee E, Sridhar R, Snyderwine EG, Wang PC. Image-
based Real-time Evaluation of the Molecular Events Underlying HC11 Mammary 
Epithelial Cell Differentiation, Anal Biochem vol 382:122-128, 2008. 

12. Wang PC, Shan L, Wang SP, Korotcov A, Liang XJ. Transferrin Liposome Nanoparticle 
(TfNIR-LipNBD-Magnevist) – A Tumor Targeting MRI Contrast Agent. Acta Biophysica 
Sinica 24(4):315-322, 2008  

13. Liang XJ, Chen CY, Zhao YL, Jia L, Wang PC. Biopharmaceutics and Therapeutic 
Potential of Engineered Nanoparticles. Curr Drug Metab vol 9(8):697-709, 2008  
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14. Yin JJ, Lao F, Fu PP, Wamer WG, Zhao YL, Wang PC, Han D , Qin Y, Sun BY, Xing 
GM, Dong JQ, Liang XJ, Chen CY. The Scavenging of Reactive Oxygen Species and the 
Potential for Cell Protection by Functionalized Fullerene Materials. Biomaterials. 
30(4)611-621, 2009. 

15. Wang PC, Blumenthal RP, Zhao YL, Schneider JA, Miller N, Grodzinski P, Gottesman 
MM, Tinkle S, Wang K, Wang C, Liang XJ. Building Scientific Progress Without 
Borders: Nanobiology and Nanomedicine in China and the U.S. Cancer Res 69(13):5294-
5295, 2009 

 
Meeting Abstracts 
 

1. Wang PC, Pirollo K, Song HF, Shan L, Bhujwalla Z, Chang E. Evaluation of Transferrin 
Receptor Targeted Immunoliposome Contrast Agent Delivery System for In Vivo MR 
Imaging in Solid Tumor Xenografts. The Society of Molecular Imaging 4th Annual 
Meeting, September 7-10, 2005, Cologne, Germany. 

2. Freedman M, Pirollo K, Fricke S, Wang PC, Chang E. Imaging of pancreatic carcinoma 
xenografts in athymic nude mice with carcinoma selective transferrin receptor targeting 
gadopentetate dimeglumine contrast agent. Radiological Society of North America 2005 
Annual Meeting, Chicago, IL, Nov 27- Dec 2, 2005.  

3. Zhao A, Teos LY, Wang PC, Blackwell KN, Haddad GE. Alterations in ANGII and IGF-
1 signaling pathways during eccentric cardiac hypertrophy. FASEB J, 19(4): A557, 2005 

4. Zhao A, Wang PC, Wang S, Li C, Laurence GG, Teos L, Haddad GE. Effects of ACE-
Inhibition on ANG II and IGF-1 signaling during development and regression of 
eccentric cardiac hypertrophy. FASEB J. 495.3,.A834, 2006 

5. Wang PC, Shan L, Wang S, Sridhar R, Bhujwalla Z, A Dual Probe with both Fluorescent 
and MR Reporters for Imaging Solid Tumor Xenografts. The Society of Molecular 
Imaging 5th Annual Meeting, August 29-September 2, 2006, Big Island, HI. 

6. Shan L, Wang SP, Zhou YF, Wang PC. In Vivo Optical Imaging of Transferrin 
Receptors: Visualization of Tumor Biomarkers. 5th Asia Pacific Organization of Cell 
Biology, Oct 27-30, 2006, Beijing, China.  

7. Wang PC, Shan L, Wang SP, Sridhar R, Bhujwalla ZM. Molecular Imaging of Solid 
Tumor Xenografts Using a Dual Fluorescent and MR Probe. 10th RCMI International 
Symposium, Dec 13-16, 2006, San Juan, Puerto Rico. 

8. Chang, Hon-Yen Hsu, James Hsu, Wei-Cheng Yao, Ming-Sin Hsu, Ming-Chung Chen, 
Shi-Chen Lee, Charles Hsu, Lidan Miao, Kenny Byrd, Mohamed F. Chouikha, Xin-Bin 
Gu, Paul C. Wang, Harold Szu. Nonintrusive methodology for wellness baseline 
profiling. SPIE Defense and Security Symposium, “Independent Component Analyses, 
Wavelets, Unsupervised Nano-Biomimetic Sensors, and Neural Networks V”, April 9-13, 
2007, Orlando, Fl. 
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9. Zhang R, Shan L, Zhou YF, Wang PC, Sridhar R. Rapid detection of cell death in a 
bioluminescent human breast cancer cell line subjected to hyperthermia. American 
Association for Cancer Research. April 14-18, 2007. Los Angeles, CA. 

10. Wang PC, Shan L, Hao Y, Zhang D, Zhang R, Korotcov A, Wang TX, Califano J, Gu X. 
Optical Imaging of Head and Neck Squamous Cell Carcinoma Xenografts Using Near-
infrared Fluorescent Transferrin Conjugate. Joint Molecular Imaging Conference, pp.318, 
Providence, RI, Sep 8-11, 2007 

11. Wang PC. Molecular Imaging of Solid Tumor Xenografts Using a Dual Fluorescent and 
MR Probe. Progress in Biochemistry and Biophysics. vol 34(1):95, YiChang, China,  Oct 
12-15, 2007. 

12. Liang XJ, Wang PC. Circumventing Malignant Tumors by Innovative and Effective 
Nanoparticle as Novel Chemotherapeutic Agent. Progress in Biochemistry and 
Biophysics. Vol 34(1):104, YiChang, China, Oct 12-15, 2007. 

13. Wang PC. Molecular Imaging of Solid Tumor Xenografts Using a Dual Fluorescent and 
MR Probe, National Center for Nanoscience and Technology, Beijing, China. Oct 9. 
2007. 

14. Wang PC. Molecular Imaging of Tumor in Small Animals. NanChang, JiangXi, China. 
Oct 12, 2007. 

15. Wang PC. Molecular Imaging of Solid Tumor Xenografts Using a Dual Fluorescent and 
MRI Probe. Fu Jen Catholic University, Taipei, Taiwan. Oct 24, 2007. 

16. Wang PC. Studying of Solid Tumor in Small Animals Using Various Imaging 
Modalities. National Chung Shing University, TaiChung, Taiwan. Oct 26, 2007. 

17. Wang PC. Molecular Imaging Laboratory. Howard University Nanotechnology 
Symposium. Nov 5-6, 2007. 

18. Wang PC. Howard University Molecular Imaging Laboratory, National Children’s 
Hospital, Washington, DC, January 9, 2008. 

19. Wang PC. Molecular Imaging of Solid Tumor Xenografts Using a Dual Fluorescent and 
MRI Probe. Howard University Biochemistry and Molecular Biology Department, 
February 14, 2008. 

20. Wang PC, Wang TX, Shan L, Wang SP, Korotcov A. Molecular Imaging of Solid Tumor 
in Small Animal Using a Dual Fluorescent and MRI Probe. BIROW, Rockville, MD, Jan 
17-19, 2008. 

21. Shan L, Korotcov A, Wang SP, Wang TX, Wang PC. Molecular Imaging of Solid Tumor 
in Small Animal Using a Dual Fluorescent and MRI Probe. Cancer Nanobiology Think 
Tank, NCI, Fredrick, MD, May 24, 2008. 

22.  Wang PC. Molecular Imaging Laboratory at Howard University. Era of Hope: Building 
Networks Symposium. Baltimore, MD, June 24-25, 2008 

23.  Wang TX, Shan L, Korotcov A, Wang SP, Zhou YF, Wang PC. Surface Coating and 
Bioconjugating of Quantum Dots for Non-invasive Detection of Breast Cancer. Era of 
Hope. Baltimore, MD, June 25-28, 2008. 
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24.  Shan L, Wang SP, Zhou YF, Korotcov A, Zhang RS, Wang TX, Sridhar R, Bhujwalla 
ZM, Wang PC. Targeted Fluorescent Liposome Nanoparticles for Molecular Imaging of 
Breast Cancer Xenografts in Mouse. Era of Hope. Baltimore, MD, June 25-28, 2008. 

25.  Korotcov A, Shan L, Wang SP, Wang TX, Sridhar R, Bhujwalla ZM, Wang PC. 
Targeted DCE-MRI for Imaging and Characterization of Solid Tumor Xenografts. Era of 
Hope. Baltimore, MD, June 25-28, 2008. 

26. Burnett G, Bremner T. Breast Cancer Cells Down-regulate Tristetraprolin in Co-cultured 
Macrophages: A Possible Mechanism for Sustaining Inflammation and Angiogenesis in 
the Tumor Microenvironment. Era of Hope. June 25-28, 2008, Baltimore, MD 

27. Burnett GT, Weathersby DC, Taylor TE, Bremner TA. MCF-7 breast cancer cells down-
regulate macrophage migration inhibitory factor in co-cultured macrophages: 
Implications for context-specific modulation of tumor-associated macrophages. Era of 
Hope. June 25-28, 2008, Baltimore, MD 

28. Sridhar R, Beyene D, Zhou Y, Kassa A, Zhang R, Ashayeri E. Cytotoxicity, cell cycle 
effects and mutagenicity of etidronic acid towards MCF-7 human breast cancer cells. Era 
of Hope. June 25-28, 2008, Baltimore, MD 

29. Sridhar R, Zhang R, Zhou Y, Shan L, Ashayeri E, Wang PC. Bioluminescence Imaging 
for Monitoring the Response of a Luciferase Transfected Human Breast Cancer Cell Line 
Subjected to Hyperthermia. Era of Hope. June 25-28, 2008, Baltimore, MD 

30. Wang PC, Zhang RS, Sridhar R, Shan L. Imaging Molecular Events Underlying HC11 
Mammary Epithelial Cell Differentiation. World Molecular Imaging Congress. Nice, 
France, September 10-13, 2008. 

31.  Wang PC. Molecular Imaging of Solid Tumor Xenografts Using a Dual Fluorescent and 
MRI Probe. Xiamen, China, October 6, 2008. 

32.  Wang PC. Lecture Series: Nuclear Magnetic Resonance Imaging. Chinese National 
Center for Nanosciences and Technology. Beijing, China, October 8, 10, 12 and 14, 
2008. 

33.  Wang PC. Howard University Molecular Imaging Laboratory. Howard University 
Nanotechnology Symposium.  Nov 11, 2008. 

34. Korotcov AV, Shan L,  Wang SP, Wang T, Chen Y, Sridhar R, Bhujwalla ZM, Wang PC. 
Dynamic Contrast Enhanced MRI of Solid Tumor Xenografts using Transferrin-
conjugated Liposomal Nanocomplex. Howard University Nanotechnology Symposium.  
Nov 11, 2008. 

35.  Shan L. A Cell-based Imaging Technique for High Throughput Screening of Disruptors 
of Mammary Gland Differentiation. Howard University Nanotechnology Symposium.  
Nov 11, 2008. 

36.  Wang T, Sridhar R, Ting AH, Francis K, Mitchell J, Wang PC. Synthesis of Amphiphilic 
Triblock Copolymers as Multidentate Ligands for Surface Coating of Quantum Dots. 
Howard University Nanotechnology Symposium.  Nov 11, 2008. 
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37.  Wang PC. Dual Fluorescent and MR Probe and High Throughput Screening Using 
Optical Imaging Method. Institute of High Energy Physics, Beijing, China. February 13, 
2009.  

38. Wang PC. Visualizing head and neck tumors in vivo using near-infrared fluorescent 
transferrin conjugate. Metropolitan Biophotonics Symposium, Washington DC April 6, 
2009. 

39. Korotcov A, Shan L, Wang PC. A Nanocomplex System as Targeted Contrast Agent 
Delivery Vehicle for MRI Dynamic-Contrast-Enhancement Study. ChinaNANO 2009, 
Beijing, China, Sep 1-3, 2009. 

40. Wang TX, Wang PC. Synthesis of Amphiphilic Triblock Copolymers with Multidentate 
Ligands for Surface Coating of Quantum Dots. 2009 World Molecular Imaging 
Congress. Montreal, Canada, Sep 23-26, 2009. 

 
Degree Obtained 
 
  Giselle Burnett, a research assistant supported by this grant received B.S. degree in 
Biology at Howard University, in June, 2007. She is a medical student at the Howard University 
Medical School now. She has worked with Dr. Bremner on the Project 2 “Imaging the Effects of 
Macrophage Function on Tumor Promotion”. She gave a presentation in an international meeting 
and published a paper in Cancer Research.  
 
Personnel Received Financial Support 
 

• Howard University 
 

Paul C. Wang, Ph.D. (Principal Investigator) 
Theodore A. Bremner, Ph.D. (Faculty Trainee) 
Liang Shan, M.D., Ph.D. (Faculty Trainee) 
James W. Mack, Ph.D. (Faculty Trainee) 
Rajagopalan Sridhar, Ph.D. (Faculty Trainee) 
Xingjie Liang, Ph.D. (Faculty Trainee) 
Songping Wang, Ph.D. (Research Assistant) 
Giselle Burnett, B.S. (Undergraduate Student Trainee)  

 
• Johns Hopkins University 

 
Zaver M. Bhujwalla, Ph.D. (Principle Investigator at Collaborating Institute) 
Dmitri Artemov, Ph.D. (Mentor) 
Arvind P. Pathak, Ph.D. (Mentor) 
Michael A. Jacobs, Ph.D. (Mentor) 
Kristine Glunde, Ph.D. (Mentor) 
Ellen Ackerstaff, Ph.D. (Mentor) 

 
Grants 
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• Received Grants 
1. Biomedical Imaging Core Facility 
 NIH/NCRR/RCMI, 06/09-05/14, Paul Wang (PI) 
2. Tumor-targeted MR Contrast Enhancement Using Molecular Imaging Techniques 
 NIH 2U54CA091431-06A1, 05/07-04/10, Paul Wang (PI) 
3. Targeted Fluorescent Microspheres for Noninvasive Optical Detection of Tumors 
 Charles & Mary Latham Foundation, 01/07-12/07, Liang Shan (PI) 
 
• Pending Grants 
1. A Partnership Training Program –Studying Targeted Drug Delivery Using Nanoparticles 

In Breast Cancer Diagnosis and Therapy, DoD CDMRP, Paul Wang (PI), Zaver 
Bhujwalla (co-PI), 04/09 submitted  

2. In Vivo NMR Spectroscopy for Therapeutic Drug Monitoring  
 DoD CDMRP, Raj Sridhar (PI), 04/09 submitted 
3. A Mammographic Image Searching System for African-American Women’s Breast 

Cancer Diagnosis, NIH Challenge Grant, Paul Wang (PI), 04/09 submitted  
 
(Additional 18 unsuccessful grant applications) 

 
 
V. CONCLUSION 
  
 In this four year training program , six Howard University f aculty mem bers and two 
research assistants from the Departm ents of Radiology, Radiation On cology, and Biology were  
trained with the faculty at IC MIC at the Johns Hopkins Univer sity In Vivo Cellular Molecular 
Imaging Center (JHU ICMIC) in conducting molecu lar imaging research of breast cancer. The 
program is composed of two components: a research component and a broad training component. 
 
 The research training component has supported two collaborative research projects:  
(1) Magnetic Resonance Imaging Enhancement by Tumor Cell Targeted Immunoliposome 
Complex Delivered Contrast Agent. We have successfully constr ucted a dual im aging probe for 
MRI and fluorescent im aging studies. MRI c ontrast agent (CA), Ma gnevist (Mag), was 
encapsulated inside cationic lipos omes (Lip) and near-infrared (NIR) fluorescently labeled 
transferrin (Tf NIR) was attached to the surface of liposomes to m ake t he probe (T fNIR-LipNBD-
CA). Using confocal microscopy, fluorescent imaging, and MRI we have confirm ed that the 
cellular uptake of both fluorescent and magnetic reporter groups of  the probe were significantly 
increased compared to that of fluorescent dye or MR contrast agent used alone in m onolayer 
cultures of MDA-MB-231-luc hum an breast cancer  cells. In vivo, the probe significantly 
enhanced the MRI signals, and was superior to th e use of clinical MRI contras t agent alone. The 
distinct image enhancement is due to the sp ecific targeting and prolonge d retention of the Tf-
Lip-Mag liposomal nanocomplex in the tum or.  The MRI im age contrast enhan cement shows a  
distinct heterogeneous pattern within tum ors, which reflects the tum or morphological 
heterogeneity and correlates well with the pathology of the tum ors. It m ay be use d to provide 
pathological inform ation noninvasively. The s uperior im age enhancem ent capability of the 
nanocomplex can also be used to increase the sensitivity of detecting small tumors. In the future, 
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special ligand attached nanocom plex CA can be used for quantifying the specific biom arkers 
expressed in tum ors, which will be very usef ul for determ ining the patient’s prognosis and 
response to treatm ent. (2) Imaging the Effects of Macrophage Function on Tumor Progression. 
We have shown that non-tum origenic m ammary epithelial MCF-10A cells  have the highest 
levels of PTEN m RNA compared to MCF7 a nd MDA-MB-231 cells. When MCF-7 co-cultured 
with activated THP-1 m acrophages, it caused an increase in P TEN expression. We also found 
that recombinant human migration inhibitory fa ctor suppressed p53 expression in all th ree cell 
types tested. MIF exp ression is dr amatically induced in MCF-7 ce lls when they are  co-cultured 
with m acrophages. W e have determ ined how the interactions betw een MCF-7 cells and 
macrophages are affected by tam oxifen and aspiri n. W e have also id entified the phenotypic  
changes that may render TAMs selectively vulnerable to pharmacological agents. 
 
 For the broad training com ponent, experts fr om Johns Hopkins have participated in 
training through m entoring research, seminars, workshops, and o ffering laboratory internships. 
The Howard trainees have regularly attended w eekly seminars and annual retreats at JHU. One 
of the trainees has been working with a JHU mentor in the m entor’s lab to conduct the MRI 
dynamic contrast enhancem ent study and later transferred the techni que to the Howard 
instrument. The PI and  the partnership leader at  JHU have been coordina ting the training efforts 
through periodic meetings and emails.  
 
 We have established the Molecular Im aging Laboratory at the Howard University  th at 
serves as a university core f acility. A major optical imaging equipment, Xenogen IVIS 200, was 
acquired through this funding. The Molecular Im aging Laboratory is staffed with a n im aging 
scientist, a molecular b iologist, a p harmacologic chemist, and a research assistant. The lab has 
regular bi-weekly gro up m eetings, a journal club, and sem inars. In addition,  m any guest 
seminars and workshops on MRI and optical im aging were organized. The Molecular Im aging 
Lab is continuously becom ing a synergic cente r on cam pus for prom oting m olecular im aging 
research. New research collaborations were esta blished among the faculty at Howard, as well as 
with the ex ternal scien tists f rom Georgetown University  and Children’s Natio nal Medic al 
Center. Currently, there are four teen projects using the im aging facilities in the lab conducting 
research on a variety of topics including breast cancer research.  
 
 During the funding period, we have published 15 papers and given 40 presentations in the 
local and international m eetings. The Howar d trainees have subm itted 24 grants, to DoD 
CDMRP, NIH, and oth er funding agencies in the la st four years. W e received three new grants 
and three other grant applications are pending. We have recruited a new faulty m ember to join 
the project. A research assist ant supported by this grant receive d her undergraduate degree in 
Biology and now is a se cond year medical student at the Howard University. One faculty trainee 
has joined NIH continuing pursuing molecular imaging research.  
 
 Overall, we have achieved the goals of th e program: to train new researchers in breast 
cancer research using m olecular imaging techniques, to offer broad training opportunities for 
faculty and students at Howard, conducting two basic research projects, establishing the 
Molecular I maging Laboratory, p romoting multid isciplinary rese arch, and seek ing exte rnal 
fundings for supporting sustainable long-term research. 
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Abstract
The development of improvements in magnetic resonance

imaging (MRI) that would enhance sensitivity, leading to

earlier detection of cancer and visualization of metastatic

disease, is an area of intense exploration. We have devised a

tumor-targeting, liposomal nanodelivery platform for use in

gene medicine. This systemically administered nanocomplex

has been shown to specifically and efficiently deliver both

genes and oligonucleotides to primary and metastatic tumor

cells, resulting in significant tumor growth inhibition and even

tumor regression. Here we examine the effect on MRI of

incorporating conventional MRI contrast agent Magnevist1

into our anti-transferrin receptor single-chain antibody

(TfRscFv) liposomal complex. Both in vitro and in an in vivo

orthotopic mouse model of pancreatic cancer, we show

increased resolution and image intensity with the complexed

Magnevist1. Using advanced microscopy techniques (scanning

electron microscopy and scanning probe microscopy), we also

established that the Magnevist1 is in fact encapsulated by the

liposome in the complex and that the complex still retains its

nanodimensional size. These results demonstrate that this

TfRscFv–liposome–Magnevist1 nanocomplex has the potential

to become a useful tool in early cancer detection. Mol Imaging

(2006) 5, 41–52.

Keywords: Nanocomplex, tumor targeting, Magnevist1, MRI, early detection.

Introduction

The ability to detect cancer, both primary and metastatic

disease, at an early stage would be a major step toward

the goal of ending the pain and suffering from the

disease. The development of tumor-targeted delivery

systems for gene therapy has opened the potential for

delivery of imaging agents more effectively than is

currently achievable. Magnetic resonance imaging

(MRI) can acquire 3-D anatomical images of organs.

Coupling these with paramagnetic images results in

the accurate localization of tumors as well as longitudi-

nal and quantitative monitoring of tumor growth and

angiogenesis [1,2].

One of the most common paramagnetic imaging

agents used in cancer diagnostics is Magnevist1 (gado-

pentetate dimeglumine). Gadolinium is a rare earth

element. It shows paramagnetic properties because its

ion (Gd2+) has seven unpaired electrons. The contrast

enhancement observed in MRI scans is due to the strong

effect of Gd2+ primarily on the hydrogen-proton spin–

lattice relaxation time (T1). Whereas free gadolinium is

highly toxic and thus unsuitable for clinical use, chela-

tion with diethylenetriamine pentacetic acid generates a

well-tolerated, stable, strongly paramagnetic complex.

This metal chelate is metabolically inert. However,

after intravenous (iv) injection of gadopentetate dime-

glumine, the meglumine ion dissociates from the hydro-

phobic gadopentetate, which is distributed only in the

extracellular water. It cannot cross an intact blood–brain

barrier and therefore does not accumulate in normal

brain tissue, cysts, postoperative scars, etc, and it is

rapidly excreted in the urine. It has a mean half-life of

about 1.6 hr. Approximately 80% of the dose is excreted

in the urine within 6 hr.

A systemically administered tumor-targeting delivery

system has been developed in our laboratory for use in

gene medicine [3–8]. This nanosized complex is com-

posed of a cationic liposome encapsulating the nucleic

acid payload, which can be either genes [3–6] or

oligonucleotides [7,8]. Decorating the surface of the

liposome is a targeting molecule that can be a ligand,

such as folate or transferrin, or an antibody or an

antibody fragment directed against a cell surface recep-

tor. The presence of the ligand/antibody on the lipo-

some facilitates the entry of the complex into the cells

through binding of the targeting molecule by its recep-

tor followed by internalization of the bound complex

via receptor-mediated endocytosis, a highly efficient
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internalization pathway [9,10]. This modification of the

liposomes results in their being able to not only se-

lectively deliver their payload to tumor cells, but also

increases the transfection efficacy of the liposome.

Transferrin receptor (TfR) levels are elevated in various

types of cancer including oral, prostate, breast, and pan-

creas [11–16]. Moreover, the TfR recycles during inter-

nalization in rapidly developing cells such as cancer cells

[16], thus contributing to the uptake of these transferrin-

targeted nanocomplexes even in cancer cells where TfR

levels are not elevated. The nanocomplex used in the

studies described here uses an anti-transferrin receptor

single-chain antibody fragment (TfRscFv) as the targeting

moiety [17,18]. TfRscFv contains the complete antibody-

binding site for the epitope of the TfR recognized by the

monoclonal antibody 5E9 [18]. TfRscFv has advantages

over the transferrin molecule itself, or an entire mono-

clonal antibody, in targeting liposomes to cancer cells

with elevated TfR levels: (1) The size of the scFv (28 kDa)

is much smaller than that of the transferrin molecule

(80 kDa) or the parental monoclonal antibody (155 kDa).

The scFv liposome–DNA complex may thus exhibit

better penetration into small capillaries characteristic of

solid tumors. (2) The smaller scFv has a practical advan-

tage related to the scaled-up production necessary for

the clinical trials. (3) The scFv is a recombinant mole-

cule and not a blood product like transferrin and thus

presents no danger of a potential contamination by

blood-borne pathogens. (4) Without the Fc region of the

monoclonal antibody, the issue of non-antigen-specific

binding through Fc receptors is eliminated [19]. Most im-

portantly, we have already shown that such an anti-TfR

single-chain antibody molecule can target an intra-

venously administered cationic liposome–DNA nano-

complex preferentially to tumors [5,6]. Encapsulating

Magnevist1 within such a tumor-targeted nanocomplex

offers potential advantages for enhanced sensitivity, de-

tection of metastases, and diagnosis of cancer.

In this article, using a mouse xenograft model of

human pancreatic cancer, we explore the use of this

nanocomplex for systemic delivery of the imaging agent

Magnevist1 to tumors. In addition, we used scanning

electron microscopy (SEM) and scanning probe micros-

copy (SPM) [20–25] to examine the physical structure

and size of these Magnevist1-carrying nanocomplexes.

Because gadolinium is a high-atomic-number element

and possesses a large magnetic moment, these proper-

ties can be exploited in a variety of ways to enhance

contrast in both SEM and SPM. The findings presented

below demonstrate that our ligand–liposome nanocom-

plex does indeed encapsulate Magnevist1 and that iv

administration of this complex results in enhanced

tumor imaging.

Materials and Methods

Cell Lines

Human lymphoblastic leukemia cell line K562 was

obtained from the Lombardi Comprehensive Cancer

Center Tissue Culture core facility (Washington, DC).

These suspension cells were maintained in RPMI 1640

supplemented with 10% heat-inactivated fetal bovine

serum (FBS) plus 2 mM L-glutamine, and 50 mg/mL

each of penicillin, streptomycin, and neomycin. Human

pancreatic cancer cell line CaPan-1 (obtained from

ATCC, Manassas, VA) was derived from a metastatic

adenocarcinoma of the pancreas. It was maintained in

Iscove’s modified Dulbecco’s medium containing 4 mM

L-glutamine and sodium bicarbonate, supplemented

with 20% non-heat-inactivated FBS, 2 mM L-glutamine,

and 50 mg/mL each of penicillin, streptomycin, and

neomycin. Human prostate cancer cell line DU145

(ATCC) was originally derived from a lesion in the

brain of a patient with widespread metastatic carcinoma

of the prostate. It was maintained in minimum essen-

tial medium with Earle’s salts supplemented with 10%

heat-inactivated FBS plus L-glutamine and antibiotics

as above.

Nanocomplex Formation

Cationic liposome (DOTAP:DOPE) was prepared by

the ethanol injection method as previously described

[6]. When delivering plasmid DNA, the full complex was

formed in a manner identical to that previously de-

scribed [26]. To encapsulate the imaging agent, the

TfRscFv was mixed with the liposome at a specific ratio

(identical to that used with DNA) and incubated at room

temperature for 10 min. Magnevist1 was added to this

solution, mixed, and again incubated at room tempera-

ture for 10 min. When stored at 2–8�C the complex is

stable for at least 8 days, as determined by size measure-

ments using a Malvern Zetasizer 3000H (Malvern, UK).

The average of the cumulants (Z average) measurements

over this time frame is 112.3 ± 4.67 (SE), whereas the

polydispersity (representing the reproducibility of the

values during repeat scans) is 0.445 ± 0.03. For in vitro

transfection, 2 mL of serum-free medium was added to

the complex before transfection. When prepared for

in vivo use, dextrose was added to a final concentration

of 5%. For both in vitro and in vivo complex formation,

the ratio of Magnevist1 to liposome was 1:7 (vol/vol).
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In Vitro Transfection

To transfect suspension cells K562, 15 � 106 cells in a

total volume of 4.0 mL of medium with all supplements

except serum (serum-free medium) were placed into a

100-mm2 tissue-culture dish. Two milliliters of the trans-

fection solution from above, containing varying amounts

of Magnevist1, was added to the cell suspension. The

plate was incubated at 37�C with gentle rocking for

the length of time given in the Results section (up to

90 min), after which the cells were gently pelleted

(600 � g for 7 min) at 4�C in 0.5 mL microcentrifuge

tubes and washed three times with 10 mL of serum free

medium to remove any excess transfection solution and

placed on wet ice until imaged.

In Vivo Tumor Targeting

To assess the tumor-selective targeting of the

TfRscFv–liposome (TfRscFv–Lip) nanocomplex to pri-

mary and metastatic tumors, an orthotopic metastasis

model using human pancreatic cancer cell line CaPan-1

was used. Subcutaneous xenograft tumors of CaPan-1

were induced in female athymic nude mice by injection

of 1 � 107 CaPan-1 cells suspended in Matrigel collagen

basement membrane matrix (BD Biosciences, San Jose,

CA). Approximately 8 weeks later, the tumors were

harvested and a single-cell suspension of the tumor

was prepared. Cells (1.2–1.5 � 107), also suspended in

Matrigel were injected into the surgically exposed pan-

creas of female athymic nude mice as previously de-

scribed [27]. Five weeks post surgery, the complex

carrying the LacZ gene was iv injected 3� over 24 hrs

(at 40 mg DNA per injection). Sixty hours later, the

animals were sacrificed and examined for the presence

of metastases and organs stained for b-galactosidase
expression using a previously described procedure [3].

Magnetic Resonance Imaging

For in vitro MRI, the cell pellets in microcentrifuge

tubes were positioned at the center of the magnet. The

MRI was performed at Howard University using a 4.7-T

horizontal bore NMR machine (Varian Inc, Palo Alto,

CA). The imaging protocols consist of a multislice T1-

weighted spin–echo imaging sequence and a satura-

tion–recovery sequence. For the T1-weighted imaging

technique, the repetition time (TR) was 1000 msec and

the echo time (TE) was 13 msec. The T1-weighted spin–

echo imaging technique was applied to verify the posi-

tive image enhancement. The saturation–recovery MR

sequence with variable echo times was used for the T1

measurement. The slice thickness of images was 0.5 mm.

The radiofrequency (RF) coil used was a 30-mm single-

loop coil. The RF coil serves as an RF transmitter and

receiver. The RF pulse was a selective 5-msec sinc pulse.

The number of phase-encoding steps was 256. The field

of view was 15 � 15 mm. The image area chosen in the

study was at the center of the RF coil for RF homoge-

neity. The MR images were taken in the cross-section

direction of the microcentrifuge tube. The height of the

cell pellet was 12 mm. The range of the multislice images

covers the whole pellet. The center slice images, which

were not influenced by the image distortion due to the

susceptibility effect from the air–pellet boundary, were

used for the studies. The image intensity was measured

using the Varian Image Browser software. The signal is

taken from a region of interest that is big enough to

cover two thirds of the image from each microcentrifuge

tube. The relative image intensities of the pellets from

these tubes were applied for contrast enhancement

evaluation and the T1 measurements.

For the in vivo studies, mice bearing CaPan-1 ortho-

topic tumors or DU145 subcutaneous xenograft tumors

were used. The CaPan-1 tumors were induced as de-

scribed above. DU145 tumors were induced by the

subcutaneous inoculation of 7 � 106 cells in Matrigel.

These studies were performed at Georgetown Univer-

sity. Animals to be imaged were anesthetized and placed

in a proprietary, in-house designed, animal management

system. This system incorporates a warm-water heating

system that maintains the temperature at 37�C, as well as
a four-channel, thermal optical monitoring system used

to monitor animals’ skin temperature, ambient temper-

ature, and wall temperature of the device. For imaging,

anesthesia was induced using isoflurane at 4%, with the

remaining gas composed of a 66% oxygen and 30%

nitrous oxide mixture. Maintenance of anesthesia was

achieved with 1.5% isoflurane under similar gaseous

conditions of oxygen and nitrous oxide as noted. The

anesthetized animal was positioned inside a cylindrical,

variable RF resonant antenna (birdcage resonator vol-

ume coil) and tuned to a center frequency of approxi-

mately 300 MHz (the resonant frequency of water

molecules when subject to a field strength of 7 T). The

imaging protocol used was T1-weighted Turbo-RARE

(rapid acquisition with rapid enhancement) 3-D imaging

sequences performed on a 7T Bruker BioSpin (Billerica,

MA) imaging console. The imaging parameters used

were as follows: T1-weighted Turbo-RARE 3-D, TE

13.3 msec, TR 229.5 sec, flipback on, four echoes with

a field of view of 8.0/3.5/3.5 cm and a 256 � 256 � 256

matrix. After a baseline image was acquired, the animal

was kept immobilized in the animal holder and the

Magnevist1 only [diluted to 400 mL with 1� phosphate-
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buffered saline (pH = 7.4)] or the TfRscFv–Lip–Mag

complex (total volume 400 mL) was systemically admin-

istered using a 27 G needle by iv injection into the tail

vein of the animal and the 3-D imaging sequence was

immediately initiated. The imaging with the two solu-

tions were performed on sequential days.

Scanning Electron Microscopy

Sample solutions of liposome-encapsulated Magne-

vist contrast agent and complete nanocomplex consist-

ing of a tumor-targeting single-chain transferrin receptor

protein coating the liposome-encapsulated complex,

TfRscFv–Lip–Mag, were prepared at Georgetown Uni-

versity Medical Center (GUMC), delivered to National

Institute of Standards and Technology (NIST) and were

stored under dark and refrigeration. For each imaging

session, a fresh dilution 1:3 by volume with deionized

water was prepared and a 5-mL droplet was micropi-

petted onto a standard 200-mesh transmission electron

microscopy grid consisting of 30–60 nm formvar and

15–20 nm carbon. The droplet was allowed to dry on

the grid in air for 5 min before being loaded into the

vacuum chamber of the microscope. Imaging was per-

formed using a Hitachi S-4800 field-emission micro-

scope at NIST. Of particular interest to applications of

SEM to nanocomplex imaging is a comparison of upper

and lower secondary electron detectors [SE9(U) and

SE(L)]—using the SEM in its usual mode—to the addi-

tion of a transmitted electron (TE) detector, transform-

ing the instrument into a low-voltage STEM.

Scanning Probe Microscopy

Sample solutions of liposome-encapsulated Magne-

vist contrast agent and complete nanocomplex were

prepared at GUMC, delivered to NIST, and were stored

under dark and refrigeration. For each imaging session,

a fresh dilution 1:3 by volume with deionized water was

prepared and a 5-mL droplet was micropipetted onto an

untrasonically cleaned silicon substrate used with native

oxide or with a poly-L-lysine coating. SPM imaging were

obtained using a Veeco (Santa Barbara, CA) MultiMode

microscope with a Nanoscope IV controller. Topography

by tapping mode with Z control [Veeco RTESP canti-

levers, of approximately 320–360 kHz and k approxi-

mately 20–60 N/m], phase imaging, and magnetic force

microscopy using magnetic-coated tips (Veeco MESP

68 kHz] were performed in life mode. Dynamic imaging

of dewetting and surface energy ‘‘phase separation’’ as

the solution evaporates to expose isolated nanoparti-

cles and aggregates were used to understand the conse-

quences of solvent drying on the stability of the particles

and its effect on the various SPM contrast mechanisms

available with the SPM system.

Results

Tumor-Specific Targeting by the Ligand–Liposome

Nanocomplex Carrying a Reporter Gene

To assess selective targeting of the TfRscFv–LipA

nanocomplex to primary tumor and metastases, an

orthotopic metastasis model, a closer approximation of

the clinical situation, using human PanCa cell line CaPan-

1 was used. Surgical orthotopic implantations of CaPan-1

xenograft tumor sections into nude mice have been

shown to produce, within 56 days, metastases in liver

and spleen [27]. Orthotopic tumors of CaPan-1 were

induced in female athymic nude mice as described in

Materials and Methods. Approximately 5 weeks later, the

animals were euthanized and necropsied to look for

tumor in the pancreas and other organs. As shown in

Figure 1A, extensive tumor growth is evident through-

out the pancreas. Metastases were present in various

organs in four of five mice including the spleen, liver,

lung, adrenal gland and even within the diaphragm. This

experiment was repeated with similar results.

To establish selective targeting tumor and metastasis,

before sacrificing the mice, the TfRscFv–LipA complex

carrying pSVb (LacZ) plasmid DNA for b-galactosidase
expression was iv injected into the mice three times over

a 24-hr period (40 mg of plasmid DNA per injection). All

five mice were sacrificed 60 hr after injection and various

organs, including the liver, lung, spleen, pancreas and

Figure 1. Tumor-specific targeting of a CaPan-1 orthotopic metastasis model

by the TfRscFv– Lip–DNA nanocomplex. Subcutaneous CaPan-1 xenograft

tumors were induced in female athymic nude mice as described in Materials

and Methods. The tumors were harvested and a single-cell suspension in

Matrigel was injected into the surgically exposed pancreas. Five weeks post

injection, the TfRscFv– Lip complex carrying the LacZ gene for �-galactosidase

expression (40 �g) was iv injected 3� over 24 hr. Sixty hours later, the animals

were sacrificed and examined for the presence of metastases and the organs

stained for �-galactosidase expression. The same tumor nodule in the liver

indicated by an arrow in A exhibits intense �-galactosidase expression in B. (A)

Gross necropsy; (B) tissues after staining for �-galactosidase.
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diaphragm, were harvested and examined for the pres-

ence of metastasis and tumor-specific staining. Fresh

samples, sliced at 1-mm thickness, were stained with

X-gal to produce a blue color where the gene is ex-

pressed. The tumor-targeting ability and high transfec-

tion efficiency of the complex is demonstrated by the

presence of the reporter gene in the various organs from

this animal (Figure 1B). In the liver, lung, adrenal gland,

and diaphragm, it is clearly shown that the reporter gene

is highly expressed only in the metastases, whereas in

the adjacent normal tissue, no blue color is evident. The

metastasis visible in the liver in Figure 1A (arrow) is the

same tumor nodule strongly expressing b-galactosidase
in Figure 1B (arrow) confirming the tumor-specific

nature of this nanocomplex. In some of the mice,

growth of the tumor in pancreas also resulted in extru-

sion of tumor through the original incision site used for

implantation. In Figure 1B, this strongly blue stained

subcutaneous tumor, surrounded by normal nonstained

skin, is also shown, again showing tumor cell specificity.

Similar results were observed in the rest of the mice and

in the repeat experiment. Thus, this systemically admin-

istrated nanocomplex will target tumor cells, both pri-

mary and metastatic, wherever they occur in the body,

and efficiently deliver plasmid DNA. We wished to

expand the potential of this delivery system to include

contrast agents. The ability to do so could result in

improved imaging and cancer detection.

In Vitro Studies Using TfRscFv–Lip Complex to

Deliver Magnevist1

As Magnevist1 is one of the most frequently used

contrast agents in the clinic, it was chosen for use in

these studies. In our initial experiments, we examined

whether the complex could be prepared with Magne-

vist1 and if doing so would enhance the MRI signal.

Because trypsinization could lead to membrane damage

and leakage of contrast agent from the cells, adherent

cells were not used in these studies. Instead, a human

lymphoblastic leukemia cell line, K562, which grows as a

suspension culture was used. Moreover, gentle pelleting

and washing of the cells would remove any excess

Magnevist1 or complex before imaging, allowing only

cell-associated signal to be detected.

Time-Dependent Image Enhancement by the

TfRscFv–Lip–Mag Nanocomplex

We examined the optimal time for transfection of the

TfRscFv–Lip–Mag nanocomplex. The suggested clinical

dose of Magnevist is 0.1 mmol/kg. In these initial studies,

we used a dose of 0.3 mmol/kg (corrected for the

smaller weight and blood volume of mouse vs. man)

in the complex per 250 mL of transfection solution. K562

cells were transfected for times ranging from 20 to

90 min. Twenty minutes showed very low transfection

activity based on the image intensity (data not shown).

However, as shown in Figure 2A, by 60 min the cells

transfected with the complex showed a large increase in

intensity as compared to the untreated cells. The inten-

sity of the untreated cells (202 ± 48) was not signifi-

cantly different from that of an empty marker tube

(194 ± 43), indicating that the cells themselves do not

contribute to the signal detected. More importantly, the

transfection efficiency plateaus at approximately 60 min

because the relative intensity of the cells transfected for

60 and 90 min were identical (317 ± 46 and 317 ± 47,

respectively).

Magnevist1 Dose-Dependent Image Enhancement

Using 60 min as the transfection time, we then

assessed the effect of increasing amounts of Magnevist1

on the TfRscFv–Lip–Mag complex image enhancement.

The doses tested were 0.05, 0.3, and 0.9 mmol/kg.

Corrected for size and blood volume of the mouse,

the volumes of Magnevist1 used in the complex per

250 mL of transfection solution were 0.25, 1.5, and 4.5 mL.
As shown in Figure 2B and Table 1, the image intensity

increases and the T1 relaxation time shortens as a

function of the amount of contrast agent included in

the complex.

Image Enhancement by TfRscFv–Lip–Mag as

Compared to Free Magnevist1

Based on the above experiments it appears that the

TfRscFv–Lip can complex with Magnevist1 and deliver it

to the cells for image enhancement. To assess the level

of enhancement of the complexed contrast agent as

compared to the agent alone and demonstrate that the

signal obtained is not due to the presence of unincor-

porated Magnevist1, we treated K562 cells with either

free Magnevist1 or the TfRscFv–Lip–Mag nanocomplex.

The identical amount of contrast agent (0.3 mmole/kg or

1.5 mL/250 mL transfection volume) and transfection time

(60 min) was used for both solutions. Whereas free

Magnevist1 showed enhanced contrast relative to the

untreated cells as expected, the cells treated with the

TfRscv–Lip–Magnevist complex demonstrated a much

greater increase in image intensity and shortened T1

relaxation time compared to both untreated and free-

Magnevist1-treated cells (Figure 2C, Table 2). These re-

sults not only demonstrate the increased efficiency of

contrast agent uptake by means of the targeted nano-

complex, but also indicate that the observed signal is
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likely not due to uncomplexed Magnevist1. Further evi-

dence of Magnevist1 encapsulation is given below.

In Vivo Image Enhancement with TfRscFv–Lip–Mag

The above studies established that the nanocomplex

could more efficiently image tumor cells in vitro than

Magnevist1 alone. However, to have potential for clin-

ical use, the complex must exhibit a similar effect in vivo.

We used the same human pancreatic cancer orthotopic

mouse model (CaPan-1) for these studies as was used

above to demonstrate tumor-specific targeting of the

complex carrying a reporter gene. In addition, a second

tumor model, a subcutaneous prostate xenograft mouse

model (DU145) was also used. Mice bearing CaPan-1 or

DU145 tumors were imaged on a 7T Bruker NMR as

described in Materials and Methods. Once positioned

in the coil, a baseline image was obtained using a T1-

weighted Turbo-RARE 3-D imaging sequence. To facili-

tate image alignment, after baseline acquisition the

animal was maintained in the animal holder while the

imaging solution was administered via iv injection. Signal

acquisition was begun within 3 min of the injection. The

amount of Magnevist1 administered to the mouse,

either free (as is performed in the clinic) or included

in the complex, was 10 mL. This amount is equivalent

to 0.2 mmole/kg or twice that used in humans. This

amount was selected because the standard human dose

of 0.1 mmole/kg Magnevist1 alone gave a very poor sig-

nal in the mice. The imaging with free Magnevist1 and

the TfRscFv–Lip–Mag complex were performed on two

consecutive days. A baseline scan was also performed

before administration of nanocomplex to confirm that

all of the Magnevist1 from the previous day had been

washed out. MR technique and windows were consistent

between the two sets of images with the windows
Figure 2. In vitro MRI of K564 cells after transfection with the TfRscFv– Lip–Mag

nanocomplex. After transfection with either free Magnevist1 or the noncomplex

encapsulating Magnevist1 the cells were pelleted and washed with serum-free

medium, and MRI performed using a 4.7T Varian NMR. The imaging protocol

consisted of T1-weighted spin– echo imaging sequences (TR/TE, 1000/13 msec) to

verify the image enhancement and a saturation– recovery MR sequence with

variable echo times for the T1 measurement. (A) Time-dependent transfection.

The values given are relative intensities. (B) Variation in relative intensity with

the amount of Magnevist1 included in the complex (in microliters). (C)

Comparison of relative intensity of the TfRscFv– Lip –Mag complex versus free

Magnevist1. The small circles in all images are markers for sample orientation.

Table 2. Comparison of the Relative Intensity and T1 Relaxation Time

between Free and Complexed Magnevist1

Treatment Relative Intensity T1 (sec)

Untreated 455 ± 47 1.80 ± 0.009

Free Magnevist1 538 ± 50 1.51 ± 0.007

Complexed Magnevist1 662 ± 52 1.40 ± 0.004

Table 1. Relative Intensity and T1 Relaxation Time as a Function of
Magnevist1 in the Complex

Dose of Contrast Agent (mM/kg) Relative Intensity T1 (sec)

0.05 (0.25 mL) 293 ± 50 1.43 ± 0.007

0.3 (1.5 mL) 379 ± 43 1.16 ± 0.004

0.9 (4.5 mL) 454 ± 51 1.01 ± 0.004
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adjusted to correct for an automatic windowing feature

of the scanner.

Images of the Magnevist1 and nanocomplex–Mag-

nevist in three separate mice are show in Figure 3. In

Figure 3A, 4 months after surgical implantation of the

CaPan-1 tumor cells, the animal is carrying a large

orthotopic tumor. The increased resolution and signal

intensity, as compared to the contrast agent alone is

quite evident. Similar results are observed in the second

mouse with a CaPan-1 tumor shown in Figure 3B. This

animal, only 2 months postsurgery, has a visible subcu-

taneous tumor growing through the site of the incision.

A small abdominal mass was also detected by palpation.

Not only is the signal in the subcutaneous tumor more

enhanced after administration of the complexed Mag-

nevist1, but what appears to be the small orthotopic

tumor (arrow) is evident in this scan and not in the one

in which the animal received the free Magnevist1.

Similarly, increased definition and contrast are evident

in the subcutaneous DU145 tumor (Figure 3C) after

injection with the TfRscFv–Lip–Mag complex as com-

pared to the free Magnevist1. Reconstruction and quan-

titation was performed on the images in Figure 3B and

C, representing the two different tumor models, pan-

creatic cancer (CaPan-1) and prostate cancer (DU145).

In both instances, there is an increased intensity (pixels)

by the free Magnevist1 over the baseline, as expected

(Table 3). However, delivery of the imaging agent by the

tumor-targeting nanocomplex results in an almost three-

fold further increase in signal intensity in both of these

tumor models. These studies thus demonstrate that

when Magnevist1 is incorporated within the TfRscFv–

Lip complex there is an improved tumor visualization in

an in vivo situation, and they suggest the potential

benefit of further developing this means of tumor

detection for clinical use.

Physical Characterization Studies

Whereas the in vitro studies offered circumstantial

evidence that complexed Magnevist1 is encapsulated

Figure 3. Improved MRI in two different models of cancer using the ligand– liposome–Mag nanocomplex. Human pancreatic cancer cells (CaPan-1) were surgically

implanted into the body of the pancreas, and human prostate cancer cells (DU145) were subcutaneously injected on the lower back of female athymic nude mice. Free

Magnevist1 or the TfRscFv– Lip nanocomplex containing the same dose of Magnevist1 was iv injected (via the tail vein) into each of the three mice on two consecutive

days. This amount of Magnevist1 is equivalent to twice the dose that would be administered to a human patient. The total volume of solution administered in all cases

was 400 �L. A baseline scan was performed just before administration of the nanocomplex to confirm that all of the Magnevist1 from the previous day had been

washed out. MR technique and windows were constant between the three sets of images, with the windows adjusted to correct for an automatic windowing feature of

the scanner. (A) Differences in MRI signal in a large pancreatic orthotopic tumor (arrow) (4 months after surgical implantation of the tumor) between the iv-

administered free contrast agent and the TfRscFv – Lip –Mag complex. (B) Similar effect in a second mouse with a subcutaneous pancreatic tumor and a much smaller

abdominal pancreatic tumor (arrows). (C) Images of a third animal with a subcutaneous prostate tumor (arrow) in which the same effect is evident.
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within the liposome, we have used sophisticated mi-

croscopy techniques (SEM and SPM) to confirm this

fact and further characterize (e.g., complex size) the

TfRscFv–Lip–Mag complex.

Imaging of Liposomes without Magnevist. High-reso-

lution imaging implies narrow depth of focus and so

requires relatively thin and flat samples. How thin varies

with technique, but surface and substrate effects—sur-

face energy and symmetry lowering—often dominate

the structural forces typical of biomaterials. This is

particularly true for liposomes given their tenuous na-

ture [28]. So an understanding of reliable methods for

preparing and characterizing the dimensional and me-

chanical stability of isolated liposomes is an essential

step. The goal of our present characterization efforts is

to perform direct sensing of the mechanical stiffness and

magnetic properties of nanoparticles to establish that

the contrast agent is indeed contained within the nano-

particle and not simply associated externally with the

liposomes.

The SPM images surface topography in tapping mode

by oscillating the tip and cantilever to which it is

attached close to the cantilever resonance frequency. A

feedback circuit maintains the oscillation of the cantile-

ver at constant amplitude. This constant amplitude is

given by a set point that is somewhat smaller than that of

the freely oscillating cantilever. Because the SPM tip

interacts with the surface through various small forces,

there is a phase shift between the cantilever excitation

and its response at a given point on the surface. For an

inhomogeneous surface, the tip–surface interactions

will vary according to surface charge, steep topograph-

ical changes, and mechanical stiffness variations, for

example. By changing the set point and observing how

certain features respond to softer or harder tapping, we

can correlate this with the response expected for a

specific structure such as a liposome. (The free oscilla-

tion amplitude signal is approximately 1.78 V.) A se-

quence of SPM phase images of a pair of isolated

liposomes without payload is shown in Figure 4.

Figure 4A was imaged at a set point of 1.68 V and the

corresponding negative phase difference between the

substrate and liposome indicates that the tip–sample

interaction is attractive for the liposome, given by a

phase value of �3.5�. In the case of an attractive

interaction and negative phase, the phase image of the

liposome appears dark, except for a topographically

keyed ring at the liposome edge. Figure 4B demon-

strates the effect of reducing the set point to 1.45 V: The

liposome now appears bright because the tip–sample

interaction becomes repulsive, and here the phase

difference between the liposome and substrate is +8�.
Finally, Figure 4C shows that the phase difference

recorded at a set point of 1.35 V increases further,

becoming +35�.

Imaging of Liposome-Encapsulated Magnevist. Fig-

ure 5 presents SPM and SEM images of isolated lipo-

Figure 4. SPM phase images of liposomes without Magnevist1. The images

appearing in A, B, and C were obtained at set points of 1.68, 1.45, and 1.35 V,

respectively. The corresponding phase differences between the noncompliant

substrate and the mechanically compliant liposome are �3.5�, +8�, and +40�.

The interaction of the SPM tip and liposome changes from attractive to

repulsive as the set point is decreased.

Table 3. Intensity Increase over Baseline by Free and Complexed
Magnevist1

CaPan-1 DU145

% Increase over Baseline

Complexed Magnevist1 99 215

Free Magnevist1 34.5 70

48 A Nanodelivery Complex for Early Cancer Detection Pirollo et al.

Molecular Imaging . Vol. 5, No. 1, January 2006



some-encapsulated Magnevist (Lip+Mag) nanoparticles.

The size distribution of single (Lip+Mag) particles is in

the diameter range of 100–200 nm and scales according

to optical measurements that indicate that payload-

encapsulating liposomes are approximately 50% larger

than liposomes alone in their spherical state.

The SPM topograph in Figure 5A indicates that lipo-

somes containing Magnevist have a bimodal surface

shape after drying that is more complex than that of

the simple elliptical surface of a liposome containing

no payload (not shown). The SPM phase behavior dif-

fers markedly from that of payloadless liposomes, the

outer ring is repulsive relative to the center, and a corre-

sponding SPM phase image is shown in Figure 5B.

Regions of both attractive and repulsive tip–sample

interaction appear at moderate set point values. A

correlation between the SPM phase image obtained at

a set point of 1.6 and the SEM image in TE mode is

evident in Figure 5B and C. Liposomes appear uniformly

bright across the entire particle in SEM images (not

shown), similar to the uniform phase images we obtain

by SPM. Tips and cantilevers change with time and

usage. Moreover, it is important to verify that the images

produced are not affected by tip instabilities due to

foreign material on the tip. Thus, they are changed

frequently. Because each cantilever is somewhat differ-

ent with respect to its resonance properties, the set

points used in Figures 4 and 5 are different.

Imaging of TfRscFv–Lip–Mag Nanocomplex. The

complete TfRscFv–Lip–Mag nanocomplex was prepared

and imaged by SEM and SPM as described in Materials

and Methods. Results, shown in Figure 6 indicate that

the solvent film undergoes phase separation; however,

examples of isolated NDS can be readily observed on the

dried film. Note that the SEM beam clearly causes some

damage to the film, but the particles can be repeatedly

scanned several times before beam damage becomes

significant. The appearance of the full complex is differ-

ent from that of the (Lip+Mag) only. The shape is less

regular and considerable texturing of the liposome

surface following drying is consistent with protein dena-

turation. Also, SEM TE images indicate that the well-

defined boundary between the outer ring and center of

the liposome seen with the (Lip+Mag) particles is less

Figure 6. SPM topographic and phase imaging of TfRscFv – Lip –Mag nano-

complex. (A) 15 keV SEM (TE) (transmission-mode electron detector) image of

the full nanocomplex. A suitable choice of amplitude set point readily

distinguishes intact nanocomplex particles from decomposition products. It

is not known if the decomposed material was present in the solution before

sample preparation or is the direct result of interaction with the substrate. (B)

power image of the field. The boxed area is the image in A.

Figure 5. SPM and SEM images of liposome-encapsulated Magnevist1

(Lip+Mag). (A) Atomic force microscopy topographical image of the lip-

osome-encapsulated Magenvist1 particle. The SPM phase image (set point =

1.6) (B) and 15 keV SEM (TE) (transmission-mode electron detector) image (C)

possess similar contrast, although generated by entirely distinct complemen-

tary physical mechanisms.
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apparent and the shape much more variable. This is

consistent with the view that the presence of protein

within the liposome has altered the osmotic outflow

across the liposome during film drying.

It is possible to obtain additional information about

these NDS particles by using the magnetic force micros-

copy imaging capabilities of the SPM (MFM). Because

the magnetic moment of gadolinium-containing Mag-

nevist is quite large, it should be possible using a

magnetized SPM tip to interact with the oriented Mag-

nevist concentrated within the liposomes. This is shown

in Figure 7 for MFM of several approximately 100- to

200-nm-diameter nanocomplexes. We establish that, in

fact, we are producing an image that is truly magnetic in

nature by using the lift-mode capabilities of the SPM: In

this mode, a topographic image under normal tapping

mode conditions is obtained. The reference surface

information is then used to offset the tip by a specified

height away from the surface and the surface is then

scanned at this increased height. This removes the in-

fluence of topography on the signal. MFM images ob-

tained in lift mode at a height of 15 nm or more from

the surface are given by the magnetic phase image. The

appearance of a signal confirms the presence of gado-

linium encapsulated within the complex.

Discussion

The development of nanoparticle-sized delivery systems

that have greater tumor and tissue penetrance is a major

direction in medical research in general and cancer

research in particular. Combining the capabilities of

these small particles with the ability to home specifi-

cally to tumor cells wherever they occur in the body

could lead to significant advances in cancer treatment

and diagnosis. We have previously shown that our

ligand–liposome–DNA complex can specifically target

and efficiently transfect tumor cells (primary and meta-

static) [3–8]. When encapsulating plasmid DNA, this

targeted delivery system is truly a nanocomplex, with a

uniform size of less than 100 nm [29]. Used in combi-

nation with conventional radiation/chemotherapy, de-

livery of therapeutic genes such as wild-type p53 by

means of this nanodelivery system has resulted in

tumor growth inhibition and even tumor regression in

animal models [3–5,29]. This tumor regression and con-

comitant decrease in blood flow due to p53-mediated

antiangiogenesis have also been demonstrated using

Power Doppler ultrasound imaging [30]. Adapting such

a tumor-targeted nanocomplex to deliver imaging

agents would have the potential to improve early diag-

nosis as well as detection of metastatic disease. The

results described above demonstrate that we can en-

capsulate and deliver the commonly used MRI agent

Magnevist1 to tumor cells both in vitro and in an

orthotopic animal model and in doing so produce a

more defined and intense image than seen with uncom-

plexed Magnevist1.

Other nanometer-sized delivery systems for contrast

agents are being developed. A chylomicron-remnant-like

vehicle of approximately 90 nm containing polyiodi-

nated triglyceride analogs in a neutral lipid core has

been developed as a hepatocyte-selective contrast agent

for computed tomography in animals [31]. A paramag-

netic liquid perfluorocarbon nanoparticle of approxi-

mately 250 nm to which an anti-aVb3 antibody has

been conjugated is being developed for MRI to assess

angiogenesis and atherosclerosis [32,33]. However,

Figure 7. Cross-sectional comparison of SPM topographic and magnetic phase

image in lift mode using 25-nm height displacement. (A) SPM topographic/

magnetic phase image of the full TfRscFv – Lip –Mag nanocomplex. The

appearance of a double dipole-like signal in B consisting of attractive and

repulsive in-plane magnetic interactions suggests that the cause of this

interaction is the nonuniform toroidal distribution of Magnevist within the

NDS, consistent with SEM and nonmagnetic SPM phase images.

50 A Nanodelivery Complex for Early Cancer Detection Pirollo et al.

Molecular Imaging . Vol. 5, No. 1, January 2006



none of these are tumor targeting or currently applica-

ble for cancer. However, given, as shown in Figure 1,

that our nanocomplex can target metastatic disease it is

anticipated that use of the nanocomplexed Magnevist1

would also enhance detection sensitivity for metastases.

The results shown here are with primary tumors. Studies

are currently under way to compare the sensitivity of

detection between free Magnevist1 and the TfRscFv–

Lip–Mag complex in metastases.

Using SEM and SPM we have also shown that the

TfRscFv–Lip complex maintains its nanometer size when

Magnevist1 is encapsulated (particles of approximately

100–200 nm are shown in Figures 6 and 7). We have also

demonstrated that the structural and mechanical prop-

erties of liposomes containing a payload are sufficiently

different from those without one for it to be possible to

confirm that Magnevist1 is indeed encapsulated with

the liposome. This was further confirmed by MFM

imaging of the complex.

A tentative explanation for the internal structure of

(Lip+Mag) is that the slight bulge in the SPM topo-

graphic image, represents a liposome-confined phase

separation, that is, formation of a dense Magnevist– lipid

toroidal distribution around the periphery of the particle

with a preferential aqueous phase at the particle’s

center. This response is probably attributable to several

important factors: First, the properties of Magnevist

solution are pH approximately 6.5–8, an osmolality of

1,960, and viscosity of 4.9 at 20�C according to the

manufacturer. A plausible chemical basis for this sepa-

ration of the solution noted in the Magnevist data sheet:

The meglumine salts dissociate completely from the

complex, so changes in the local osmotic conditions.

Coupled with the charge interaction of the gadolinium

complex and cationic lipid, these interactions may pro-

vide a strong driving force for a hypertonic phase

separation within the liposome. The charge distribution

between the cationic lipid and Magnevist solution is

effective at stabilizing the liposome and at providing

structural support in solution and apparently in the

bloodstream. This enhanced structural support is an

important benefit for our studies because it enables

most particles to remain intact during the film-drying

process, in contrast to the extensive decomposition

observed with the liposome-only solutions.

Therefore, we have been able to successfully encap-

sulate an MR contrast agent in our tumor-targeted nano-

delivery system. The image enhancement demonstrated

by the complex over conventionally delivered Magne-

vist1 indicates the potential of this system to improve

early detection of cancer via MRI.
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Dual Probe with Fluorescent and Magnetic Properties for

Imaging Solid Tumor Xenografts

Liang Shan, Songping Wang, Rajagopalan Sridhar, Zaver M. Bhujwalla, and Paul C. Wang

Abstract

A dual probe with fluorescent and magnetic reporter groups was constructed by linkage of the near-infrared (NIR) fluorescent

transferrin conjugate (TfNIR) on the surface of contrast agent–encapsulated cationic liposome (Lip-CA). This probe was used for

magnetic resonance imaging (MRI) and optical imaging of MDA-MB-231-luc breast cancer cells grown as a monolayer in vitro and as

solid tumor xenografts in nude mice. Confocal microscopy, optical imaging, and MRI showed a dramatic increase of in vitro cellular

uptake of the fluorescent and magnetic reporter groups from the probe compared with the uptake of contrast agent or Lip-CA alone.

Pretreatment with transferrin (Tf) blocked uptake of the probe reporters, indicating the importance and specificity of the Tf moiety for

targeting. Intravenous administration of the dual probe to nude mice significantly enhanced the tumor contrast in MRI, and

preferential accumulation of the fluorescent signal was clearly seen in NIR-based optical images. More interestingly, the contrast

enhancement in MRI showed a heterogeneous pattern within tumors, which reflected the tumor’s morphologic heterogeneity. These

results indicate that the newly developed dual probe enhances the tumor image contrast and is superior to contrast agent alone for

identifying the tumor pathologic features on the basis of MRI but also is suitable for NIR-based optical imaging.

T UMOR IMAGING exploits the differences in physical

properties between malignant and normal tissues.

These differences are often insufficient for good contrast

resolution.1–3 Contrast-enhanced magnetic resonance

imaging (MRI) is one of the best noninvasive methodol-

ogies available today in clinical medicine for assessing the

anatomy and function of tissues.4 High spatial resolution

and high soft tissue contrast are desirable features of

noninvasive MRI. However, owing to intrinsically low

sensitivity, high local concentration of contrast agents

(CAs) is required to generate detectable magnetic reso-

nance contrast. A large amount of CA has to be used

owing to the nonspecific uptake by tumors and other

tissues in vivo. In recent years, targeted CA delivery

systems have been developing based on the concept that

molecular imaging can increase the signal to noise ratio

by detecting differences in ‘molecular properties’ between

cancer and normal tissues.5–7 This should, in theory,

allow for detection of smaller tumors. As one strategy,

monoclonal antibodies or antibody fragments have been

coupled with CA directly or linked with CA through

liposome (Lip) carrier. However, insufficient direct link-

age of gadolinium (Gd) with antibody or the relatively

large molecular size of antibody-Lip-Gd particles may

limit its use as a CA for imaging cell surface receptors in

solid tumors because of inefficient extravasation and very

slow diffusion in the interstitial compartment.2,8,9

Furthermore, antibody immunogenicity, poor stability of

the conjugates, and potential change of the antibody

binding ability owing to changes in surface antigens are

still problematic for in vivo application. A ligand with less

toxic, high binding specificity for tumors and relatively

small size and without immunogenicity is required to

target the CA to tumors.

Optical imaging offers several advantages over other

imaging techniques. Among these are the simplicity of the

technique, high sensitivity, and absence of ionizing

radiation. There is increasing interest in the development

of techniques for in vivo evaluation of gene expression,

monitoring of gene delivery, and real-time intraoperative
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visualization of tumor margins and metastatic lesions to

improve surgical outcome.10–12 Limited depth of light

penetration and a lack of tomographic information

prevent in vivo efficiency of optical imaging. To overcome

the limitations of various imaging modalities, multimodal

probes have been developed for detection using multiple

imaging devices.13–15

Transferrin receptor (TfR) is a cell surface internalizing

receptor that is responsible for almost all iron sequestra-

tion in mammalian cells. TfR is overexpressed in 74% of

breast carcinomas, 76% of lung adenocarcinomas, and

93% of lung squamous cell carcinomas. The expression

level of TfR receptor is of great value in grading tumors

and determining prognosis.16,17 TfR has been successfully

applied as a molecular target to direct therapeutic agents to

tumor cells.17 Transferrin (Tf), the TfR ligand, is a

monomeric glycoprotein that binds Fe3+ for delivery to

vertebrate cells through receptor-mediated endocytosis.

Fluorescently labeled Tf has greatly aided the investigation

of endocytosis in vitro. Tf has also been successfully used

in targeted gene therapy in vivo.18,19 We hypothesized that

near-infrared (NIR) dye–labeled Tf (TfNIR) would be an

ideal ligand for targeting MRI and optical reporters to

solid tumors, enabling better contrast-enhanced MRI and

NIR-based optical detection. We developed a Tf- and Lip-

mediated dual molecular probe with both fluorescent and

magnetic reporter groups. The TfNIR was linked on the

surface of Lip particles, whereas the MRI CA (Magnevist,

obtained from Berlex Laboratories, Wayne, NJ) was

encapsulated within the Lip. These components conju-

gated together and formed small uniform vesicles (less

than 100 nm in diameter). In vitro analysis demonstrated

that the probe dramatically improved the uptake of CA

and NIR dye in monolayer cultures of MDA-MB-231-luc

human breast cancer cells through both receptor- and Lip-

mediated endocytosis. In vivo, the probe significantly

enhanced the magnetic resonance signals from the MDA-

MB-231-luc cells grown as solid tumor xenografts in nude

mice and was superior to the CA alone for identifying the

tumor morphology and infrastructure. Simultaneously, a

significant preferential accumulation of fluorescent signal

by the tumors was clearly detectable in TfNIR-based optical

imaging.

Materials and Methods

Materials

Cationic lipids including 1,2-dioleoyl-sn-glycero-3-phospho-

ethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammo-

nium-propane (DOTAP), and fluorescent lipid DOPE-

N-(7-nitro-2-1,3-benzoxadiazole-4-yl) (NBD-DOPE)

were purchased from Avanti Polar Lipids (Alabaster,

AL). They were premixed and dissolved in chloroform in

a formula of DOTAP:DOPE (1:1 w/w) (Lip) or in a

fluorescent formula of DOTAP:DOPE + 0.1% NBD-

DOPE (LipNBD). Fluorescent Alexa fluor 680 conjugate of

human Tf (TfNIR), a SelectFX nuclear labeling kit, Alexa

fluor 680 fluorophore, and enzyme-free phosphate-

buffered saline (PBS)-based cell dissociation solution

were purchased from Invitrogen (Carlsbad, CA). Holo-

transferrin without fluorescent conjugate and MicroSpin

G-50 columns were obtained from Sigma (St. Louis, MO)

and Amersham Biosciences (Piscataway, NJ), respectively.

The SPI-Pore polycarbonate membrane filter and filter

holder were from Structure Probe Inc (West Chester,

PA).

Preparation of the Molecular Dual Probe: TfNIR-
LipNBD-CA Complex

The TfNIR-LipNBD-CA complex was constructed using TfNIR,

cationic LipNBD, and Magnevist. Premixed LipNBD in

chloroform (3.607 mL) was dried under a nitrogen stream

and hydrated by adding 50 mL of water containing 12 mL

of Magnevist. Each microliter of Magnevist contains

469.01 mg of gadopentatate dimeglumine. The hydrated

LipNBD-CA mixture was homogenized using a vortex

generator and incubated for 10 minutes. The volume of

the mixture was adjusted to 175 mL with water. The mixture

was then sequentially downsized by sonication (80–90 W, 10

minutes) in a water bath and by repeatedly passing through

polycarbonate filters with decreasing pore diameter 0.2/

0.1 mm. Following that, 25 mL of TfNIR (5 mg/mL) was mixed

and incubated for at least 10 minutes. Gel filtration through

a Sephadex G-50 column was used to remove unencapsu-

lated CA and free TfNIR. A freshly prepared probe was used

in all analysis. The final volume was 200 mL, and Lip:

Tf:Magnevist composition was 10:12.5:0.56 (nmol/mg/mg).

To monitor different components of the probe, nonfluor-

escent Tf and Lip were used instead of fluorescent TfNIR and

LipNBD in some experiments.

Cell Culture and Animal Model

The MDA-MB-231-luc human breast cancer cell line

(Xenogen, Alameda, CA) was used to test the efficiency of

the probe in vitro and in vivo. This cell line is well

documented for constitutional overexpression of TfR and

has been transfected with the luciferase gene for luciferase-
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based optical imaging. (In this study, we did not use

luciferase-based imaging.) Cells were routinely maintained

in Dulbecco’s Modified Eagle’s Medium/F-12 medium

supplemented with 10% heat-inactivated fetal bovine

serum (FBS) and 50 mg/mL each of penicillin, streptomy-

cin, and neomycin (Invitrogen). The solid tumor xenograft

model was developed by subcutaneous injection of 1 3 107

subconfluent cells in 100 mL Dulbecco’s phosphate-

buffered saline (DPBS) in the lower back of female

athymic nude mice (8–10 weeks old; Harlan,

Indianapolis, IN). The probe was evaluated in a total of

10 nude mice bearing tumors from 0.4 to 1.2 cm in

diameter.

Confocal Microscopy

Tumor cells were grown on eight-chamber glass slides.

Twenty-four hours later, the cells at 40 to 50% confluence

were incubated with 25 mL of one of the following probes

in 150 mL of medium without FBS and antibiotics. The

probes included TfNIR-LipNBD-CA, Tf-LipNBD-dye, and

dye alone. To visualize the cellular uptake of probe

reporters, an NIR dye Alexa fluor 680 fluorophore was

used to replace the CA in the preparation of Tf-LipNBD-dye

probe at a concentration of 2 mL in a 200 mL total probe.

Incubation was carried out for 5, 30, 60, and 120 minutes,

separately. After PBS washing (three times), cells were

fixed using 10% neutralized formalin for 10 minutes and

cell nuclei were counterstained using 49,6-diamidino-2-

phenylindole dihydrochloride (DAPI) blue-fluorescence

dye. Confocal images were acquired with a Zeiss LSM 510

Confocal Microscopy System (Carl Zeiss Inc, Thornwood,

NY) using a 633 nm excitation line and emission LP 650

filter for TfNIR and Alexa fluor 680 fluorophore (red), 488 nm

excitation line and emission BP 505 – 550 filter for

LipNBD (green), and 364 nm excitation line and emission

BP 385 – 470 filter for DAPI (blue). Following sequential

excitation, red, green, and blue fluorescent images of the

same cells were merged using the Zeiss AIM software for

colocalization of the probe different reporters within cells.

In Vitro MRI and Optical Imaging

To quantify the cellular uptake of probe reporters, optical

imaging and MRI of the cell pellets were performed.

Similar numbers of tumor cells were seeded on 10 cm

culture dishes for optical imaging and in 150 cm flasks for

MRI. Cells grown to subconfluence were incubated with a

200 mL probe (in 3 mL medium) for 10 cm dishes and a

600 mL probe (in 10 mL medium) for 150 cm flasks.

Differently labeled probes, such as TfNIR-LipNBD-CA, Tf-

LipNBD-dye, LipNBD-dye, CA alone, and dye alone, were

used. Incubation was carried out for 60 minutes. After PBS

washing (three times), cells were collected using enzyme-

free cell dissociation solution and adjusted to the same

number. Cells were pelleted in microcentrifuge tubes by

centrifugation. The cell pellets were quantified with respect

to fluorescent intensity (FI) using the Xenogen IVIS

200 imaging system with excitation/emission filters at

679/702 nm for TfNIR and the Alexa fluor 680 fluorophore

and at 464/531 nm for LipNBD measurement. Statistical

analysis (Student’s two-tailed t-test) of the FI for cells with

different treatments was performed using Microsoft Excel.

To obtain enough cells for MRI, cell pellets were pooled

from five replicates. MRI was acquired using a Bruker

400 MHz NMR machine (Bruker-Biospin, Billerica, MA).

A spin-echo (SE) imaging sequence was used to obtain T1-

weighted images. The imaging parameters were as follows:

echo time (TE) 5 11.416 milliseconds, repetition time

(TR) 5 500 milliseconds, number of averages 5 4, field of

view 5 20 3 20 mm, matrix size 5 256 3 128, and slice

thickness 5 2 mm. A fast imaging with steady-state

precession sequence was used for T1 measurement. The T1

measurement parameters were as follows: TE 5 1.5

milliseconds, TR 5 3 milliseconds, number of averages

5 8, number of frames 5 16, number of segments 5 32,

inversion delay 5 49.2 milliseconds, and inversion

repetition 5 2572.3 milliseconds. The MRIs were taken

in the cross-sectional view of the microcentrifuge tubes.

The central slice image, which was not influenced by the

image distortion owing to the susceptibility effect from the

air-pellet boundary, was used for signal intensity measure-

ment. All analyses were performed using the Bruker image

sequence analysis tools. All experiments were repeated at

least three times. The representative data are presented.

In Vivo MRI and Optical Imaging

The animal was anesthetized using 2% isoflurane and

positioned with the tumor at the center of the coil. The

physiologic condition of the animals was monitored using

a respiratory gating device during the scanning. The tumor

was scanned in the perpendicular direction of the tumor

and animal skin interface using a Bruker 400 MHz, 89 mm

NMR spectrometer. After a search for overall image

quality, imaging time, and probe- and CA-mediated

contrast enhancement using different imaging sequences

and parameters, a multislice multiecho T1-weighted SE

sequence was used for imaging studies, with a TR of 800

milliseconds, a TE of 11.4 milliseconds, and a slice
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thickness of 1 mm. For each animal, a baseline image was

first obtained; the tumors were then sequentially imaged at

an interval of 10 minutes until 3 hours following

intravenous injection of 200 mL of TfNIR-LipNBD-CA probe

(containing 12 mL of Magnevist) through the tail vein. This

was equivalent to two times the Magnevist dosage used in

the clinic. For comparative study, the same animals were

also imaged following intravenous administration of the

same dosage of Lip-CA and CA alone (12 mL of Magnevist

in 200 mL of pure water). The interval period between the

two MRI studies was at least 3 days to avoid any influence

of CA from the previous imaging study. The direction of

the tumor was marked each time with water-filled small

balls and marker pens before imaging. For optical imaging,

the FI of tumors was monitored from 10 minutes after

administration of the probe to 3 to 5 days using a Xenogen

IVIS 200 imaging system.

Pathologic Analysis

After imaging, the mice were autopsied and the tumors

were sampled, fixed in 10% neutral buffered formalin, and

embedded in paraffin. Tumors were sectioned in the same

direction as MRIs based on the markers of the tumor

border made before MRI. Hematoxylin-eosin staining was

used for pathologic examination. A comparison was

performed between the tumor pathology and the image

enhancement pattern in MRI.

Results

Visualization of Tf- and Lip-Mediated Cellular
Uptake

For confocal microscopic observation of the cellular

uptake of the probe reporters, cells were incubated with

the probe Tf-LipNBD-dye or dye alone from 5 minutes to 2

hours. Here the probe was constructed using unlabeled Tf

and NIR fluorescent dye instead of CA to visualize the

uptake of encapsulated reagents within Lip. Figure 1 shows

representative microscopic images. Both LipNBD (green)

and fluorescent dye (red) were observed to be present in

the cell cytoplasm as early as 5 minutes after incubation

with the probe, and their FI within the cytoplasm increased

gradually, reaching a maximum at about 1 hour of

incubation (see Figure 1, A–C). Interestingly, the LipNBD

and dye accumulated again, forming multiple endosomes.

These endosomes were mainly located at the peripheral

area of the cytoplasm and became more evident at 2 hours

of incubation (see Figure 1, D–F), suggesting receptor-

mediated endocytosis and release or degradation of the

probe reporters through the action of lysosomal enzymes.

Cellular uptake of the dye was not evident in the cells

incubated with dye alone.

To visualize whether the Tf and Lip were co-

internalized, confocal microscopy and optical imaging

were performed for cells incubated with TfNIR-LipNBD-CA,

LipNBD-CA, or CA alone. Similarly, from 5 minutes of

incubation, the TfNIR (Figure 2A) and LipNBD (Figure 2B)

were already colocalized within cell cytoplasm (Figure 2C).

Optical imaging of the cell pellets further confirmed the

uptake of the probe in tumor cells. To avoid membrane

damage and probe leakage from cells, enzyme-free PBS-

based cell dissociation solution was used instead of trypsin

for cell dissociation from culture dishes. As shown in

Figure 2D, only cells incubated with TfNIR-LipNBD-CA

showed a strong fluorescent signal of TfNIR. Both cells

incubated with TfNIR-LipNBD-CA and cells incubated with

LipNBD-CA showed strong fluorescent signal of LipNBD

(Figure 2E). Neither TfNIR nor LipNBD signal was

detectable in cells incubated with CA alone.

We further evaluated whether the CA encapsulated

within the probe was internalized into tumor cells using

MRI of the cell pellets. A representative MRI of the cell

pellets obtained from cells incubated with TfNIR-LipNBD-

Figure 1. Confocal microscopic observation of cellular uptake of
probe reporters. Cells were incubated with the probe transferrin-
liposome-nitrobenzoxadiazole (Tf-LipNBD)-dye for 5 minutes to 2
hours. A to C are representative images acquired at the 1 hour of
incubation time point showing distribution and colocalization of
LipNBD (A) and near-infrared (NIR) dye (B) in the cytoplasm. D to F
are representative images acquired at the 2 hours of incubation time
point showing multiple endosomes formed by Lip (D) and NIR dye
(E) and colocalized in the peripheral area of the cytoplasm (F). Nuclei
were counterstained using 49,6-diamidino-2-phenylindole dihy-
drochloride (DAPI). Cells were imaged with a 63 3 1.4 NA Plan-
Apochromat oil-immersion objective.
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CA, LipNBD-CA, or CA alone is shown in Figure 2F. The

corresponding signal intensity and T1 relaxation time are

shown in Table 1. Cells incubated with the probe TfNIR-

LipNBD-CA or LipNBD-CA showed a much greater positive

contrast and T1 shortening than the cells incubated with

CA alone. The T1 relaxation time shortened from 408

milliseconds for CA alone to 374 milliseconds for LipNBD-

CA and 366 milliseconds for TfNIR-LipNBD-CA (p , .05).

The cells incubated with TfNIR-LipNBD-CA also showed

higher signal intensity than the cells incubated with

LipNBD-CA. These results highly indicate the importance

and specificity of Tf moiety for targeting the probe

internalization into tumor cells in vitro. The difference

in signal intensity and T1 relaxation time mediated by

LipNBD-CA and by CA alone might reflect the effective

fusion of Lip with tumor cell membrane.

Quantification of Tf- and Lip-Mediated Cellular
Uptake

To evaluate the efficiency of Tf- and Lip-mediated cellular

uptake, the FI of the LipNBD and NIR dye within the tumor

cells was quantified following 1 hour’s incubation of the

cells with probes. The FI of NIR dye in the cells incubated

with Tf-LipNBD-dye and with LipNBD-dye was more than

200-fold higher than that in the cells with dye alone (Table

2). Cells incubated with dye alone showed a similar level of

FI to cells without probe and dye exposure (autofluores-

cence background). Approximately 1.5-fold higher FI of

the intracellular NIR dye was observed in cells incubated

with Tf-LipNBD-dye than in cells incubated with LipNBD-

dye. Similarly, 2-fold higher FI of LipNBD was detected in

cells incubated with Tf-LipNBD-dye or LipNBD-dye than in

cells incubated with NIR dye alone (autofluorescent

background) (see Table 2). The FI of LipNBD was 1.3-fold

higher in cells incubated with Tf-LipNBD-dye than in cells

incubated with LipNBD-dye. Student’s t-tests (two-tailed)

Figure 2. Confocal, optical, and magnetic resonance imaging (MRI)
detection of the reporters in cells incubated with the probe near-
infrared transferrin-liposome-nitrobenzoxadiazole-contrast agent
(TfNIR-LipNBD-CA) for 1 hour. A to C are representative confocal
microscopic images showing distribution and colocalization of TfNIR

(A) and LipNBD (B) in cytoplasm. D to E are optical images of the cell
pellets. A strong fluorescent signal of Tf is detected in cells incubated
with TfNIR-LipNBD-CA (D, lane 1) but not in cells incubated with
LipNBD-CA or with CA alone (D, lanes 2 and 3). Similarly, the
strongest signal of LipNBD is detected in cells incubated with TfNIR-
LipNBD-CA (E, lane 1) and less in cells incubated with LipNBD-CA (E,
lane 2) but not in cells incubated with CA alone (E, lane 3). F shows
the MRIs of the cell pellets. A stronger signal enhancement and T1

shortening are obtained in cells incubated with TfNIR-LipNBD-CA and
in cells incubated with LipNBD-CA (1 and 2) than in cells incubated
with CA alone (3). The MRI parameters are as follows: echo time 5

11.416 milliseconds, repetition time 5 500 milliseconds, number of
averages 5 4, field of view 5 20 3 20 mm, matrix size 5 256 3 128,
and slice thickness 5 2 mm.

Table 1. Comparison between Probe- and Contrast Agent–Mediated Signal Enhancement

MRI Measurement TfNIR-LipNBD-CA LipNBD-CA CA Alone

Relative intensity (105) 17.7 6 0.86 15.33 6 0.86 13.25 6 0.78

T1 relaxation time (ms) 366.7 6 17.1 374.3 6 17.3 408.1 6 13.8

CA 5 contrast agent; Lip 5 liposome; NBD 5 nitrobenzoxadiazole; NIR 5 near-infrared; Tf 5 transferrin.

p , .05 between probe and CA alone for both relative intensity and T1.

Table 2. Optical Quantitation of Probe-Mediated Cellular Uptake of Reporters

Reporters Tf-LipNBD-Dye LipNBD-Dye Dye Alone

NIR dye (3 109) 6.88 6 0.59 4.99 6 0.51 0.23 6 0.006

LipNBD (3 107) 2.03 6 0.14 1.64 6 0.09 1.10 6 0.13

Lip 5 liposome; NBD 5 nitrobenzoxadiazole; NIR 5 near-infrared; Tf 5 transferrin.

p , .05 between probe and dye alone and also between Tf-LipNBD dye and LipNBD dye for both dye and LipNBD uptake. Quantitation is based on the

fluorescence intensity (p/s/cm2/sr) of cell pellets.
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between cells incubated with probe and with dye alone for

both intracellular LipNBD and NIR dye intensity were both

significantly different (p , .05). The FI in cells incubated

with Tf-LipNBD-dye and in cells incubated with LipNBD-

dye was also significantly different (p , .05) for both

intracellular LipNBD and NIR dye uptake.

To further test the specificity of Tf-mediated cellular

uptake, cells were first pretreated for 1 hour with un-

labeled Tf before incubation with the probes. The amount

of Tf was threefold (375 mg/dish) higher than that used in

the probe (125 mg/dish). Following incubation with the

probe Tf-LipNBD-dye, the FI of the NIR dye in cells with

and without Tf pretreatment was 2.45 3 109 and 3.42 3

109 p/s/cm2/sr, respectively (Table 3). The FI of the LipNBD

in cells with and without Tf pretreatment was 2.57 3 107

and 3.45 3 107 p/s/cm2/sr, respectively. Calculation based

on the control cells incubated with LipNBD-dye revealed a

blockage of 65.6% of the dye uptake and 70.97% of the

LipNBD uptake by Tf pretreatment. These results indicate

that the probe reporter uptake in vitro was mediated by

both Tf and cationic Lip. Tf and Lip have an apparent

synergistic effect on the cellular uptake of the probe

reporters.

Probe-Mediated Signal Enhancement of the Tumors
In Vivo

Signal enhancement was evaluated in 10 athymic nude

mice with solid tumor xenografts. The tumor size ranged

from 0.4 to 1.2 cm in diameter. To compare the signal

enhancement mediated by the probe and mediated by the

CA alone, the same mice were used for the probe and CA-

alone studies sequentially with an interval of at least 3 days.

Intravenous administration of the probe TfNIR-LipNBD-CA

significantly enhanced the tumor image contrast (Figure

3). The enhancement was observed as early as 10 minutes

after administration and increased gradually, reaching the

maximum at 90 minutes to 2 hours. After that, a gradual

decrease in the signal enhancement was observed.

Interestingly, the enhancement was greatly heterogeneous

within the tumors (see Figure 3). The enhancement

pattern became relatively consistent from 1 to 3 hours.

Some areas of the tumors were strongly enhanced initially,

whereas other areas were weakly enhanced. The signals

from the strongly enhanced region decreased much more

slowly than the signals from the region with weak

enhancement. For small tumors, the enhancement was

relatively uniform and the enhancement was usually

observed starting from the peripheral area. Magnevist

alone slightly enhanced the image contrast of tumors

compared with the baseline images (Figure 4). The

maximum enhancement was usually observed at 30 to 60

minutes after injection. The image contrast enhancement

started from the peripheral area to the center of the tumors

and was relatively uniform within tumors irrespective of

the sizes studied here. The signal enhancement decreased

rapidly and returned to baseline within 3 hours. The

pharmacokinetics of pure Magnevist was different from

that of Tf-labeled Magnevist containing Lip. Magnevist

containing Lip without linkage to Tf showed a much

weaker signal enhancement than either CA alone or TfNIR-

LipNBD-CA.

Detection and Dynamic Change of the Fluorescent
Signal in Tumors In Vivo

To understand whether the probe was preferentially

accumulated in tumors and whether the fluorescent signal

was optically detectable in vivo, tumors were monitored

using TfNIR-based optical imaging. The fluorescent signal

was clearly detectable as early as 10 minutes and reached

the maximum intensity at about 90 minutse to 2 hours

after intravenous injection of the probe TfNIR-LipNBD-CA

(Figure 5). The FI was related to the tumor sizes, and

significant FI was still detectable after 2 days for larger

tumors (usually . 0.8 cm in diameter). The FI of smaller

tumors became very weak at 24 hours. The FI of LipNBD

was too weak to be detectable by optical imaging in vivo,

although it was clearly detected ex vivo. High background

fluorescence was another reason for the failure to detect

LipNBD in tumors. Following intravenous injection, the

probe was rapidly distributed throughout the body and

Table 3. Blockage of Transferrin-Mediated Uptake of Reporters by Transferrin Pretreatment

Reporters Tf-LipNBD-Dye Tf-LipNBD-Dye LipNBD-Dye

NIR dye (3 109) 3.42 6 0.17 2.45 6 0.21 1.94 6 0.20

LipNBD (3 107) 3.45 6 0.29 2.57 6 0.21 2.21 6 0.16

Lip 5 liposome; NBD 5 nitrobenzoxadiazole; NIR 5 near-infrared; Tf 5 transferrin.

p , .05 between pretreated and untreated cells for both dye and LipNBD uptake. Quantitation is based on the fluorescence intensity (p/s/cm2/sr) of cell

pellets.
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was first taken up by the well-perfused organs, such as the

liver, spleen, lung, and bone marrow. However, the probe

was rapidly washed out from these organs but not from

solid tumors. The uptake of the probe in tumors was

enhanced because of binding to TfR in the tumor. After

the initial rapid increase in the background fluorescence

following injection of the probe, the background fluores-

cence decreased rapidly, as shown in Figure 5H. The tumor

to normal (contralateral muscle) ratio varied from 1.3 to

3.4 at the different time points following injection (from

10 minutes to 48 hours), which was related to the tumor

sizes. Small tumors (less than 3 mm in diameter) showed

less fluorescent signal, perhaps owing to differences in

vasculature. Similar to the MRI finding, fluorescent dye

containing Lip without Tf linkage failed to induce a

preferential increase in fluorescent signal in tumors.

Comparison between MRI Signal Enhancement and
Pathologic Findings

To understand the underlying mechanism of heteroge-

neous contrast enhancement within the tumors by the

Figure 3. In vivo time course of tumor magnetic resonance imaging (MRI) after intravenous administration of the probe transferrin-liposome-
nitrobenzoxadiazole-contrast agent (TfNIR-LipNBD-CA) showing gradually increased enhancement of the tumor signal (arrow) and a heterogeneous
enhancement pattern. Gradual accumulation of contrast agent in the urinary bladder is evident (*). The MRI parameters are as follows: echo time 5 11.416
milliseconds, repetitiontime5800milliseconds,numberofaverages54,fieldofview528330mm,matrixsize52563192,andslice thickness51.0mm.

Figure 4. Comparison of the signal enhancement by contrast agent (CA)
alone (A–B) and by the probe transferrin-liposome-nitrobenzoxadiazole-
contrast agent (TfNIR-LipNBD-CA) (C–D). The magnetic resonance
images (MRIs) are from the same tumor, with an interval of 72 hours
between studies with the probe and with CA alone. A stronger,
heterogeneous signal enhancement is achieved with TfNIR-LipNBD-CA
over CA alone. The MRI parameters are the same as for Figure 3.
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probe, a comparative analysis was performed between MRI

signal enhancement and pathologic findings (Figure 6).

Pathologically, the tumor cells in large tumors with

heterogeneous enhancement usually presented various

stages of growth and necrosis. In some areas, the tumor

cells were completely necrotized and became amorphous

and liquefied. In some other regions, the tumor cells

showed dying features such as condensed or broken nuclei

or only shadow cells remaining. The highly enhanced

regions of the tumors in MRIs represented the more

actively proliferating tumor cells, whereas the weakly

enhanced areas contained less active or dying cells. The

completely necrotized region showed the least enhance-

ment. The heterogeneous signal enhancement by the probe

was well correlated with the in vivo morphologic features

of the tumors.

Discussion

The human Tf-targeted cationic Lip—deoxyribonucleic

acid (DNA) complex has been used for efficient gene

Figure 5. Optical imaging of the tumor after intravenous administration of transferrin-liposome-nitrobenzoxadiazole-contrast agent (TfNIR-
LipNBD-CA) showing preferential accumulation of fluorescent signal in tumors (A–G). The fluorescence signal was detectable as early as 10 minutes
and reached a maximum at about 2 hours and then deceased gradually. H shows the plot of time versus signal intensity obtained from the tumor
and the contralateral muscle. The signal intensity is expressed as p/s/cm2/sr.

Figure 6. Correlation of magnetic resonance imaging (MRI) with
pathologic findings showing high consistency between the probe-
mediated enhancement pattern in MRI and pathologic findings
(hematoxylin-eosin stain). A is a representative MRI (same as Figure
3) showing a heterogeneous enhancement pattern. B shows a region
with high proliferation and necrosis (3250 original magnification). C
shows the stromal tissue (3250 original magnification), and D shows
the proliferating tumor cells with high mitotic activity (3400 original
magnification). N 5 necrosis; P 5 proliferating cells; S 5 stromal
tissue.
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transfer in animal models recently. The formulation for

optimal transfection of cancer cells has been optimized as a

DNA:lipid:Tf ratio of 1 mg:10 nmol:12.5 mg with Lip

composition of DOTAP:DOPE (1:1, w/w). This complex

of Tf-Lip-DNA demonstrates a highly compact structure

that resembles a virus particle with a dense core enveloped

by a membrane coated with Tf molecules spiking the

surface.20,21 Successful gene delivery using Tf-targeted

cationic Lip is based on the fact that TfR is overexpressed

in various malignant tumors and Tf-TfR-mediated endo-

cytosis is highly efficient. Furthermore, cationic Lip has

many advantages, such as high encapsulation capacity,

much less immunogenicity and toxicity, and dramatically

increased transfection efficiency through linkage with

ligands.22 These characteristics of this system also fulfill

the criteria for an ideal system for molecular imaging in

vivo. Using the advantages of this system, we developed

the probe with both NIR fluorescence and MRI reporters,

which is suitable for both optical and nuclear MRI.

Use of the NIR fluorescence molecule minimizes the

autofluorescence interference from healthy tissue and

allows the visualization of tissues millimeters in depth

because of efficient penetration of photons in the NIR

range.11,12 To encapsulate the CA, we directly hydrated the

dried Lip films with concentrated CA solution and

downsized the Lip-CA complex by sonication and repeated

passing through the membrane before linkage with Tf. The

Lip:Tf ratio (10:12.5) used in the probe was optimized as

reported previously.20–24 The dosage of Magnevist was

0.2 mmol/kg, corresponding to two times the recom-

mended dose for the patient. For this amount of Magnevist

(even threefold more), almost all of the Magnevist was

found to be encapsulated within the Lip, as estimated by

gel filtration and fluorescence study. Our previous study

also confirmed Magnevist encapsulation within Lip using

scanning electron microscopy and scanning probe micro-

scopy.25 The Tf, cationic Lip, and Gd complex was coupled

through charge interaction, which makes the preparation

of the probe simple enough to be freshly prepared before

use. A concern for Lip carrier, as in the gene delivery, is its

size. It has been reported that linkage with Tf condenses

the Lip-DNA complex with a uniform size of 50 to

90 nm.20,23 After sonication of the probe, we found that

repeated passing through 200 and 100 nm polycarbonate

membranes resulted only in a loss of less than 10% of the

probe and the majority of the probe particles were within

100 nm in size based on the fluorescence measurement of

the probe. Transportation of the probe across tumor

vessels occurs via open gaps, vesicular vacuoles, and/or

fenestrations. A characteristic pore cutoff size is measured

ranging from 200 nm to 1.2 mm in tumors.26 Another

analysis points out that the pore cutoff size is around

400 nm based on in vivo fluorescence microscopy studies

of the transportation of sterically stabilized Lip into solid

tumors.27 Therefore, the size of our probe should not be a

limitation to transport from tumor vasculature into tumor

cells.

We first evaluated the probe-mediated uptake effi-

ciency of the reporters in vitro. To visualize and quantify

the efficiency, the components of the probe were

differentially labeled. On confocal microscopy, TfNIR,

LipNBD, and the encapsulated NIR dye were clearly

codistributed within the cytoplasm of tumor cells. They

accumulated and formed endosomes again in the periph-

eral area of the cytoplasm. In Tf-Lip-mediated plasmid

DNA transfection, similar endosome formation has been

reported by Lee and Kim.28 They also found nuclear

localization of the Tf-Lip. In our system, no nuclear signal

of the probe was observed. Quantitative analysis using

optical imaging further confirmed the finding of confocal

microscopy. The cellular uptake was mediated by both Tf

and Lip. Blockage of the TfR with Tf led to significantly

decreased uptake. The possibility of nonspecific binding to

free NIR dye was excluded because no fluorescent signal of

the dye was detected in cells incubated with dye alone.

Higher cellular uptake of the Lip and dye in cells incubated

with LipNBD-dye without Tf linkage than in cells incubated

with dye alone is not surprising. The probe reporters are

taken up in vitro by two different pathways. One is due to

Lip-mediated endocytosis and membrane fusion process

because Lip is an effective transfection reagent.22 The other

is due to binding to TfR. The pretreatment with Tf is not

expected to prevent endocytosis of the probe reporters

owing to Lip fusion with the cell membrane. Importantly,

Tf and Lip showed a synergistic effect on the probe uptake

by cells based on our quantitative and blocking analysis.

MRI of the cell pellets revealed a similar finding that CA is

internalized and the internalization is mediated by both Tf

and Lip. The apparent synergistic effect may be explained

by a three-step mechanism. The important first step is the

specific binding of Tf with TfR on the cell surface followed

by the interaction of cationic Lip with anionic cell

membrane and finally the receptor- and Lip-membrane

fusion-mediated endocytosis.29

For MRI study, a T1-weighted imaging technique was

used to evaluate the positive contrast enhancement

mediated by our probe. The actual T1 shortening in vivo

depends on the accumulation of the probe in time, which,

in turn, depends on tumor physiology. We have searched

the best imaging strategy by using different imaging
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sequences and by varying the imaging parameters. The

choice of SE sequence with TR 5 800 milliseconds and TE

5 11.4 milliseconds was based on the consideration of

overall image quality, imaging time, and the differences of

contrast enhancement between the probe and CA-alone

studies. Consistent with our in vitro findings, specific

targeting of the probe in vivo was demonstrated by both

optical imaging and MRI. A preferential accumulation of

the fluorescent signal in tumors and a significant signal

enhancement are clearly achieved with the dual probe but

not with CA alone. Time course study revealed a high

consistency among confocal images, optical fluorescence,

and MRI contrast enhancement. The maximum signal

enhancement and FI in tumors are seen at <90 minutes,

and both reach a plateau (which includes the maximum)

between 1 and 3 hours after intravenous injection, whereas

the maximal magnetic resonance contrast enhancement is

achieved at about 45 minutes following administration of

CA alone and the enhancement reduces to baseline within

3 hours. The magnetic resonance signal enhancement

achieved by the dual probe is much stronger than that

achieved by the CA alone. These results are consistent with

the finding in gene therapy using a Tf-mediated Lip system

that high gene transfection efficiency is observed within

tumors.23,24 More interestingly, heterogeneous enhance-

ment in MRIs is evident in large tumors, which correlates

well with the histologic findings. Within the range of

tumor sizes in the present study, CA alone could enhance

the image contrast, but the enhancement was weak and

relatively uniform. Heterogeneous enhancement that could

be correlated with histology may be potentially valuable. It

makes it possible to interpret the pathologic features based

on specifically enhanced MRI. More information could be

provided to the clinician without further invasive proce-

dure of biopsy.3,30 In vivo, significant uptake of the probe

reporters was not observed in the case of Magnevist or

fluorescent dye containing Lip without linkage to Tf. This

may be explained by the fact that the majority of the Lip

accumulated within well-perfused organs, such as the liver,

spleen, bone marrow, and lung. The uptake and retention

of Magnevist or fluorescent dye containing Lip were very

low in tumors. This is in contrast to the uptake of Lip

bound to Tf. Positive CA may be superior to the negative

CA, such as an iron oxide probe. A decrease in the image

intensity by negative CA will complicate interpretation of

tumor necrosis and poor expression of target receptors.

The advantages of using a superparamagnetic Tf-labeled

iron oxide probe are the small size and long-range T2

effect. Because of the long-range T2 effect, it requires less

compound for a greater image intensity change. Our probe

can be used for optical detection of tumors and is

potentially useful for imaging the expression level of TfR

and tumor cell growth. These parameters are of great value

in predicting the prognosis and treatment selection. This

goal can be achieved by measuring the intensity of

fluorescence in optical images. However, limited penetra-

tion of fluorescence is still a problem, particularly for deep

organ tumors. Clearly, use of multimodality reporter

constructs can overcome many of the shortcomings of

each modality alone.14,15

In conclusion, we have described a novel nano-sized

molecular probe with both optical and MRI reporters. In

vitro and in vivo analysis confirmed the probe specificity,

internalizing efficiency, and sufficiency for multimodality

detection. In MRI, the probe significantly enhances the

tumor contrast so that it can increase the sensitivity to

detect small tumors. The tumor enhancement pattern

could help evaluate the pathologic features of tumors in

vivo, which provides more information for the clinician.

Preferential accumulation of the probe NIR fluorescence

makes the tumor detectable using NIR-based optical

imaging. Furthermore, it provides the possibility of

quantifying the specific biomarkers expressed in tumors,

which will be helpful to determine the patient’s prognosis

and response to treatment.
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ABSTRACT 

We develop an accumulatively effective and affordable set of smart pair devices to save the exuberant 
expenditure for the healthcare of aging population, which will not be sustainable when all the post-war 
baby boomers retire (78 millions will cost 1/5~¼ GDP in US alone). To design an accessible test-bed for 
distributed points of homecare, we choose two exemplars of the set to demonstrate the possibility of 
translation of modern military and clinical know-how, because two exemplars share identically the 
noninvasive algorithm adapted to the Smart Sensor-pairs for the real world persistent surveillance. 
Currently, the standard diagnoses for malignant tumors and diabetes disorders are blood serum tests, X-ray 
CAT scan, and biopsy used sometime in the physical checkup by physicians as cohort-average wellness 
baselines.  The loss of the quality of life in making second careers productive may be caused by the missing 
of timeliness for correct diagnoses and easier treatments, which contributes to the one quarter of human 
errors generating the lawsuits against physicians and hospitals, which further escalates the insurance cost 
and wasteful healthcare expenditure. Such a vicious cycle should be entirely eliminated by building an 
“individual diagnostic aids (IDA),” similar to the trend of personalized drug, developed from daily 
noninvasive intelligent databases of the “wellness baseline profiling (WBP)”.  Since our physiology state 
undulates diurnally, the Nyquist anti-aliasing theory dictates a minimum twice-a-day sampling of the WBP 
for the IDA, which must be made affordable by means of noninvasive, unsupervised and unbiased 
methodology at the convenience of homes. Thus, a pair of military infrared (IR) spectral cameras has been 
demonstrated for the noninvasive spectrogram ratio test of the spontaneously emitted thermal radiation 
from a normal human body at 37oC temperature. This invisible self-emission spreads from 3 microns to 12 
microns of the radiation wavelengths. This pair of cameras are used in the military satellite surveillance 
imaging operated at 3~5 mid IR band and 8~12 long IR band accompanied by several other UV and visible 
bands cameras.  We can thereby measure accurately both the thermal emission bands at the mid IR and the 
long IR (X1 X2).  The spectral ratio will be independent of the depth and imaging environment. Similarly, 
we will take six times per pair saliva samples (X1 X2) inside the upper jaw for three meals daily, of which 
the dynamics is shown as a delayed mirror image of “blood glucose level”. And for which we must design 
a portable lab “system on chip (SOC),” and the micro-fluidity of pair channels per chemical reactions.  
According to the same biochemical principle of spontaneity, we apply the identical algorithm to determine 
both the ratio of hidden malignant and benign heat sources (s1, s2) and the blood glucose & other sources (s1, 
s2) leaking into the saliva.  This is possible because of the Gibbs isothermal spontaneous process, in which 
the Helmholtz free energy must be minimized for the spontaneous thermal radiation from unknown mixing 
of malign and benign sources or the diffusion mixing of glucose s1

* and other sources s2
*.  We have derived 

a general formula relating two equilibrium values, before and after, in order to design our devices.  Daily 
tracking the spectrogram ratio and saliva glucose levels are, nevertheless, needed for a reliable prediction of 
individual malignant angiogenesis and blood glucose level in real time. 

 
Keywords: Diabetes, Blood Glucose Level, Saliva Glucose Level, Angiogenesis, Malign Tumor 
Detection, Point of Care, Blind Sources Separation, Free Energy, Unsupervised Learning. 
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1. WELLNESS BASELINE PROFILE EXAMPLARS 
 
Why do we explore, despite of available hospitals paid by the insurance, those military high-tech 

instruments and clinical know-how for homecare?  When we visit hospitals, we are either seriously ill or 
other is or we are taking annul physical check. We know we become what we eat, we need daily exercise, 
and both our minds and bodies related intimately to our wellness. Yet, we are less familiar with the Nyquist 
aliasing fact of tracking diurnal physiology change requires a minimum of twice per day sampling rate of 
our vital signs to help determine the complex transition from multiple healthy states to binary sickness, of 
which only the final consequence is familiar when it happens, but not before it does.  Usually for ourselves 
we are often too late than early for we have nothing to help us, other than those pre-moon landing antiquity 
tools available at households to help maintaining a better quality of retirement life. We need developing 
new affordable homeowner security surveillance system, which can not only save the escalating healthcare 
expenditure and avoid those unnecessary litigation wastes against physicians, hospitals and health agencies 
[1].  To minimize human errors, we need to practice “a stitch in time saves nine” by applying advanced 
defense surveillance methodology against home-front infectious microorganism, where the wellness is 
deteriorating and the disease occurring. We need affordable and convenient household devices for 
protecting one of the most insidious diseases---malign tumors and diabetics, among cardiovascular, and 
dementia disorders attacking one-quarter of aging population of US alone. When compared to a yearly 
baseline physical checkup alone, this military smart sensor web can measure by noninvasive means the 
wellness baseline profile (WBP) for individual diagnostic aids (IDA), which promises the timeliness in 
early diagnosis with much less human errors.  

 
The anatomic architecture of human brains and endocrine glands define the physiology enzymatic 

constraints of macroscopic variables.  The central nervous system (CNS) and endocrine glands may be 
found in EU Neuroscience Site and Am. Acad. Otolaryngology for ENT MD. We shall refrain from 
complex CNS anatomy, rather call out the simpler salivary glands the parotid, submandibular, and 
sublingual glands depicted in Fig. 1 (lower part of endocrine thyroidal, pancreatic, kidney’s and etc. are not 
shown). Since our report for diabetes follows the same thesis of translating military know-how of the power 
of pair sensors for invariant feature extraction by the same underlying unsupervised learning principle, we 
will further explain the details as follows: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Anatomy of CNS and ENT Saliva glands 
 
To demonstrate such feasibility of the translation of military real world know-how, we focus on two 

exemplars for a noninvasive surveillance: early breast tumors detection and diabetic glucose level profile.  
The lesson learned reported in this paper may be useful for other common syndromes for aging population 
such as Alzheimer dementia and cardiovascular disorders.  We have demonstrated early warning automatic 
target recognition (ATR) capability by using two infrared spectral bands satellite cameras tracking woman 
soldiers’ breast tumors over the time that is several months ahead of the confirmation by X-ray 
mammograms [2].  
 

Historically, a single infrared imaging using spectral-integrated CCD camera for temperature map was 
called the thermograms (as opposed to our ratio of spectrograms), which was unfortunately disapproved by 
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physicians.  This denial for quantitative analyses is because of the procedure of measuring temperature map 
suffering too many variables giving different answers to an identical patient by taking two snapshots at two 
different times (one at the moment of disrobe, the other minutes later after hands being cooled down by ice 
water whereas malign tumor persist hot temperature). This new military approach should be sharply in 
contrast to that of single night-vision camera.  The night-vision camera, of which its CCD sensory material 
can spectrally integrated over the full infrared spectrum, has enough SNR without the need of cumbersome 
liquid Nitrogen cryogenic cooling of imaging plan. On the other hand, such a CCD camera can only 
produce a local temperature distribution of breasts, or faces, before and after artificial cooling of the subject, 
known as the infrared “thermograms” plagued with both heat source depth variation and environmental 
uncertainty. Perhaps, this inadequacy experience was not unlike those passive SARS test by one-time and 
one-infrared-camera at the airport where the suspects took the Aspirin suppressing SARS fever and passed 
the quarantine checkpoints. 

 
The most important of all is that our spectrogram ratio is invariant towards variable attenuations due to 

different breast tissues, sizes and imaging environments whose effects are cancelled naturally by the 
division for computing the ratio. Although both spectral components suffer individually a similar 
attenuation factor at arbitrary depth of malign tumors (or in the propagation through an identical turbulent 
atmospheric) and the same condition of imaging environment, the spectral ratio of the same hot tumor 
source, a tank engine, or military supply lines can cancel out the same attenuation factor, and becomes 
invariant to both the depth of malign tumor hot sources and the imaging environmental variation.  Thus, 
new noninvasive IR spectral ratio over time provides credible warning signs at a much earlier stage than the 
invasive X-ray mammogram at the metastasis stage. It is at the Angiogenesis stage (Greek: vessel generate) 
promoted by the Vascular Endothelial Growth Factor (VEGF) protein generating inflammation and new 
capillary vessels, before the tumor extravasations and metastasis stages (behaving not unlike military 
buildup of supply-line before war declaration which is likewise detectable passively by multispectral 
satellite images).  

 
In our patent [2] we have computed the percentage of malign versus benign tumor cells per pixel.  

Given only two infrared spectral data (x1, x2) per pixel (x1 at 3~5 micron wavelength and x2 at 8~12 micron 
wavelength), we can predict the spontaneous thermal radiation from hot infrared sources (s1, s2) (s1 stands 
for the number of malign tumor cells at local inflammation elevated temperature localized at a specific 
depth, where s2 for the number of normal body cells or benign tumor at the healthy temperature), without 
knowing individual breast tissue medium impulse response matrix [A] mixing those infrared heat sources 
(s1, s2). The missing conditions causing an ill-posed matrix inversion are identified correctly to be the 
Gibb’s biochemistry spontaneity principle of minimization of isothermal Helmholtz free energy.  Since 
Gibb’s principle of spontaneity will be also useful for us to estimate a saliva glucose source and the other 
non-glucose source in Sect.2, we explain the passive spectrograms imaging for the early screening of 
malign tumors.  The gold standard diagnosis of well-developed breast cancers remains to be the X-ray 
mammograms and in situ biopsies, which has helped to discover 250 thousands women and 2 thousands 
men annually in US alone, and documented the trend of breast cancer risk due to modern child less 
syndrome [3]. According to Sweden epidemiology studies over last few decades, women with breast 
cancers whether taking the mammograms or not, their average life expectancy is the same about five years 
[4].  In other words, the discovery of breast cancers happens at the final metastasis stage too late and too 
dangerous in a region filled with lymph nodes for spreading.  The metastasis left behind micro-calcification 
deposits due to the apoptosis of cells, which could not keep up the rapid growth rate.  These calcium 
deposits became opaque to the X-ray mammogram imaging and showed a dark morphology recognizable to 
the oncology radiologists. There are several stages of cancers.  They are the primary tumors stage; invasion 
blood vessel stage; blood intra-vasation stage Fig.2; extravasations transport stage; and the metastasis stage.    
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Fig. 2 Transition of military persistent surveillance to the wellness of woman soldiers for breast cancer warning at 
early angiogenesis stage by tracking the dual color infrared spectral ratio per pixels. 

 Although the diagnoses by means of two infrared spectrograms ratio over time are nonspecific, they 
provide noninvasive and convenient warning sign for households.  This important invariant feature is 
derived from the signal and noise ratio (SNR) pre-conditioning allowing the blind sources separation (BSS) 
by the power of two cameras. While Phase II Receiver Operation Characteristics efficacy studies is going 
on according to FDA standard of double-blind with independent control and referee system, another 
hardware team works for affordable ODM/OEM of dual IR-spectral camera [5].  For affordability about 
$1K, we merge two cameras into one camera. We adopt one compound lens following the main optical 
beam interrupted by a beam splitter which focuses the Mid IR portion of the incoming light towards a mini-
cryogenic Mid IR image plan located below the main camera and is orthogonally to the main beam where 
the CCD night vision digital camera locates.  In this report for diabetes, we translate military know-how of 
the power of pairs and the same underlying unsupervised learning, but a new teaming following Sony 
lesson of “parallel market design of sequential product line.” We choose the semiconductor ODM/OEM 
Taiwan and the policy-center, Washington DC, responsible for one-fifth GDP expenditure for the 
healthcare of 78 millions aging baby boomers.    

 
2. SALIVA 

 
The parotid through tubes that drain saliva, called salivary ducts, near our upper teeth, submandibular 

under our tongue, and the sublingual through many ducts in the floor of our mouth, and they all secrete 
saliva into our mouth. Besides these glands, there are many tiny glands called minor salivary glands located 
in our lips, inner cheek area (buccal mucosa), and extensively in other linings of our mouth and throat. 
Salivary glands produce the saliva used to moisten our mouth, initiate digestion, and help protect our teeth 
from decay. As a good health measure, it is important to drink lots of liquids daily. Dehydration is a risk 
factor for salivary gland disease. Obstruction to the flow of saliva most commonly occurs in the parotid and 
submandibular glands, usually because stones have formed. A dental x-rays may show where the calcified 
stones are located. The most common salivary gland infection in children is mumps (not caused by stone 
constriction) which involves the infectious parotid glands. In fact, many of these lymph nodes are actually 
located on, within, and deep in the substance of the parotid gland or near the submandibular glands. Thus, 
saliva is rich with IGG.  Diabetes may cause enlargement of the salivary glands, especially the parotid 
glands. Alcoholics may have salivary gland swelling, usually on both sides. Saliva digests starch or other 
carbohydrate through glycerin into single monomer e,g, glucose etc easily entering intestine blood stream.   

 
Then, the pancreatic insulin endocrine helps it enter into living cells where an oxygenated 

denaturalization of glucose can produce 4.3 calories of stored free energy and peroxide Eq.(1). 
22612626126 OHOHCOOHC +→+    (1) 

Equation (1) is the main chemistry reaction for the measurement of glucose by measuring the electrical 
charge property of the peroxide [9,10]. Optical florescence spectrum has been also used [10] for molecular 
tagged imaging for real time hospital kidney dialyses.  
 

We now digress to introduce pancreas insulin and blood sugar glucose. Insulin is a long peptide chain 
secreted naturally by β-islets of pancreas Schwamm cell, artificially synthesized by Nobel Laureate Bruce 
Merrifield of Rockefeller (attached one end of peptide to a solid suspension and efficiently work on the 
other side chain as invented independently by a Shanghai biologist published in Chinese journal).  Insulin 
can unlock gateways of our body’s cells and help blood sugar penetrate cell membrane as energy to 
perform daily activities.  The blood sugar is the simplest digested carbohydrate: C6H12O6, as if 6 carbons C 
were merged with 6 waters H2O.  However, the glucose needs to store more free energy than fat and protein 
in 3D morphology. Unlike 6-carbon forming a flat hexagon benzene ring, the glucose has only 5 carbons, 
pluses 1 oxygen displacing the sixth carbon into a zigzag backbone plane in either 3 segments over the 
plane like a chair formation, or 2 segments like a bow-tie symmetry.  All 6 carbons, including the displaced 
one, are further connecting to the hydrophilic hydroxide OH, which to taste sweet must be attached along 
the z-axis perpendicular to the backbone (otherwise along the x-y orbital plane is not sweet glucose). 
Evolutionally over billion years, the oxygen entering cellular metabolism provides large free energy storage, 
much more metabolic reactions and rich variety of trans-membrane communications for Cambrian 



 5

explosion era circa 543 MY of eukaryotic complex cellular organisms [Nature V. 455, p. 35, 2007; p.47, 
2007].  Now, we return to define 3 types of diabetic disorders. In type 1 diabetes, the insulin deficiency is 
due to pancreatic lymph nodes, mediated by the death of pancreatic β cells, produce immunological T-cells 
targeting Peri-islet Schwann cell, called the “autoimmunity.” The pancreatic sensory neurons have 
defective capsaicin TRPV1 (Transient Receptor Potential Vanilloid-1) receptors of insulin causing pancreas 
islet inflammation, due to imbalance of neuron response of neuro-peptide substance p & insulin [6].  Type 
2 diabetes is caused by “insulin resistance,” namely our body does not use insulin properly. As a result, 
glucose entry into cells is impaired as if the cells were insulin-resistive.  A hybrid of “autoimmunity” and 
“insulin resistance” is called diabetes type 1-½.  Recently, NICHD explored the Saliva IGG for the accurate 
timing for the effectively administrating the second booster shot for the vaccination of new born infant in 
Vietnam with their patented conjugated vaccines. Pasteur Institute of France with the inscription motto: 
“chances favors a prepared mind” has discovered from the saliva a new substance called Opiorphine which 
is about 3~6 times stronger than morphine and easily metabolized over time.   

 
A non-invasive prototype device, monitoring the blood glucose levels, will be implemented according 

to the indirect measurements of pair of saliva glucose levels using the micro-fluidity-intake dual channels 
with a system on chip computation as a pocket lab on chips. Twenty millions’ diabetes exists in US alone, 
of which one out of three does not even know that they have the disease until damage is done. Diabetic 
symptoms are frequent urination, increase fatigue, excess thirty, irritability, extreme hunger, blurry vision, 
and unusual weight loss, compared to ones own past data presumably in a healthy initial state. Those 
seniors who are not obese and those who have weight challenge have different risk of diabetes, but 
increased with deteriorate physique.  The excessive blood sugar, glucose, helps lipids and fatty cholesterol 
streaks enter the artery lining forming plagues (called atherosclerosis, due to excessive triglyceride 
converted from glucose by liver). The plague in veins and arteries can severely reduce blood flow, and 
diminish the nutrient and the oxygen supply (attached to the red blood cell via iron of hemoglobin) to the 
vital organs, the brain and the heart, resulting respectively in stroke and heart attack.  While blood test-kits 
and pressure guns for insulin injection are available, the stress of intrusive measurement and the 
inconvenience with potential contamination are not so desirable on daily basis for both junior diabetes and 
aging baby boomers.  In this paper, we design a noninvasive pocket saliva test kit for minutia saliva intakes, 
based on our exact equilibrium solution of a time-averaged model of spontaneous biochemistry diffusion of 
glucose substance from excessive “blood glucose level (BGL)” seeping through saliva glands mechanism.  
Such a dynamics profile “saliva glucose level (SGL)” is delayed and much reduced in the magnitude about 
few percentages.  If we could measure for each individual both dynamics in a time-average sense about 30 
minutes, we might deduce a correct prediction formula for the peak quantity of BGL and the time for the 
individual and thus reduce the unwanted frequency of real-time blood tests.  This prediction aspect will 
report in the future studies after we finish and can apply the SOC prototype model I. We will concentrate 
on the development of an analytical modeling for the purpose of designing dual intake channels SOC, 
together with some numerical values obtained from few hospital sick patients.  

 
However, such a hope between the correlation between “saliva and diabetics” has a mixed opinion in 

the last four decades, according to the archival 78 articles of NIH/National Library of Medicine.  Braun et 
al. of Hungarian reported the first observation in 1966; Mehrotra et al. of Indian reported in 1968 of a 
village of diabetic seniors having serious periodontal disease. Recently in 2006, Siudikieneet et al. of 
Lithunania studied diabetes-type 1 inferring from saliva [6,7]. Carda et al. of Espana investigated diabetes-
type 2 using saliva [8].  Recent works [9] revealed large individual variation between blood and saliva 
glucose levels (BGL & SGL), the universal correlation between BGL and SGL has not yet been fully 
established [10]. We notice that most of the correlation experiments were based only on the second order 
statistics of selected sparse sampling, e.g. during the office hours after fasting the night before.    Although 
the saliva kit is less accurate per se than blood tests in general; the unsupervised blind sources separation 
(BSS) of pair saliva sampling might produce invariant features, which over time development might relate 
better with arbitrary delay to those permeable blood constituents through the gland-blood barrier membrane.  

 
3. UNSUPERVISED ALGORITHM FOR HOMEOSTASIS RESOURCE SHARING 
 

Microscopic molecular kinetics model is currently beyond our ability to understand how exactly the 
unknown sources S= (s1, s2)= (smalign, sbenign)= (sglucose, sother) are diffusively emissive and  permeate matrix 
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[A?] through breast tissue and saliva glands ducts respectively.  Currently, advanced in vivo studies with 
molecular-tagged imaging may illuminate the complete pictures of underlying signaling pathways and 
molecular mechanisms for physiological modeling and treatments. In this treaty, we concentrate on the 
equilibrium biochemistry principle to develop macroscopic model. 

 
Following the Gibb’s spontaneity principle governing biochemistry processing, we introduce a 

resource sharing homeostatic learning theory deriving the unsupervised learning Hebb rule and sigmoid 
logic for effortless sensory processing since 1999[14-16].   Accordingly, the (isothermal) Helmholtz free 
energy defined in thermodynamics as H = E _To S, where E is information processing synaptic energy and 
To is the local temperature of the brain at an averaged value 37oC for most healthy humans; and Shannon-
Boltzmann-Clausius Entropy is S = -s1log s1 

_ (1-s1) log (1-s1) for two normalized component sources. 
Several interesting remarks are in order:  

 
(i)  Why do intelligent animals involve pair inputs and isothermal brains?  
 
(a) Fact 1: constant temperature of their brains per species (37oC for humans; 40oC for chicken) and  
(b) Fact 2: paired input sensory organs (e.g. binaural hearing, binary vision, zonal tasting, & tactile, 

etc) while in contrast the output sensory organ is always singular (e.g. one mouth to speak, one exit going 
for bathroom, etc.).  An efficient fusion must happen at the points of correspondence of two sensors, based 
on the Gibb’s principle of the aforementioned minimization of the isothermal Helmholtz free energy H.  
This is called the power of pairs: “agreement, the signal; disagreement, the noise” requiring no delay of 
outside teacher supervision. Imagine the clarity power would be if adopted for coincidency-accounted 
binaural hearing aids.  In order to save the processor energy, H must be vanishingly small for any 
isothermal spontaneous processing.  

 
(ii) About the conscience of all hot blooded animals. Nobel Laureate Francis Crick has led a 

frontier research for decades with the help of Dr. Cristof Koch at Neuroscience of Salt Institute who seek 
for the anatomical structure supporting the consciousness.   In the last publication [Philos. Trans. Royal 
Soc. of London, 2005], he stated that the architecture must infer the functionality and vice versa.  Koch and 
he had tentatively identified the consciousness architecture is a thin sheet of grey matter resides in parallel 
two way connections to and below the cortex computing feelings, seeing, hearing, language and decide 
what to do, known as the “Claustrum, the conductor of an orchestra binding all”.   

 
In early theory they measured an ubiquitous firing rates binding at 30Hz as the wakening of 

consciousness.  Our free energy theory might estimate a bound on the size of neurons involved in the 
Claustrum.  In other words, such a spontaneous firing rate must be satisfied a minimu isothermal free 
energy.  The firing rate involves the phase transition form the un-consciousness randomness to the 
consciousness ground state.  Gibbs theory of the biochemical spontaneity support the Crick-Koch 
ubiquitous firing rates, for which the minimum Helmholtz free energy associated at the 370C Celsius 
temperature, should effortlessly support all neurons. Owing to the linearity of the Einstein-Boltzmann 
energy formula the uncertainty of our brain size can be estimated 

 
E= Nhf = KBTo, 

 
ranging between 20 billions and 10 billions neurons corresponding to the range between 30Hz and 60 Hz 
firing rates respectively for the ground state of mindlessness for which it must be less than the 
consciousness decision at a synaptic junction as measured experimentally by Nobel Laureates Hodgkin and 
Huxley about 100Hz firing rates. The computation follows from a physics units table issued by NIST as 
follows: 



 7

114
19

123123

15
19

3434

11

2323

34134

%01.01086.0
.106.1

1.1038.1.1038.1

sec1017.4
.106.1

1sec.1067.6sec.1067.6

12~8

%6.2025825.0)
40
1(

300
310

102102,

108.427.1038.1310)37273(
101.200sec30sec1067.6

−−−
−

−−−−

−
−

−−

−−

−−−

≤===

===

≅

===

≅

==+==

===

eVKeVKx
Jx

eVKJxKJxKBoltzmann

eVx
Jx

eVJxJxhPlanckthewhere

micronatIRlongtheatpeakedspectrumPlanckaemitswhich

eVeVeVenergythermalbodyThe

billionstimesaboutxNisbrainhumanaofneuronsofnumbertheThus

JoulexJxxKTK
JoulexNxJouleXNxhfNE

B

BoB

λ

  

In summary, if we take seriously Crick and Koch model of ubiquitous binding of firing rates for the 
wakening of consciousness, we can estimate our brain beginning at the binding of 30Hz firing rates which 
might effortlessly support up to all 20 billions’ neurons per an isothermal brains kept at 37oC.   

 
(iii)  We assert that the sharing of (neural transmitting) resources at isothermal equilibrium value 

may be responsible for Gibb’s phenomena and lateral inhibition at ganglion neurons level (for 
computational proof, see Frank McFadden & Szu [17]).   The Gibb’s overshooting & undershooting 
phenomena could be understood as resource sharing at the isothermal equilibrium.  In other words,  a 
limited constant resource of neuro-transmitting must be shared by neighborhood neurons. For example, a 
ideal step-function light illumination is shown in Figure 3 a), in which (beneath layers of 150 millions of 
rods & 6.2 millions of cons) the sensory bipolar and ganglion neurons on the bright side at a light-dark 
edge boundary can utilize locally shared resources that are underutilized by the neurons on the dark side; 
therefore, they are relatively overexcited compared with other neurons on the bright side.  This over-
utilization of un-used resource by dark side neurons, in turn, leads to depletion of resources in the 
isothermal equilibrium available to the neurons on the dark side near the boundary. A similar phenomenon 
occurs with a rectangular light illumination in Fig 3 b) with the phenomena of lateral inhibition (as seen in 
the Mexican hat shaped response curve at the ganglion level) –over-utilization of local resources by 
neurons closer to the peak depletes resources that would otherwise be available to nearby neurons.  Fig. 3c 
shows the limited resource due to the isothermal free energy minimization. 

                                                                                                     

 
Figure 3.  Over-utilization of shared resources among neurons of those light-stimulated receptors in the 

neighborhood of non-stimulated receptors responsible for the a) Gibb’s overshooting & undershooting; in case 
of a lighted stripe we obtain by the symmetry of two opposite step functions b) Lateral inhibition in the Mexican 

hat shape, and c) Gibbs spontaneity principle for effortless fusion of early vision mediated by local sharing of 
neuro-transmission resources: namely the equilibrium predicted by Szu36 occurs at s*1 where minimum 

isothermal  free energy H is minimized. [17] 
 
A difficulty of this explanation in terms of equilibrium model is associated with the long replenish 

time needed neuro-transmitting vesicle substance associated slow thermal diffusion process.  However, this 
phenomenon is overcome by eyeballs jittering with different focal points, called saccades at hundred Hertz 
frequency, in order to rapidly utilize those under-used neighborhood receptors and firing neurons, so long 
that internally the brain keeps track of  eye motion with respect to the inertial frame (as the neural circuitry 
to accomplish this detail balance reported in Nature 2007).  As a result, we stabilize the jittering and mosaic 
images (Hsu et al. on UAV videos, loc. Cit.).  

 

S tep function 
of light 
illum ination

Light strip
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(iv) Szu assumed further that E is analytic in the input sensory pair vector X and the output feature 

vector S, such that a piecewise linear model is SAX ][≅  where matrix [A] is an unknown impulse 
response matrix.  The information fusion energy can be analytically expanded near the unexcited 
equilibrium state Eo as Taylor series E= Eo + linear + higher order terms.  In fact, the Hebbian learning 
rule for unsupervised learning of data Xj  drops out from the analyticity of information fusion energy  

 
E= Eo + µ ([W]X _ S)+ second order   (2a) 

 

jiij
ij

ij XW
W
H

t
W

μ≈Δ⇒
∂
∂

−=
∂

∂
 Unsupervised Hebb learning rule  (2b)  

The sigmoid logic follows from rigorously from the minimization of free energy [15,16] yields the 
components of feature vector S.    

ii
i

s
s
H

=⇒=
∂
∂ )(0 μσ    McCullough & Pitts neuronal sigmoid logic rule (2c) 

This basic theorem has established biological observations by Hebb, for synaptic efficacy Eq.(2a), 
McCullough and Pitts neuron threshold logic Eq.(2b) from the Gibbs principle of biochemistry—
spontaneity according to which the isothermal free energy Eq(4a) must be at the minimum.  An exact 
solution for simple two component case is recently derived by Szu, Miao and Qi [11] as s*1 = 1 _ 
exp(_Eo/KBTo).  
 

(v) We remark on the biomedical relevance of the biological natural intelligence (NI) model as 
follows: Szu conjectured (in his space-variant breast tumor research by means of a single-pixel blind source 
separation (BSS) [1,11,15,16] that the Lagrange multiplier vector µ must be measured in the units of 
Amperes (of which a single ion contributing to dendrite ion current has been measured in pico-Amperes 
first by Nobel Laureates Neher and Zagmann) behaving like a house-keeping glial cells. This is because of 
its physics unit nature of Lagrange multiplier with the synaptic weight [W] in Volts (of which a milli-
Voltage was measured first by Nobel Laureates Hodgkin and Huxley). Thus, we can obtain the internal 
energy E at homeostasis temperature To.   

 
4. APPLICATION TO SOLVE ILL-POSED INVERSE SOURCE PROBLEM 

  
We follow the minimum thermodynamic free energy methodology introduced first by Gibbs and 

recently for passive breast two color infrared spectrum imaging by Szu [1,11,16,17] for earliest tumor 
detection at a single pixel in question.  Szu took two (3~5 μ, & 8~12 μ) infrared (IR) spectrum 
measurements X= (xlong IR, xmid IR) per pixel [1].  Likewise, in saliva case, sources are glucose and other 
none-glucose at one sample point after meal together few neighborhood distant time points pre-meal as 
individual baseline. Given single-time-point two components’ vector measurements of the saliva quantity 
for left and right upper jaws(taken after brush cleaning etc. standardization only for establish correlation 
with blood test, not needed for household practice): 

X= (xleft ,  xright)T  (3) 
Where the superscript T denotes the matrix transpose without knowing how the diffusively mixing of the 
sipping of excessive blood glucose level with other liquids sources S= (s1, s2)T as represented by the mixing 
matrix [A?].  We wish to invert the 2x2 matrix X= [A?] S  in case of an unknown mixing matrix [A?].  This 
is called Blind Sources Separation (BSS). We develop a unique single-time-point BSS formula for senior 
saliva test kit.  All other direct measurements, based on glucose chemical reaction Eq.(1), must be bounded 
by tow equilibrium values pre-meal and after-meal to be given in the following: 
 

The first principle of biochemistry is the "spontaneity" principle, according to which the 
thermodynamic isothermal free energy of cellular reaction process---namely the glucose leakage through 
blood-gland membrane into saliva for isothermal diffusion at mouth temperature To=37oC.  According to 
the biochemical minimum free energy principle of the spontaneity, the isothermal free energy Helmholtz  is 
reduced to zero for an equilibrium spontaneous diffusion of the glucose through the saliva glands at the 
fixed point s*1 where all slopes vanish.   
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H(isothermal free energy) =  (diffusion energy)E  -  (mouth temperature)To (Shannon entropy)S 

0

;0
;

1

=

=
−≡

ds
dH
H

STEH o
   (4a,b,c) 

We define a time-integrated average results of saliva vector X , mixing impulses response matrix [A], 
and glucose & other sources vector S in terms of slow macroscopic  time scales minutes t, while the fast 
time scale of dynamics is denoted by the time-integrated microscopic variable τ .  

∫
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o
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tX
τ

τ

ττ )(1)(    (4d) 

After the time average, we assume a linear model valid usually in the averaged limit of weak signals. Then, 
a single macroscopic time point data model is: 

 )(?])([)( tStAatX oo=   (4e) 
Equation (3) has introduced two independent measurements of saliva quantity vector X , and we need to 
invert the unknown saliva-gland-blood-glucose mixing matrix to determine three unknowns (two unit de-
mixing vectors of matrix [A] and one percentage sources S), other than a damping scaling factor oa  to be 
determined by experimental measurement of blood glucose level.  Such an ill-posed inverse problem is 
common in physics inverse problem, which is usually consistently determined by applying the physics 
conservation and symmetry laws.  In our case, we apply the biochemistry spontaneity reaction Gibbs 
principle Eq(4a-e) of minimum isothermal free energy of Helmholtz, Eqs(4a,b,c). First, we demonstrate 
that the isothermal free energy for an equilibrium spontaneous diffusion of the glucose through the saliva 
glands is indeed a linear function of source 1s and the baseline energy interception Eo is associated with the 
so-called fasting saliva level.    The diffusion energy E must be macroscopically determined [4] within 
measurement accuracy as an analytic, or differentiable, function of input and output data  
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where iμ is called Lagrange vector parameter to be consistently determined by unsupervised learning of 
Artificial Neural Network (ANN)[1,4]. While the entropy is a concave function as illustrated in Fig. 1, it 
peaks at 50-50% minimum information. The informative diffusion energy E is linear. Free energy diagram in 
it the simple complex curve is the entropy, and internal energy is a linear line their intersection defines the Helmholtz 
isothermal free energy 
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Secondly, we derive the linear energy expression, according to the biochemical principle of spontaneity, i.e. 
the minimum Helmholtz free energy Eq(4a) summarized in the following theorem. 
 
Theorem 1 Minimum Helmholtz free Energy determines a linear & stationary function of saliva 
glucose level of saliva measurements:  Given isothermal equilibrium system at the minimum Helmholtz 
free energy defined by Eqs.(4,5), the departure from an individual baseline level satisfies a canonical 
ensemble average behavior,  in terms of analytic input & output data X and S.  Then, the departure of the 
baseline according to minimum thermodynamics free energy one obtains 

) T)/K(tE  - exp(  - 1  = )(ts oB-
*
oglucose +   (7) 

Proof: 
In order to determine the correct zero-order formulation for the baseline oE , one need to derive the 

relationship between the true solution *
oE  (indicated by the superscript *) and the true unknown source s*1.  

Shannon using the unit-sum-rule entropy formulae: 
)1(log)1(log 1111 ssssS −−−−=   (8) 
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The first order slope of energy tangent line at each point is obtained by calculating the derivative of the 
entropy S with respect to 1s  
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Since at equilibrium H=E-ToS=0, then E=To S, and the slope of the energy line equals to the slope of the 
entropy line. If we know the intercept *

oE from the immediately previous baseline measurement, the energy 
line can be uniquely determined 

BooooB KEsssTEs
ds
dSTterceptinsslopeKE /}log)1log({/ *

111
*

1
1

1 +−−=+=+= (10) 

Then, substituting the aforementioned entropy formula S Eq(8) and equaling it to the derived energy E 
formulae Eq(10) (because Eq(2a) H=0 implying E=To S ), we have obtained 

oBoBo TKETKEsssssssS //}log)1log({)1(log)1(log *
1111111 =+−−=−−−−=  (11) 

which is simplified as follows 
)1(log/ *

1
* sTKE oBo −−= , or,    (12) 

)exp(1
*

*
1

oB

o

TK
Es −−=      (13)  Q.E.D.  

Note that there is a one-to-one mapping between the informative diffusion baseline energy at the 
immediately previous time point t, say after the fasting saliva test with blood test.  We determine the 
unknown glucose source *

1s at time t+.  Moreover, the mapping is exponentially nonlinear as typical solution 
of the statistical-mechanical canonical ensemble under local mouth temperature To.   If we can get the true 
information energy from data, the abundance fraction can be directly according to Canonical ensemble 
calculated without a learning process. Let ),,,( 321 nXXXXX ⋅⋅⋅= denote the data within a time 
neighborhood, where each column vector represents a data point and n  is the size of neighborhood. The 
center pixel is represented by cX . The informative diffusion energy *

oE is calculated by the summation of 
the angles between the center pixel and its neighbors expressed as 
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After calculating the baseline *
oE  , the source solution can be tabulated through aforementioned equilibrium 

solution.   
4. HOSPITAL TRAINING DATA GATHERING 

 
The Phase II clinical investigation of noninvasive dual color IR imaging tracking early breast 

cancer detection has been going on at both Vatican of Rome, and Taiwan National University Hospital 
[5,11]. We will have results to share in the near future.  Meanwhile, we concentrate on the Phase I study of 
saliva glucose level experiments.  The blood droplet data are likewise collected with left and right 
fingertips capillary blood draw.  Different informative diffusion energy is estimated to lead by the Theorem 
1 the desired glucose content. We augment  our Institute Review Board & Patient Consent Form under 
Ming-Shen Hospital IRB & PCF led by Physician of Endocrinology and Metabolism, Dr. Chang, who 
understood a pair of independent saliva measurements, and concurrently another pair of blood droplet 
measurements. Extraction of both glucose levels shall be processed according to MS hospital protocol in 
conformity with the experiments of Tokyo Agriculture & Technology University. 

 
We integrate personnel saliva over time through three pairs of micro-fluidity channels front ends for 

measuring pH, glucose and IGG, respectively, and a smart System on Chip (SOC) back-end.  The 
intelligent part of SOC will be embedded with unsupervised learning Automatic Target Recognition (ATR) 
algorithm in handling unpredictable environmental variability for hourly noninvasive measurements and 
unbiased feature extraction of useful personnel baseline profile. Then, a higher order statistics, or ICA, 
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could extract his feature vectors to compare with temporal field tests for better assurance of authentication.  
Such an interface philosophy tracks hundreds points temporal heavier to reveal the stable higher order 
feature statistics (HOS) for better predict the tide of blood glucose level, so that an appropriate quantity of 
insulin may be administrated at proper lead time for maximum control of physiology. Toward a more 
timely response of continuously deteriorating aging baby boomers, a yearly baseline check-up is not 
sufficient and proves often the missing of the timeliness of critical treatment period.  Thus, preferably daily 
checkups at the convenience of home may produce continuous profile of health dynamics in a so-called 
“baseline profile” trend, which may help medical doctors (MD) conduct hospital check-up with less errors 
in critical diagnosis judgment call. Therefore, we suggest that an idea situation for early diagnosis should 
include the first line defense at households (beyond traditional hospitals, insurance agencies, social service 
and governing body).  
 

1. Two groups of volunteers, one cohort with diabetes and another cohort without it (but may need to 
stay hospital for different reasons). 
 

2. Carry out their routine daily life at the hospital, so that nurse can take their hourly droplet-blood for 
lab tests together with lab saliva hourly tests. Every sample should be pairs (e.g. left & right side of fingers, 
left & right deep inside of mouth).  
 

3. We need enough sample size to measure the Glucose, & the others, e.g. amylase, IGG, etc. 
 

4. One-day 24 hours including fast baseline at early morning wake up before and after a breakfast. 
 

5. Although a commercial saliva test could be used for the soaking sponge at inner gum area, in 
hospital setup, we can design our own way so long as it is consistent. 
 

The device frequency is to be determined by doctor in the future, but in this training data for our to-be-
design device we would like to have over sampling--- for example hourly two blood-droplets (left & right), 
and half-hour two saliva samples at exact time marked. 
 

Without yet using the test kit, we intend to have your Hospital at Long Tan co-worked on a test bed 
training data gathering for the necessary benchmark of our pocket test kit. 
 

5． SYSTEM ON CHIP & MICROFLUIDITY 

The use of saliva for disease diagnostics and normal health surveillance will bridge the oral health 
research into systemic diseases through the biofluid that filters and processes itself from the vasculature 
that nourishes the salivary glands (Fig.1).  Due to the recently developed technologies, the barriers to 
widespread implementation of salivary diagnostics have been largely overcome. Techniques are emerging 
from a combination of miniaturization technologies and discoveries in many different fields including 
biology, chemistry, physics, and engineering that are leading to high throughput (the ability to process and 
analyze a large number of samples in the real time), automated, portable, low cost, compact, more efficient, 
and rapid biochemical analyses. Miniaturized diagnostic technologies will be able to yield patient 
information reflecting health and disease status with minute amounts of body fluids.  The advent of digital 
microfluidic MEMS/NEMS (Micro/Nano Electro-Mechanical Systems) technology offers such a detection 
system due to the advantages in portability, reduction of the volumes of the sample and reagents, faster 
analysis times, increased automation, low power consumption, compatibility with mass manufacturing, and 
high throughput.  Fig.4.a shows a demonstration of the electrowetting MEMS integrated with optical 
detection. MEMS/NEMS are integrating systems consisting of mechanical elements, sensors, actuators, and 
electronics on a common silicon substrate (a substance upon which an enzyme acts) developed through 
microfabrication technology. These systems use a small sample and a reagent volume (a substance used to 
produce a chemical reaction, so as to detect, measure, or produce other substances), coupled with integrated 
detection methods to perform analyses.  While the economic outlook seems grim for many sectors, 
Nanoelectronic technology is thriving. Built with nanotubes and various self-assembling molecular 
structures, scientists can anticipate a switch from lithographed silicon chips to nanoelectronics. The switch 
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is attributed to the physical limitations of silicon-based circuits. These constraints will soon be met, so 
scientists have been searching for other options to conventional silicon electronics. Not without its share of 
problems, nanotechnology will still profoundly impact the electronics sector.   

A new technology named System on a Chip (SoC) will be able to perform multiple operations in parallel in 
nonlaboratory settings such as the field, factory, hospital clinic, or home. Such technologies will allow the 
simultaneous assessment of multiple conditions of health and disease and provide clinicians with 
prevention and therapeutic strategies to meet patient needs.  System on Chip (SoC or SOC) is an idea of 
integrating all components of a computer or other electronic system into a single integrated circuit (chip). It 
may contain digital, analog, mixed-signal, and often radio-frequency functions – all on one chip. A typical 
application is in the area of embedded systems.  Our SoC design Fig. 4b) provides a compact, cost-
effective, low-power, portable, solution, which consists of one microcontroller or DSP; memory blocks 
including a selection of ROM, RAM, EEPROM and Flash; timing sources including oscillators and phase-
locked loops; peripherals including counter-timers; real-time timers and power-on reset generators; external 
interfaces including industry standards such as USB, FireWire, Ethernet, USART, SPI; analog interfaces 
including ADCs and DACs; voltage regulators and power management circuits.  The bio-sensor IC 
implemented in another device is connected and digitized through the ADC of our SoC solution, and the 
detection and diagnosis program can be downloaded via the USB device into the local memory device.  
This configuration and infrastructure provide the most effective solution.  The SoC structure with 
MEMS/NEMS technology is depicted as follows Fig. 4c): 

 
Fig.4.a) The schematic of the electrowetting MEMS integrated with optical detection 

 

 
Fig.4.b) Functional Block Diagram of the SoC System. 
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Fig.4.c)  An SOC Fabrication Example 
Once we have made a prototype model I, we will conduct large scale phase I & IIa studies ion order to 
prove it do no harm, since the controversy remains about the utility of measuring saliva glucose levels. 
Tokyo team concluded significant differences were observed in individuals between the time-course 
changes of SGL and BGL. Furthermore, they observed the shape of the flow cell was an important factor in 
measurement accuracy. The shape of the flow cell (made of acrylic resin) in the saliva analyzing system 
was designed so that low-level glucose concentrations, in the order of 0.1 mg/dl, could be measured. Since 
the volume of saliva sample was limited to 200:1, the flow cell volume was set as 147:l, nearly two thirds 
of the sample volume. The shape of inflow port was designed so that the sample solution could be poured 
vertically onto the measuring plane of the enzyme sensor. The sensor current was first measured using 
200:l of the sample solution, with flow rate in the range of 0.3 to 0.5 ml/min, the same conditions as used 
for the saliva sample. Then, the OGIT was carried out on a subject. The time-course changes of BGL and 
SGL were simultaneously measured with the blood glucose auto-analyzer and the saliva analyzing system, 
respectively. 

(i) In hardware design, we take geriatrics into account the saliva quantity requiring the micro-
fluidity channels, which match well with the micron electrical-mechanical system (MEMS) 
together with a smart System on Chip (SOC).   

(ii) In software design, we follow the principle of binaural hearing based on the “power of two 
measurements per time-sampling” useful for signal pre-conditioning: “coincidence, the signal; 
otherwise, noise”.  We can further apply channel equalization with sensible normalization.   

(iii) Our methodology adopt for each individual the unsupervised learning methodology based on 
single-time multiple-point Blind Sources Separation beyond the second order of statistics.    

(iv) In logistics operation, we accept no universality correlation between blood & saliva, but treat 
personnel variation individually, and conduct a persistent surveillance individual blood and 
saliva data gathering for individual “baseline profiles.” 

(v) To commence the design, we took a hospital-lab data acquisition system to gather a few 
healthy & diabetic adult volunteers with complete BGL and SGL daily dynamics.   

(vi) To benchmark the performance, we conduct large-scale experiments at the Senior Wellness 
Centers (operated in association with Ming-Shen Hospitals, Howard University Hospital and 
Senior Wellness Centers of DC) in order to assure the utility in preserving quality of life.    

 
6. TEST & EVALUATIOM METHODOLOGY 

 
Sweden scientists Annika Borg Andersson, Dowen Birkhed, et. al. (birkhed@odontologi.gu.se, Eur J Oral 

Sci 1998; 106: 931–937) had found significant correlation after 2 hours after intake for tenth diabetes 
patients of type 2 & 1, divided into insulin treatment or not, compared with healthy control groups.  All the 
teeth which were sampled were located in upper jaw. Cotton rolls were placed in the vestibulum region 13–
23 and easy air blow was performed to dry the teeth before sampling. The extract was frozen at −20°C 
until it was analyzed for glucose. An enzymatic method was used (Cat. No 139041, Boerhinger Mannheim, 
Germany) (cf. Secretion of glucose in human parotid. Borg et al., Scand J Dent Res 1988; 96: 551–556.). In 
Study A, samples Study B. were analyzed using a hexokinase method (A colorimetric serum glucose 
determination using hexokinase and glucose-6-phosphate dehyrogenase. cf. Caroll et al., Biochem Med 
1970; 4: 171–180.) and in Study B using the Exatech system (Medisense Sverige, Sollentuna, Sweden). 
Glycosylated hemoglobin (HbA1c) was determined using a liquid chromatographic assay (Measurement 
of hemoglobin A1c by new liquid chromatographic assay: methodology, clinical utility and relation to 
glucose tolerance evaluated. Jeppsson et al. Clin Chem 1986; 32: 1867–1872). 
 

The concentration of glucose in parotid saliva was measured after glucose/food intake in two separate 
studies (A and B). In Study A, 10 subjects with impaired glucose tolerance (IGT), 10 subjects with newly 
diagnosed Type 2 diabetes and 12 healthy controls were included. Study B comprised 15 subjects with 
Type 1 or Type 2 diabetes on insulin treatment, nine subjects with Type 2 diabetes on treatment with oral 
antidiabetic drugs and 12 healthy controls. After a 10-h overnight fast, the participants in Study A were 
given a 75 g oral glucose load, while those in Study B received a standardized breakfast. Citric acid-
stimulated parotid saliva was collected up to two hours after the intake. Capillary blood and gingival 
exudate samples were also taken. On the basis of AUC values (area under the curve over baseline), the 
glucose concentration in parotid saliva increased significantly in individuals with IGT and Type 2 diabetes 
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compared with controls in Study A and in diabetic patients on treatment with insulin and oral antidiabetic 
drugs compared with controls in Study B. No effect by the glucose/food intake on the glucose 
concentration in gingival exudate could be demonstrated in any of the studies. The correlation coefficient 
between the AUC values of glucose in saliva and blood, when all three groups were combined, was 0.38 in 
Study A and 0.52 in Study B. It is concluded that the concentration of glucose in parotid saliva is elevated 
at least 2 h after glucose/food intake in individuals with both IGT and manifest diabetes mellitus. 
 

Unfortunately, we also mention that Hashemipour et al. (Irn. J.Endocrinol Metlab 2001, V.2 ,No.4) 
found an insignificant relationship between blood and saliva glucose levels in 10 healthy men.  This was a 
cross sectional study. 130 blood and 130 saliva samples were obtained from 10 healthy men 13 times in 5 
days. Each day samples were taken in 3 times, fasting, postprandial and evening. Samples were analyzed 
with glucose oxidase method. Value of blood glucose level ranged from 58mg/dl to 118 mg/dl. Mean of 
fasting blood glucose level was 84.9±3.13mg/dl. Value of saliva glucose level ranged from 0.322mg/dl to 
4.941 mg/dl. Mean of saliva glucose level was 1.22±0.81mg/dl. Correlation coefficient between BGC and 
SGL from the 5 days of measurement was 0.23. Correlation coefficient for each day was 0.38 (first day), 
0.21 (second day), 0.01 (third day) 0.37 (fourth day). Correlation coefficient for each person was 0.31 (case 
A). (case B), 0.07 (case C), 0.07 (case D), 0.45 (case E), 0.10 (case F), -0.05 (case E), 0.32 (case H), 0.87 
(case I), 0.87 (case J). Unfortunately, considering the values of correlation coefficients and the limited 
range of SGL, we cannot use saliva for detecting BGL.  

 
Experiments led by Masaki Yamaguchi et al. Fig. 5 of Tokyo Agriculture & technology University in 

1998 [9] took six young adults of ages 24+4.6 with fast BGL at 93.1+7.9 mg/dl to produce second order 
statistics as follows.  Alternatively to photometric methods, biological screening using body fluids that are 
obtained non-invasively, such as urine, sweat, lacrima, etc., have long been considered.  K. S. Arai et al. of 
Japan 1991 [11] have attempted to establish a non-invasive saliva enzyme method for measurement of BGL. 
Their study consisted of administration of the 75 g oral glucose tolerance test (OGTT) to determine the 
time-course changes in BGL and SGL. In addition, a new system for saliva analysis using an enzyme 
sensor was developed. The measurement transducer used was an enzyme Amperometric glucose sensor 
(7820L, DKK Co., Tokyo), with electrodes of silver (anode) and gold (cathode), and a potassium chloride 
electrolyte solution. The voltage applied across the electrodes was 0.7 volts. The electrodes were covered 
with a Teflon membrane, over which an immobilized enzyme membrane was placed. As a test solution, a 
phosphate-buffer (pH 7.3) with temperature held at 37°C was passed through the flow cell by a rotary 
pump (U4-XV, ALITEA, Sweden). The enzyme sensor generated a current that was proportional to the 
concentration of dissolved oxygen in the buffer. Using a micro-syringe, a sample solution was then 
injected, and the following reaction took place at the enzyme sensor. 
 

The concentration of dissolved oxygen to reach the sensor is reduced as the above reaction progresses, 
resulting in a decrease in the output current from the sensor. When the amount of oxygen consumed on the 
enzyme membrane equilibrates with the amount released from the sensor, a constant current is generated. 
The magnitude of this current is proportional to the glucose concentration of the sample solution. This 
current was detected by an ion meter (IOL-50, DKK Co., Tokyo). SGL was determined by the enzymatic 
Glucose CII-Testwako, GOD-POD method (Wako Pure Chemical Industries, Ltd., Tokyo). Three ml of the 
enzymatic reagent was added to 200 μ1 of saliva and incubated at 37°C for 5 mins after mixing. The optical 
density (OD) at 505 nm was measured with a spectrophotometer (U-2000A, Hitachi Ltd., Tokyo). 
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Fig. 5 Cross-section of enzyme sensor installed in a flow cell (a), and schematic diagram of a 
flow-injection-type saliva analyzing system (b). (c) Results of oral glucose tolerance test (OGTT) in normal subjects 

using the saliva analyzing system. (0: BGL, U: SGL measured by saliva analyzing system, Δ: SGL Measured by 
spectrophotometer (Courtesy of [9]) 

 
7. CONCLUSION 

 
We have assumed that the saliva glands in the mouth jaw produce saliva samples (X1 X2) through a 

linearly, instantaneous, and time-independent mixing of pre-gland glucose s1
* with other liquid s2

* during 
the slow time scale of minute sampling.  In this paper, we have proved a macroscopic permeable 
equilibrium theorem to determine the inverse sources by a single-time Blind Sources Separation (BSS).  In 
reality, this might be only the zero-th order equilibrium approximation of a general time-dependent 
nonlinear convolution-mixing problem. Our equilibrium solution could be considered as a useful time 
average over minute’s saliva sampling. It could serve as the first term for perturbation correction terms, e.g. 
a time-dependent linear convolution equation solved by Fourier transforms methodology. In other words, 
we have theoretically derived a local equilibrium glucose s1

* content, whose time integration average over 
minutes shall equal to the experimental glucose quantity present in the saliva.  However, we argue that the 
equilibrium average saliva glucose level should be sufficient for monitoring a relatively slow-time variation 
of blood glucose level over hours.  Hopefully, with a slow variation function of time after a meal, our 
equilibrium model of saliva test kit can serve as a useful predicator for each individual his or her blood 
glucose level when & how much, after the saliva glucose level is benchmarked with his or her own 
equilibrium dynamics of blood glucose levels.  Then, appropriate amount of insulin could be administrated 
to help glucose entering cells for needed energy conversion metabolism without damaging the delicate 
balance of blood glucose and insulin levels in the long run.  We can help achieve better quality of life for 
aging population worldwide.  

 

 
Fig. 4  

Fig. 6. The gain over an individual Quality of Life insures a productive second & third career in value-added 
production as opposed to a normal red deficit burden to the society.  

 
The root cause is identified in this and other related paper that is waiting for nothing can be done in the 
current healthcare payment policy until missing the timeliness and early diagnosis getting seriously sick at 
hospital retreat.  Affordable point of care smart sensors system, which implements two new concepts of 
Wellness Baseline Profile (WBP) for physician Individual Diagnostic Aids (IDA), must comprise 
biological power of pair concept translated from military real world experience on the persistent 
surveillance, together with military know-how of authenticated privacy communication Next Gen Network.  
Saliva test kit is merely one of four type’s surveillance tools for WBP and IDA.  The others and this one 
will be further developed and tested by concerned citizen and numerous collaborators worldwide.  

 
In the near future, we will describe experimental findings and SOC results. We seek worldwide 

collaboration to predict blood glucose level as a function of time near hours after meal by measuring a time 
point of saliva glucose level. This will be a challenging application. Our initial approach is applying Neural 
Control Methodology to construct both a plant model and a feedback control loop, based on lot of past 

Deteriorating  

Average life span Age 78 man /80 woman Retirement age 60~65 

Quality of Life 
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history data to extract the invariant feature by means of the stationary Kurtosis analysis. Artificial Neural 
Network model similar to Narandra of Yale University in Trans IEEE NN V.1 might be useful. 
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Abstract Murine models that mimic the neuropathol-
ogy of Alzheimer’s disease (AD) have the potential to

provide insight into the pathogenesis of the disease and
lead to new strategies for the therapeutic management of
afflicted patients. We used magnetic resonance imaging
(MRI), design-based stereology, and high performance
liquid chromatography (HPLC) to assess the age-related
neuropathology in double transgenic mice that over-
express two AD-related proteins—amyloid precursor
protein (APP) and presenilin 1 (PS1)—and age- and
gender-matched wild-type (WT) controls. In mice
ranging in age from 4–28 months, total volumes of the
hippocampal formation (VHF) and whole brain (Vbrain)
were quantified by the Cavalieri-point counting meth-
od on a systematic-random sample of coronal T2-
weighted MRI images; the same stereological methods
were used to quantify VHF and Vbrain after perfusion
and histological processing. To assess changes in AD-
type beta-amyloid (Aβ) plaques, sections from the
hippocampal formation and amylgdaloid complex of
mice aged 5, 12, and 15 months were stained by
Congo Red histochemistry. In aged mice with large
numbers of amyloid plaques, systematic-random sam-
ples of sections were stained by GFAP immunocyto-
chemistry to assess gender and genotype effects on
total numbers of astrocytes. In addition, levels of nor-
epinephrine (NE), dopamine (DA), serotonin (5-HT)
and 5-HT metabolites were assayed by HPLC in
fresh-frozen samples from neocortex, striatum, hip-
pocampus, and brainstem. We confirmed age-related
increases in amyloid plaques, beginning with a few
plaques at 5 months of age and increasing densities by
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12 and 15 months. At 15 months of age, there were
robust genotype effects, but no gender effects, on
GFAP-immunopositive astrocytes in the amygdaloid
complex and hippocampus. There were no effects on
monoamine levels in all brain regions examined, and
no volume changes in hippocampal formation or whole
brain as quantified on either neuroimages or tissue
sections. Strong correlations were present between
volume estimates from MRI images and histological
sections, with about 85% reduction in mean VHF or
mean Vbrain between MRI and processed histological
sections. In summary, these findings show that the
double transgenic expression of AD-type mutations is
associated with age-related increases in amyloid
plaques and astrocytosis; however, this model does
not recapitulate the cortical atrophy or neurochemical
changes that are characteristic of AD.

Keywords MRI . Alzheimer’s disease .

Hippocampal formation . Amygdala .

Unbiased stereology

Introduction

About a century ago Alois Alzheimer described neuro-
fibrillary tangles and neuritic plaques in cortical brain
regions of a 51-year-old woman with progressive
dementia (Alzheimer 1907). Although neuritic plaques
and their amyloid components continue to play a
critical role in the diagnosis of Alzheimer’s disease
(AD), semi-quantitative studies in groups of normal-
aged and AD patients have reported that these so-called
neuropathological markers of AD also occur to varying
degrees in cortical tissue during normal aging, and that
their accumulation does not directly correlate with the
progression of dementia (Mirra et al. 1993; McKeel
et al. 2004; Tiraboschi et al. 2004). Stereological and
neurochemical studies of brain tissue from patients
with AD have confirmed widespread astrocytosis and
microgliosis in cortical brain regions and significant
reductions in neurotransmitter-specific subcortical nu-
clei, including the locus coeruleus (LC) and dorsal
raphe (DR), and diminished concentrations in their
cortical projections of corresponding monoamine neu-
rotransmitters, norepinephrine (NE) and 5-hydroxytrpt-
amine (5-HT); in contrast, these parameters remain
relatively stable in brains of persons that undergo
normal (non-demented) brain aging (Aletrino et al.

1992; Mouton et al. 1994; Storga et al. 1996; Zarow
et al. 2003; Tuppo and Arias 2005). The strongest
correlations with dementia severity have been reported
in the loss of cortical volume (atrophy), observed by
either ante-mortem or post-mortem analyses, and the
reduction in cortical synapses (de la Monte 1989;
DeKosky and Scheff 1990; Terry et al. 1991; Convit
et al. 1993; Jobst et al. 1994; Stout et al. 1996; Mouton
et al. 1998; Zarow et al. 2003; de Leon et al. 2004).
Thus, the evidence to date indicates that, while the
diagnosis of AD depends heavily on the presence of
amyloid plaques in neocortical brain regions, the
progression of AD dementia appears to correlate more
closely with degeneration of subcortical neurotransmit-
ter systems that project to cortex, cortical synapse loss,
and reduction of cortical volumes.

The transgenic murine expression of amyloid
precursor protein (APP) and presenilin 1 (PS1) human
mutation cloned from patients with familial AD results
in the deposition of mutant beta-amyloid (Aβ) protein
and the formation of amyloid plaques that appear
indistinguishable from those in AD (Sze et al. 1997;
McGowan et al. 2003). However, no studies have
reported on the question of double transgenic (dtg)
mice that undergo the progressive cortical atrophy and
biochemical degeneration that are characteristic of
AD. To address this question we quantified AD-type
neuropathology in dtg APP/PS1 mice across the adult
mouse lifespan using stereological analyses of ante-
mortem neuroimages and post-mortem histological
tissue, and neurochemical measurement of NE,
dopamine (DA), 5-HT and metabolites by high
performance liquid chromatography (HPLC). The
results indicate that this line of dtg APP/PS1 mice
show some of the neuropathological characteristics
associated with AD (amyloid plaque deposition and
astrocytosis), but not others (cortical atrophy and
reductions in cortical monoamines).

Materials and methods

Mice for these studies were dtg APP/PS1 [Tg
(APPswe, PSEN1dE9) 85Dbo, stock #005864] from
the Jackson Laboratory (Bar Harbor, Maine, USA)
and age- and gender-matched, non-tg, littermate
controls (wild-type, WT). At the start of the study
all mice weighed between 25 and 28 g and were
randomized into dtg APP/PS1 and non-tg groups for
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MRI and HPLC (n=13/group) or histology (n=10/
group). The age of the 13 mice in the MRI studies
spanned the adult lifespan of the mice (4–28 months),
with dtg and WT mice matched for age and gender.

MRI Mice were anesthetized with 1.5∼2.0 vol%
isoflurane mixed with oxygen at a 200 cm3/min flow
rate administered through a nasal cone mask. Mice
were placed in the supine position at the center of a
Varian 4.7 Tesla NMR machine with 33 cm horizontal
magnet bore. A 25-mm long birdcage RF (radio
frequency) coil with 20 mm inner diameter was
placed around the head of the mouse and used as an
RF transmitter and receiver.

High resolution spin echo MRI Spin-echo T2-weighted
MRI was used to capture images through the entire
brain and hippocampus at scan times of 1.5 h using a
4.7 Tesla NMR machine with the following parame-
ters: repetition time (TR) 2.5 s; echo time (TE) 40 ms;
field-of-view 14 mm × 14 mm; and, matrix size 256×
256 pixels. The resulting images had a spatial
resolution of 55 μm and a slice thickness of 1 mm.
Two sets of 15 images were taken interleavedly
through each brain. The total brain volume and
hippocampal formation were measured randomly by
two investigators hand-drawing the outlines of the
regions of interest and then analyzed using the
Cavalieri method (Fig. 1). The two investigators were
blind to the grouping of the animals. The results were
collapsed across age and gender and analyzed for
possible transgene effects on VHF and Vbrain.

Histology Mice were deeply anesthetized via CO2

inhalation, and then transcardially perfused with
phosphate-buffered saline (PBS), 4% paraformalde-
hyde in 0.1 M PBS (pH 7.4) and postfixed in the 4%
paraformaldehyde fixative overnight. The brains were
transferred to a 30% sucrose phosphate buffer
solution until they sank, then frozen in CO2/isopen-
tane and stored at −80°C until sectioning. Each brain
was serially sectioned in the coronal plane on a
sliding freezing microtome. Sections were cut at an
instrument setting of 50 μm and sampled in a
systematic-random manner, i.e., with random start in
the first five sections, then systematic for every fifth
section. For estimation of the volume of hippocampal
formation (VHF), which included neuronal and molec-
ular layers of DG and CA1-4 regions, sampling was
carried out through the entire hippocampus. A similar
approach was applied to sampling every tenth section
of the total sections through a complete hemisphere
for estimation of total brain volume (Vbrain). Sampled
sections were stained using routine cresyl violet (CV)
for Nissl substance and cover-slipped for microscopic
visualization (Fig. 2). For neurochemistry studies of
monoamine concentrations, a separate cohort of mice
was sacrificed by cervical dislocation, the brain
quickly removed and frozen on powdered dry ice,
and stored at −80°C until analysis.

Stereology Using computer-assisted stereology, vol-
umes for MRI slices and tissue sections were
estimated using the Cavalieri principle with point
counting (Gundersen and Østerby 1981; Gunderson

Fig. 1 a–j Representative T2-weighted MRI of serial sections through the entire mouse hippocampus (outlined), with an interslice
distance of 1 mm. Note that the first and the last image (shown at lower magnification) do not contain hippocampus
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and Jensen 1987; Long et al. 1998; Gundersen et al.
1999; Roberts et al. 2000; O’Neil et al. in press), as
we have detailed previously for brain and hippocam-
pus volumes in human, non-human primate, and
rodent brains (de la Monte 1989; Subbiah et al.
1996; Mouton et al. 1997; Mouton 2002; for review
Cavalieri 1635 with reprint 1966). The relevant
equation for volume estimation: Vref ¼

P
Areaslices

� Mean t

where,

Vref Reference volume (hippocampal
formation or whole brain, in mm3)P

Areaslices area on slice or section, in mm2

Mean t mean post-processing section or slice
thickness, mm

In order to capture the majority of variability within-
and between-mice for each group, data were collected
at a high level of stringency, i.e., the coefficient of error
(CE) was less than one-half of the biological variability
(Gundersen and Østerby 1981; Long et al. 1998;
Gundersen et al. 1999). The results were calculated as
mean +/− (SEM) for each group and for each
modality (MRI or histology); inter-rater variation
between the volumetric measurements was less than
2%. Quantification of total numbers of GFAP-positive
astrocytes used the optical disector method, as

Fig. 2 a–g Low power
photomicrographs of serial
sections through the entire
mouse hippocampus; sec-
tions were cut at an instru-
ment setting of 50 μm and
stained with CV
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detailed previously (West 1993; Subbiah et al. 1996;
Mouton et al. 1997, 2002; Jankowsky et al. 2003; for
review Cavalieri 1635 with reprint 1966).

Monoamine Analyses Due to the stress of MRI
procedures, a separate cohort of age-matched mice
was sacrificed for analysis of catecholamines and
indolamines by HPLC using electrochemical detection
(Bioanalytical Systems, West Layfeyette, Indiana,
USA). Brains were stored frozen (−80°C) then micro-
dissected regions immediately placed into 0.1M HCl
for homogenization. Regions analyzed in this study
included the hippocampus, striatum, and cortex.
Following homogenization, each sample was centri-
fuged and filtered (0.2u ACRO, Gelman Sciences,
Ann Arbor, Michigan, USA). Samples were assayed
individually and kept covered on ice to slow degrada-
tion. Monoamines analyzed included NE, DA, 5-HT,
and 5-hydroxy-indole-amino acid (5-HIAA). Sample

concentrations were calculated against standards that
were measured on two channels on the electrochemical
detector, which were set at two sensitivities to allow
measurement over a greater range of sample concen-
trations. The software utilized the area under the curve
for each standard and unknown for calculations of
concentrations. Intra-assay variability was 3–5% and
sensitivity was 25–50 pg/sample, with average recov-
ery ranges from 80–90%.

Statistical analysis The groups were analyzed for
statistical difference using independent two tailed t-
tests; the level for significance was set at p<0.05.

Results

Using the Cavalieri-point counting method, VHF and
Vbrain were quantified on systematic-random samples

Fig. 3 Congo Red stained sections through the amygdaloid complex of female dtg APP/PS1 mouse brain at increasing ages (from left
to right, 5, 12, 16 months of age). Pink staining amyloid-containing plaques present at 12 months, and increase in areal density at
15 months (white arrows show amyloid plaques). Magnification bar=250 μm
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of MRI images and histology sections from dtg APP/
PS1 and WT controls (Figs. 1 and 2). No genotype-
based differences were observed in either hippocam-
pus or whole brain volumes from MRI images of dtg
APP/PS1 mice [VHF=30.4 (0.12) mm3, Vbrain=451.5
(4.31) mm3, parenthesis represent (SEM)] compared
to that for WT controls [VHF=30.7 (0.66) mm3,
Vbrain=449.6 (0.54) mm3]. Similarly, the analyses on
histological sections revealed no genotype effects on
VHF and Vbrain, with average volumes in the dtg
APP/PS1 mice [VHF 4.6 (0.12) mm3, Vbrain=61.5
(1.12) mm3] comparable to that for the WT controls
[VHF=4.8 (0.13) mm3, Vbrain= 60.2 (2.05) mm3].
Comparison of the ratio of hippocampus to whole
brain volumes [(mean VHF/ mean Vbrain) •100] showed
no differences for volume estimates on MRI images
(dtg APP/PS1=6.73% vs. WT=6.83%) or histological
sections (dtg APP/PS1=7.48% vs. WT=7.97%). The
effects of agonal and tissue processing reduced the
average volumes in histological sections by about
84–87% of the same volumes in MRI images.

Congo Red staining of sections showed amyloid
deposits in the amygdaloid complex and hippocampus
(Figs. 3 and 4), with few deposits at 5 months of age,
large numbers by 12 months, and marked increases in
densities by 16 months of age. Stereological analysis

of total astrocyte numbers in the amygdaloid complex
and hippocampus starting at age 15 months revealed
significant genotype effects for both males and
females (Figs. 5 and 6) compared to age-matched
wild-type controls. In the amygdaloid complex this
effect was particularly strong, as shown in Fig. 7, with
the total number of astrocytes in both male and female
dtg APP/PS1 mice more than twice that in the same

Fig. 4 GFAP-
immunostained sections
counterstained with CV
through amygdaloid
complex of 15-month-old
female wild-type control
(left) and dtg APP/PS1 mice
(right). Note the presence of
activated astrocytes in a
reticular network around
the amyloid deposit at
lower right. Magnification
bar=25 μm

Fig. 5 Stereological counts of mean total numbers of GFAP-
immunopositive astrocytes in amygdaloid complex of wild-type
and dtg APP/PS1 mice aged 15–23 months (n=7–8/group).
Asterisk indicates significant genotype effect (p<0.001); there
was no significant effect of gender
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regions of age- and gender-matched wild-type con-
trols (Fig. 5). The number of astrocytes increased
significantly in hippocampal formation of dtg APP/
PS1 compared to age- and gender-matched wild-type
controls (Figs. 6 and 8), though this increase was less
robust than in the amygdaloid complex.

The results of neurochemistry studies in hippo-
campus, striatum, or cortex did not reveal any
significant differences in monoamine concentrations
in brains of dtg APP/PS1 mice compared with values
from the same brain regions in age- and gender-
matched WT controls.

Discussion

An important criterion for assessing neurodegenera-
tive progression, as seen in AD, is to quantify the
neuropathological changes that exist in murine mod-
els that overexpress AD-type mutations in relation to
those that occur in AD. The present study used
neuroimaging, design-based stereology, and HPLC to
begin to understand the genotype and gender effects
of APP and PS1 co-expression in dtg mice, a strain
that forms AD-type amyloid plaques at a much earlier
age than single tg APP mice (Jankowsky et al. 2003;

Fig. 6 Congo Red stained sections through hippocampal formation of female dtg APP/PS1 mouse brain at increasing ages. Pink staining
amyloid-containing plaques present at 12 months, and increase in areal density at 16 months. Magnification bar=250 μm; arrows point to
amyloid plaques

Fig. 7 GFAP-
immunostained sections
counterstained with CV
through hippocampal for-
mation of 15-month-old fe-
male wild-eyed control (left)
and dtg APP/PS1 mice
(right; at magnification
bar=250 μm). Note the
presence of activated astro-
cytes in the layer of CA1
pyramidal neurons at lower
right (magnification
bar=25 μm). Localization
of high magnification image
in lower panel indicated by
small box in upper panel
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McGowan et al. 2003). The findings reported in this
study appear to show that dtg APP/PS1 mice manifest
certain forms of AD-type neuropathology and fail to
manifest others.

The dtg APP/PS1 mice in the present study hyper-
accumulate 42 amino acid Aβ residues and Aβ,
leading to the earlier appearance of amyloid plaque
formation compared to that in single tg APP mice
(Jankowsky et al. 2003; McGowan et al. 2003).
Sections from age-matched dtg APP/PS1 mice and
WT controls were histochemically stained by Congo
Red to assess age-related changes in AD-type beta-
amyloid (Aβ) plaques. This study confirmed age-
related increases in Aβ plaques beginning at 5 months
of age and increasing progressively by 12 and
15 months, in agreement with a previous study in a
different cohort of the same line of dtgAPPswe/
PS1dE9 (Ohno et al. 2006).

Total numbers of GFAP-immunopositive-astrocytes
in hippocampal formation and amygdala were quanti-
fied by the optical fractionator method. These stereo-
logical studies from age 15–23 months confirmed
robust astrogliosis in both cortical regions examined,
particularly the amygdaloid complex, with no gender
effects. With regard to other morphological changes in
this strain of dtg APP/PS1 mice, we have previously
found evidence of reduced capillary branching at
7 months of age (Lee et al. 2005). We have also
reported a significant degeneration in noradrenergic
neurons in the LC in dtg APP/PS1 mice at 15 months
of age (O’Neil et al. in press). Another study in the
same line of dtg APP/PS1 mice (Savenenko et al.
2005), which found no differences in cognitive perfor-
mance at 6- or 18-months of age, have reported mild

decreases in acetylcholinesterase histochemical staining
and somatostatin levels in cortex at 18 months of age.
Szapacs et al. (2004) reported reduced 5-HT levels in
hippocampus at 18 months of age and reduced NE
levels at 12- and 18-months of age. In 5-month-old dtg
APP/PS1 in this line using a different PS1 mutation
(PS1M146V), no differences were found in paired-
pulse facilitation (PPF) or post-tetanic potentiation
(PTP), two markers of presynaptic component of
neurotransmitter release (Szapacs et al. 2004). Thus,
neuropathological changes appear to occur in dtg APP/
PS1 mice primarily in older age groups.

We found no genotype or gender effects on total
volumes of the hippocampal formation (VHF) and
whole brain (Vbrain) quantified either by the stereo-
logical method on T1-weighted MRI images or tissue
sections after perfusion and histological processing.
Since the aim of this study was to quantify total
volumes for defined reference spaces, it was not
necessary to co-register matched areas on the same
coronal level between the MRI images and histological
tissues. There were robust quantitative correlations
with agonal and tissue-processing changes accounting
for ∼85% of the differences in cortical and brain
volumes in vivo when comparing volume measure-
ments using MRI with the same parameters on cover-
slipped histological sections. These robust reductions
in mean volumes occurred in both dtg APP/PS1 and
wild-type. Brain volumes were quantified at an
intermediate step in tissue processing, i.e., after
sections were cut, but prior to further tissue processing,
which allows the total tissue shrinkage to be partitioned
into two components: ∼15% shrinkage from agonal
effects and the initial steps of tissue processing
(fixation and sectioning), and ∼70% volume loss
during the final steps of tissue processing for micro-
scopic visualization (i.e., dehydration, cresyl violet
histochemistry, and coverslipping). The close corre-
spondence in the ratios of hippocampal to whole brain
volumes on MRI images and histological sections,
along with inter-rater variation of the volumetric
measurement of less than 2%, confirms the reliability
of the technique for quantification of volumes. Finally,
these comparable ratios indicate that the methods for
immobilization and monitoring of cardiac and respira-
tory function did not blur the MRI images enough to
confound the quantification process.

Another important goal of this research is to
investigate the potential of ante-mortem neuroimaging

Fig. 8 Stereological counts of mean total numbers of GFAP-
immunopositive astrocytes in hippocampal formation of wild-
type and dtg APP/PS1 mice aged 15–23 months (n=7–8/group).
Asterisks indicate significant genotype effect (�p<0.01, �� p<
0.001); there was no significant effect of gender
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of Aβ-containing plaques in cortical brain regions to
assist in the early clinical diagnosis of AD (Convit et al.
1993; Benveniste et al. 1999; Dedeoglu et al. 2004).
Previous studies using T1ρ("T-1-rho")-weighted MRI
have been moderately successful in demonstrating Aβ-
containing plaques in vivo based on local variations in
protein content (Poduslo et al. 2002). Enhanced
visualization of amyloid plaques in dtg APP/PS1 mice
has been demonstrated by pre-injecting Aβ peptides
magnetically labeled with gadolinium or iron oxide
nanocrystals (Borthakur et al. 2003). A recent MRI
study of dtg APP/PS1 mice reported differences with
respect to non-tg controls in the transverse relaxation
time T2, in several regions of cortical grey matter
(hippocampus, cingulate, and retrosplenial cortex),
which may reflect impaired cell physiology in these
regions (Wadghirii et al. 2003). The absence of
differences in T1-weighted or proton density weighted
MRI images suggests that heavily T2-weighted images
may be more sensitive to amyloid accumulation in the
dtg APP/PS1 mice (Helpern et al. 2004).

In summary, this line of dtg APP/PS1 mice show
several morphological changes associated with AD,
including age-related increases in amyloid plaques,
astrocytosis, and LC degeneration, and fail to reca-
pitulate the loss of cortical volume and reductions in
cortical monoamine concentrations that characterize
AD. Among the possible explanations for this
observation is the likelihood that compensatory
sprouting of serving LC neurons occurs in those mice
to ensure neurochemical innervation to all main areas;
in AD, similar compensation may occur until the final
stage of the disease prior to death. Our studies will
continue to develop the optimal MRI parameters to
visualize ligands that effectively cross the blood brain
barrier and bind to microscopic targets associated
with AD neuropathology. Further cross-sectional and
time-course studies are needed to help build a
stronger view of the neuropathological profile in the
brains of these mice with respect to the neuropathol-
ogy associated with AD.
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A Mammography Database and View System
for African-American Patients

Shani Ross,1,2 O'tega Ejofodomi,2 Ahmed Jendoubi,2 Lisa Kinnard,3 Mohamed Chouika,2 Ben Lo,3

Paul Wang,4 and Jianchao Zeng2

We have digitized mammography films of African-
American patients treated in the Howard University
Hospital Radiology Department and have developed a
database using these images. Two hundred and sixty
cases totaling more than 5,000 images have been
scanned with a high resolution Kodak LS85 laser
scanner. The database system and web-based search
engine were developed using MySQL and PHP. The
database has been evaluated by medical professionals,
and the experimental results obtained so far are promising
with high image quality and fast access time. We have
also developed an image viewing system, D-Viewer, to
display these digitized mammograms. This viewer is
coded in Microsoft Visual C# and is intended to help
medical professionals view and retrieve large data sets in
near real time. Finally, we are currently developing an
image content-based retrieval function for the database
system to provide improved search capability for the
medical professionals.

KEY WORDS: African-American women, breast cancer,
database, mammography, mammogram, digitization,
image viewer, Howard University

INTRODUCTION

T he American Cancer Society estimates that

in the United States alone, approximately

40,000 women die each year from breast cancer

and that over 200,000 new breast cancer cases are

diagnosed each year.1,2 Typically, there are four

main types of breast cancer: ductal carcinoma in

situ (DCIS) where the cancer is confined within

the ducts of the breast, lobular carcinoma in situ

(LCIS) where the cancer is confined within the

lobules or glands of the breast, invasive ductal

carcinoma (IDC), and invasive lobular carcinoma

(ILC).1,3 IDC and ILC refer to the type of breast

cancer where the tumor has spread from the ducts

or lobules it originated from, respectively, into the

surrounding tissue of the breast. Other less

common breast cancers include medullary carci-

noma, mucinous carcinoma, Paget’s disease of the

nipple, Phyllodes Tumor, and tubular carcinoma.3

Breast cancer is grouped into stages which

indicate the invasiveness of the disease. There

are four stages—I, II, III, IV—defined by the

American Joint Committee on Cancer1,3 based on

a combination of tumor size, lymph node involve-

ment, and presence or absence of distant metasta-

sis. There is also a more general classification:

early/local stage where tumor is confined to the

breast, late/regional stage where cancer has spread

to the surrounding tissue or nearby lymph nodes,

and advanced/distant stage where cancer has

spread to other organs beside the breast.1,4

There has been a decline in breast cancer

mortality rates of about 2.3% over the last

decade1,2 due to improved screening techniques

leading to earlier detection, increased awareness,
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and improved treatments. Improved screening

techniques include regular self breast examina-

tion, breast physical examination by a doctor, and

regular mammogram examinations. In a mammo-

gram, a radiologist looks for any unusual signs.

These include asymmetry between the two

breasts, any irregular areas of increased density,

or any areas of skin thickening all of which can

indicate whether there is a mass, or lump, in the

breast tissue.1,3 As this mass can either be

cancerous or benign, further tests such as a biopsy

of the suspicious area are done to differentiate

between the two. In addition, doctors look for

calcifications which are tiny calcium deposits that

indicate changes within the breast possibly point-

ing to cancer. Microcalcifications especially are

usually associated with cancer.

Despite improved screening techniques, this

decline has been much smaller in African-American

women compared to Caucasian-American women

even with increased participation by African-

Americans in routine mammography screening

since 1980.5 Furthermore, statistics have shown that

although Caucasian-American women have an

overall higher incident rate of breast cancer than

African-American women, African-American wom-

en have a slightly higher incident rate of breast

cancer before the age of 35 and are more likely to die

of breast cancer at any age.1,6 Also, in comparison to

Caucasian women, African-American women are

less likely to be diagnosed with tumors of diameter

less than or equal to 2.0 cm and in the early stage of

breast cancer, but more likely to be diagnosed with

tumors of diameters greater than 2.0 cm and in later

and advanced stages of the cancer.1,6,7 Some of this

disparity could be explained by an overall lower

socioeconomic status, unequal access to medical

care, and additional illnesses,8Y10 which results in a

much smaller percentage of African-American

women getting early and regular mammograms

compared to Caucasian women. Hence, they are

usually not diagnosed with cancer until at a much

later date when the cancer is at an advanced stage,

which increases their mortality risk.

Some studies have also reported differences in

breast cancer histology in African-American

women and Caucasian women, although they

noted that these results are not conclusive. Some

of these studies found that African-American

women had a greater chance of developing ductal

tumors, whereas Caucasian women had a greater

chance of developing more lobular tumors.11,12

This could be significant in the difference in

outlook for the two racial groups, as lobular

carcinoma is usually less aggressive. Other studies

reported that African-American women had a

greater frequency of medullar carcinoma than

Caucasian women.5,7 Medullary carcinoma is

similar to ductal carcinoma but has a clearer

distinction between the cancerous and normal

cells.

Perhaps the most statistically significant differ-

ences seen between the two racial groups are the

steroid receptor status of the tumor and the tumor

proliferation rates. These differences are evident

even when comparisons were adjusted for age,

stage, treatment and screening opportunities, and

risk factors. Typically African-American women

had more estrogen- and progesterone-receptor

negative tumors. Such tumors are generally

unaffected by changing levels of these hormones

and are thus less responsive to antihormonal

treatments. African-American women also tended

to have more poorly defined tumors, increased cell

growth, and marked tumor necrosis. All these

factors contribute to more aggressive tumors for

African-American women.5,7,11,12

The epidemiological and tumor biology differ-

ences seen in African-American women compared

to Caucasian women, leading to higher mortality

rates, stress the particular importance in trying to

fully understand why these disparities arise. One

possible step towards addressing these issues is to

have a larger number of African-American breast

cancer cases available for study. Currently, there

are no breast cancer databases primarily devel-

oped for African-American patients, although

general breast cancer database systems do ex-

ist.13,14 Hence, the main objective of this research

is to develop the first major African-American

Breast Cancer Mammography database for the use

of training radiologists and other personnel in-

volved in the detection and treatment of breast

cancer. This could thus help in further under-

standing the nature of the breast cancer in

African-American women. Part of this study also

includes developing a view system that will allow

radiologists to retrieve and view the digital

imaging and communications (DICOM)-formatted

images in the database in near real time.

This research is divided into three main parts.

The first part is the collection of actual data for the
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database, which includes the obtaining, scanning,

and organization of the mammography films. The

second part is the development of the database and

web-search engine using database management

software and webpage development programming

languages. The third part is the development of the

viewing software.

METHODS

This study is in collaboration between the

Howard University Electrical and Computer

Engineering Department, the Howard University

Hospital Radiology Department, and the George-

town University Radiology Department. The

database and viewing software development are

being done through the Howard University Elec-

trical Engineering Department with the films

being supplied by the Howard University Hospital

Radiology Department. Consulting support is

provided by the Georgetown University Radiolo-

gy Department. Before conducting the study,

approval was obtained from the Institutional

Review Board. The primary investigators, who

worked directly with the films, took the Human

Participants Protection Education for Research

Teams online certification course15 to meet the

National Institute of Health (NIH) requirements

on patient privacy issues. The investigators also

attended seminars required by Howard University

Hospital on the Health Insurance Portability and

Accountability Act (HIPAA) of 1996.

Digitization of the Mammography Films

Film Collection

Currently, mammography films from 260

patients from the Howard University Radiology

Department have been digitized and entered into

the database. All of these patients were diagnosed

with breast cancer between 1994 and 2004 and

were between the ages of 24 and 88. The patients’

histology includes masses of different sizes with

and without poorly defined borders, microcalcifi-

cations, clusters of calcifications, adenopathy,

heterogeneous density, and solid nodules. Further-

more, the majority of these patients had undergone

more than one mammography examination. For

these patients, the earlier exams typically were

regular screening mammograms, which showed

normal and benign images. Normal images were

mammograms in which nothing suspicious was

seen, and benign images were mammograms in

which something suspicious was seen initially but

with further examination found to be nonmalig-

nant. The cancer appeared and was diagnosed in

the later exam dates. Thus, we were able to obtain a

wide variety of films showing normal, benign, and

cancerous images. Table 1 gives an overview of

the patient characteristics of the database.

Each examination date, on average, contained

four films corresponding to the four typical views

taken of the breasts during a mammogram. These

views are: left mediolateral oblique view (LMLO),

right mediolateral oblique view (RMLO), left

craniocaudal view (LCC), and right craniocaudal

view (RCC) (Fig. 1). The films generally came in

two sizes: 8� 10 and 10� 12 in.

Majority of these mammograms had been done

at Howard University Hospital using the MGX

2000 mammography machine from Instrumenta-

rium Corporation, Imaging Division, Tuusula,

Finland. The machine parameters include: a film

focus distance of 26 in., AGFA Mamoray HDR-C

high dynamic range film 24 cm� 32 cm, exposure

of 75Y130 mAs (depending on patient), tube

voltage of 27Y30 KeV, and a filter of 0.025 mm

molybdenum, or 0.025 mm rhodium, or 0.5 mm

aluminum. Some of the older mammograms had

been done at the patient’s previous hospital and

the technical parameters of the machine used

are unknown.

Scanning and Technical Procedure

The scanner used is the Kodak LS85 Laser

Digitizer, specifically designed for high resolution

teleradiology. Films can be converted into high

resolution digital images of up to 5,120 pixels by

6,140 lines with 12 bits per pixel. Each pixel is

assigned an optical digital value equal to 1,000�
optical density and has a spot size of 50 mm. The

digitizer has a scan rate of approximately 75 lines

per second. It was purchased along with accom-

panying support software from RADinfo Systems,

Dulles, Virginia. This accompanying software

supports the digitization and burning of the im-

ages and includes: the Inter2000 Film Digitizer i
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(I2000FD), RSVS Viewer i, and CD Power-

PACS i.

The I2000FDi is the interface for the film

digitizer. This is where patient information is

entered, the digitizer is accessed for scanning,

and where any necessary changes can be made

to the film before the digital image is saved.

Before scanning, patient information required by

Fig 1. A typical mammography view: a LMLO, b RMLO, c LCC, and d RCC.13

Table 1. Representative Sample of the Patient Characteristics of the Database

Patient Age

Year
Cancer
Diagnosed Histology Digitization Date

MK833AI543 24 1999 Spiculated mass and speculated density in R. breast 6/10/2004
WM980RI062 26 2001 Abnormal, dilated ducts and microcalcifications 6/14/2004
BR815AA561 32 1999 Cluster of calcifications 1/22/2004
TN989IA352 39 2001 Malignant calcifications in L. breast, extensive ductal

carcinoma in situ
6/2/2004

HS963AH074 45 1999 Large medial calcifications in L. breast 4/6/2004
BM869OI885 46 1998 Microcalcifications in L. Breast 6/19/2004
ME729OM197 55 2001 Malignant calcifications and solid mass 5/19/2004
AJ337DU655 56 1997 Solid mass with poorly defined borders in L. breast 7/7/2004,

7/8/2004
BJ567RA821 58 2001 Cluster of calcifications in L. Breast 1/30/2004
GI759HZ353 59 1998 Microcalcifications and lateral calcifications in L. breast 6/21/2004
DM795AA866 62 1999 Spiculated mass in R breast 3/25/2004
BM169AE858 62 1996 Density with obscured borders in L. breast 6/20/2004
MA935CN074 63 1999 Metastative adenopathy in L axillary 6/10/2004
BD759AO805 65 2000 Breasts heterogeneously dense, highly suspicious mass

with speculated borders and associated microcalcifications
2/24/2004,
3/1/2004

SS913TY027 66 2000 R. breast ductal carcinoma in situ 6/1/2004
DM710AA630 70 1998 Large mass and microcalcifications in R. breast 6/22/2004
GN216OO404 70 1997 Macro and micro calcifications in R breast 6/22/2004
KC717EL219 71 2000 R. breast carcinoma—irregular nodal density; Previous L. breast

carcinoma (now irradiated)—spiculated mass with microcalcifications
at the peripheral

5/28/2004

CG362AE888 71 1998 Large pulp mass solid with lobulated borders, small satellite
lesions and large abnormal axillary node in L. breast

6/21/2004

BL316YO065 72 1999 Cluster of calcifications 1/23/2004
DS833AA858 73 1997 Mass and poorly defined post border in R. breast 6/21/2004
BM065RA569 74 1996 Malignant appearing calcifications in R. breast 6/19/2004
FD103LE602 76 1998 Irregular asymmetric density with associated

microcalcifications in L breast
7/15/2004

JF393AR669 77 2001 Two spiculated masses, poorly defined 5/28/2004
MD782IE169 82 1998 Spiculated mass in L breast 6/24/2004
HK862AA996 83 2000 Solid and irregular polyp mass 5/17/2004
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I2000FDi is entered. This information includes:

the patient name written in a code to preserve

patient’s privacy rights, birth date, exam date, the

ascension number used to keep track of each

series, and the time and date of digitization of

each film. This information is the essential

information required by the program to stamp

and classify each resulting digitized image. Next,

the user specifies the resolution, bit depth, window

level settings, and size of the film to be scanned.

In this study, films are digitized at a resolution of

512 pixels/in. and a bit depth of 12, both of which

are maximum values of the scanner, to give the

highest image quality. The scan size chosen is

either 8� 10 or 10� 12 in., depending on the size

of the film to be scanned. Once the settings have

been entered, the film is loaded into the Kodak

scanner and digitized. Furthermore, the software

allows us to cover the patient’s name and other

identifying information so that this is not seen in

the digitized image in the software. The images are

then saved and copies of them are transferred to the

viewing software (RSVS i) and burning software

(CD PowerPACS i). The sizes of these saved

images are generally 40 MB for the 8� 10 films

and 60 MB for the 10� 12 films. The RSVSi is a

viewing software for DICOM-formatted images,

which allow us to further view and verify the

digitized images. The CD PowerPACSi software

allows us to save and transfer the images to CD-R

storage media. This program also saves a copy of

the RSVS viewer on each CD.

Development of the Database

The Howard University Mammography Data-

base16 was developed using PHP and MySQL.

MySQL is a simple relational database manage-

ment system that allows users to add, access, and

process data stored in a database.17 The database

contains relevant information such as encrypted

patient name, patient ID, date of birth, type of

scanner used, number of series in a case, exam

date, total image count in a case, malignancy, and

available image views (RMLO, LCC, etc.). New

information can also be added when necessary.

Our database is linked to a web-based search

engine powered by PHP-recursive acronym for

BPHP: Hypertext Preprocessor,18 which is a

general-purpose open source scripting language

that can be embedded in hypertext markup

language (HTML) for web-page development

and which can run directly on the server, unlike

other languages such as java script. Queries on the

database are carried out using PHP. In addition,

digitized images and patient information are

stored in the database using PHP. Information in

the database is first entered into Microsoft

EXCEL, and then from there, is imported into

the MySQL tables via PHP. This process makes

entering new information into the database less

tedious than directly entering it into MySQL from

the Microsoft Windows command line. Further-

more, a login web page for the web-based search

engine is also developed using PHP to limit use of

this system to authorized users only. After being

logged on to the system, a user can then specify

search criteria via the web page. The query is then

searched through the MySQL database, and the

search results are displayed on the web page. The

results are displayed as a list of case names with

links to the actual images.

Development of the D-Viewer

The D-viewer is a viewing system developed

for visualizing the digitized mammograms. By

using this system, radiologists would not only be

able to perform various image manipulations,

such as circling the area of the cancer and making

notes on the image, but could also save these

markings as needed. The view system uses

graphical user interface (GUI) for easy use and

is to be DICOM compliant. The D-viewer system

is developed with Microsoft Visual C#, an object-

oriented programming language from Microsoft

that is easy for manipulating graphics and creating

window forms. Currently, the system accepts the

following image formats: Windows bitmap (bmp),

joint photographic experts group (jpg), tagged

image file format (tif/tiff), graphics interchange

format (gif), and portable network graphics (png).

RESULTS

Mammography films from 260 patients, each

having approximately 20 to 40 images, have been

digitized using the Kodak LS85 Laser Scanner. This

has resulted in over 5,000 digitized images that have

been stored into our database. Many patients had

typically 20 to 40 images because they did several
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regular screening mammograms before the mam-

mography exam in which the cancer was diagnosed.

Hence, on average for each patient, one could be

looking at 4Y10 different exam dates each of which

would contain the four films representing the four

typical views (LMLO, RMLO, LCC, RCC). Some-

times, for a particular examination, extra images

were taken, depending on if the radiologist was

interested in a particular region. All these patients

are African-American women from Howard Uni-

versity Hospital who have been diagnosed with

cancer between the years 1994 and 2004. In

addition, we can compare normal images and

images of benign and malignant lesions of the same

patient. The image quality is excellent, as the films

were digitized at the highest resolution possible by

the Digitizer, which was at 512 pixels per inch at a

bit depth of 12. Furthermore, there were no

observable distortions or artifacts due to the digiti-

zation process, although there is some concern that

some noise may have been picked up due to possible

dirt spots on the films. These images were also

approved by the radiologist consultant associated

with this study. The digitized image size is either 40

or 60 MB, depending on the size of the mammo-

gram film (8 � 10 or 10 � 12 in., respectively).

A database and a web-based search engine have

been developed using MySQL and PHP. Patient

information and the corresponding images can be

retrieved when queries are made by selecting

various criteria. A user is first required to login to

access the database (Fig. 2). User accounts will be

set up for general users just wanting to learn more

about breast cancer and to peruse the database and

for users requesting more functionality from the

database, such as being able to download the images.

After a user logs in, he or she is directed to the

web-search page where he or she can select his or

her search criteria (Fig. 3). Currently, the search

criteria available include whether the image is

normal, benign, or cancer, the year the patient was

born, the year the exam was done, total number of

examinations for a patient, total number of images

for a patient, and the mammography view. For

example, a user may want to see all the cancer

images of patients who were diagnosed with cancer

during 1999Y2000 and were born during 1961Y1970.
There is also a reset button on this page that clears all

the search fields. After the search criteria has been

selected and submitted, the database returns a list of

all patient cases corresponding to that search. The list

of cases contains the code name associated with that

patient, each series and corresponding exam date of

that series, the digitization date for each series, the

total number of images in each series, and all

available image views done. Figure 4 shows a

sample results page of a search.

Finally, Figure 5 shows a snapshot of the D-viewer

system with the LCC and RCC views of one of our

digitized mammograms. The system can accept

bitmap, tiff, jpg, gif, and png image formats. The

D-viewer is currently under development.

DISCUSSION

Our research attempts to provide the first major

breast cancer database for African-American

women. This would allow radiologists and other

applicable parties to study various types of

African-American women breast cancer cases.

Howard University Hospital was chosen not only

Fig 2. Login page of the web-based search engine linked to the breast cancer database.
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for its accessibility, but more importantly, because

it services a large African-American community

in the Washington DC, Maryland, and Virginia

area, thus, providing a large number of African-

American women mammography cases. This

research is also significant in an effort to close

the gap of diversity in breast cancer mortality.

However, this research is not just about digi-

tizing a large number of mammograms. The

database is also being developed as an online

Fig 3. Web-based search page.

Fig 4. Results page of search.
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interactive teaching/training tool geared towards

both the radiology students and others interested

in learning more about breast cancer. For exam-

ple, the site would contain general information on

breast cancer and more detailed information.

Medical students could be asked to perform tasks

such as determining, from the image alone, the

search criteria required to produce that particular

image. This would require the students to be able

to accurately identify specific characteristics of

that image. Radiologists could also use this

database to help their diagnosis process of difficult

new cases by searching for similar cases or

images.

Our database differs from current major data-

bases such as the one developed by the University

of South Florida14 in that our patient data set

consists of African-American women only. Fur-

thermore, we intend our database to be an inter-

active training tool where the users can look at

images and guess the search criteria that they

would have had to put in to obtain that image. We

also plan to extend the functionality of the

database by making it an image-based retrieval

system in which features in the image can be used

to define the search criteria.

CONCLUSIONS

We have digitized more than 5,000 mammog-

raphy images of 260 African-American women

patients and developed a database and viewing

system for these images. All patients in this study

have already been diagnosed with breast cancer.

The digitized images include normal, benign, and

malignant mammograms, which were taken be-

tween the years 1994 and 2004. The normal and

benign mammograms of a patient were from

routine screenings done before breast cancer was

diagnosed. All the mammography images are

searchable in the database system via a web-based

search engine. They can be viewed in the viewing

system and easily manipulated during the viewing

process.

Further research will be performed to improve

the database and the viewing system. First of all,

we will seek input from radiologists when they

test our database and viewing system. They will

be asked to identify key information from the

images such as the presence or absence of

malignant cancer, location of cancer, type of

cancer (mass or calcification), assessment, subtle-

ty, and density of the breast. Locations of the

cancers, if present, on the digitized mammograms,

will be marked and saved. The database will also

be updated with these added data.

New mammograms will also be collected and

digitized to increase the size of our database. The

D-viewer system will be further enhanced to

improve its functionalities based upon input from

the radiologists after testing the system. We will

also develop an interactive web-based learning/

training/testing system, which can provide detailed

information on breast cancer, training sessions for

breast cancer diagnosis, and test platforms. To

Fig 5. D-viewer user interface.
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improve the quality and versatility of our database,

we plan to develop an image-based retrieval

database, whereby, we can use images instead of

words to determine our search criteria. For exam-

ple, if we circle a region of interest on an image

such as a mass, we could query the database to

return all images and corresponding information

that have a similar region of interest.

This database will be made accessible to

radiologists and students via announcements on

the Howard Medical School website and on the

Howard University Electrical and Computer

Engineering Department website. No fees will be

charged for basic database access, but fees will be

charged for any advanced functions such as image

processing or content-based retrieval operations.
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Background

[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=(lip-

osome)+AND+(Fluorescent)+AND+(Magnetic)]]

Alexa Fluor 680-labeled transferrin-cationic (NBD-labeled DOPE-DOTAP) liposome-encapsu-

lated gadopentetate dimeglumine complex (TfNIR-LipNBD-CA complex) is a dual (multimodality)

molecular imaging probe with fluorescent and magnetic properties that can be used for imaging

tumors with overexpressed transferrin (Tf) receptors (1). Alexa Fluor 680 is a near-infrared (NIR)

fluorescence dye with an absorption maximum of 679 nm, an emission maximum of 720 nm, and

an extinction coefficient of 180,000 cm�1M�1 (2). Gadopentetate dimeglumine (Gd-DTPA) is a

water-soluble paramagnetic contrast agent approved by the United States Food and Drug Admin-

istration for contrast enhancement in magnetic resonance imaging (MRI) (3).

Tf is part of a family of proteins that includes serum Tf, ovotransferrin, and lactoferrin (4). Serum

Tf is a monomeric glycoprotein (molecular mass, 80 kDa) that binds Fe3+ for delivery to vertebrate

cells through receptor-mediated endocytosis (1). The Tf receptor (TfR) mediates the internalization

of iron-loaded Tf into cells (4, 5). The TfR (CD71) is a type II transmembrane glycoprotein and is

found primarily as a homodimer (molecular mass, 180 kDa). It also contains other growth regulatory

properties in certain normal and malignant cells. The elevated levels of TfR in some malignancies

(e.g., 74% breast carcinomas, 76% lung adenocarcinomas, and 93% lung squamous cell carcino-

mas) and the extracellular accessibility of this molecule make TfR a potential molecular target for

cancer imaging or therapy.

Liposomes (Lips) are small nontoxic vesicles composed of lipid bilayers enclosing aqueous

volume, and they are versatile carriers of both therapeutic drugs and imaging agents (5-7). Although

Lips are naturally taken up by the reticuloendothelial system, the size, charge, and surface of Lips

can be modified for targeting purposes. Because of the intrinsically low sensitivity of MRI and the

low penetration of light, optical and MRI multifunctional probes have been developed as one of the

possible approaches to enhance the clinical and research applications of both imaging modalities

(1, 8, 9). Shan et al. (1) reported the preparation of a dual probe with fluorescent and magnetic

properties based on Lips targeting to TfR-overexpressed tumors. In this TfNIR-LipNBD-CA complex,

Alexa Fluor 680-labeled Tf was linked on the surface of cationic Lips with Gd-DTPA encapsulated

inside the vesicles.

Synthesis

[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=

((liposome)+AND+(Fluorescent)+AND+(Magnetic))+]]

The TfNIR-LipNBD-CA complex was synthesized with the Alexa Fluor 680 conjugate of human

Tf (TfNIR), cationic Lips (LipNBD) and commercially available Gd-DTPA (CA) (1). The cationic

LipNIB used the green fluorescent formula of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP):

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) in a ratio of 1:1 (w/w) plus 0.1% DOPE-

N-(7-nitro-2-1,3-benzoxadiazole-4-yl) (NBD-DOPE). Briefly, the lipids were mixed in chloroform and

then dried under a nitrogen stream. The LIPNBD-CA was formed by reconstituting the dried lipid
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mixture with 50 �l water containing 12 �l of Gd-DTPA (commercial formulation of 469.01 �g/�l). The

LipNBD-CA was homogenized and incubated for 10 min. The Lip volume was adjusted to 175 �l with

water and then sequentially downsized by sonication (80–90 W, 10 min) and filtration with decreas-

ing pore diameter from 0.2 to 0.1 �m. Finally, TfNIR (5 mg/ml) was added and incubated for at least

10 min. Unencapsulated CA and free TfNIR were removed by gel filtration chromatography. The final

Lip:Tf:Gd-DTPA ratio was 10:12.50:0.56 (nmol:�g:mg).

In Vitro Studies: Testing in Cells and Tissues

[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=

((liposome)+AND+(Fluorescent)+AND+(Magnetic))+AND+in+vitro]]

Shan et al. (1) conducted cellular uptake tests of Tf-LipNBD-NIR dye with TfR-overexpressed

MDA-MB-231-luc human breast cancer cells. In this study, Tf was not labeled with Alexa Fluor 680.

Instead, Alexa Fluor 680 (red dye) was encapsulated by LipNBD (green fluorescent) so that the

encapsulated reagent (the red dye in place of CA) and the Lip could be observed by confocal

microscopy. After incubation with the cells, both the green LipNBD and the encapsulated red dye

were observed in the cell cytoplasm as early as 5 min. The fluorescent intensity (FI) within the

cytoplasm increased gradually and reached a maximum at ~1 h. The LipNBD and red dye then

accumulated again to form multiple endosomes at the peripheral area of the cytoplasm. The authors

suggested that this might represent the release or degradation of the probe through the action of

lysosomal enzymes. In comparison, when the red dye alone was incubated with the cells, no cellular

uptake was observed. The efficiency of the uptake was quantified on cell pellets after 1 h of incu-

bation. The red dye FI values (p/s/cm2/steradian (sr) × 109; n = 3) were 6.88 ± 0.59, 4.99 ± 0.51,

and 0.23 ± 0.006 for Tf-LipNBD dye, LipNBD -dye, and dye alone, respectively. The green dye FI

values (p/s/cm2/sr × 107; n = 3) were 2.03 ± 0.14, 1.64 ± 0.09, and 1.10 ± 0.13 for Tf-LipNBD-dye,

LipNBD-dye, and dye alone, respectively. In the blocking study in which the cells were pretreated

with unlabeled Tf (three-fold higher amount) before incubation with Tf-LipNBD dye, the red dye FI

value decreased from 3.42 × 109 p/s/cm2/sr to 2.45 × 109 p/s/cm2/sr with a 65.6% blockage of dye

uptake. The green dye FI value for LipNBD dye decreased from 3.45 × 107 p/s/cm2/sr to 2.57 ×

107 p/s/cm2/sr with a 71.0% blockage of LipNBD uptake.

In another study, where TfNIR-LipNBD-CA was incubated with the cells, optical imaging and con-

focal microscopy confirmed that both TfNIR and LipNBD were colocalized within cell cytoplasm after

5 min of incubation (1). To measure the presence of CA within the cells, MRI (400-MHz NMR spec-

trometer) was also performed on cell pellets obtained from cells incubated with TfNIR-LipNBD-CA.

The T1 relaxation times (n = 3) were 408.1 ± 13.8 ms, 374 ± 17.3 ms, and 366 ± 17.1 ms for cells

incubated with CA, LipNBD-CA, and TfNIR-LipNBD-CA, respectively.
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Animal Studies

Rodents
[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=

((liposome)+AND+(Fluorescent)+AND+(Magnetic))+AND+mice]]

Shan et al. (1) evaluated the tumor signal enhancement in nude mice (n = 10) bearing the

subcutaneous MDA-MB-231-luc human breast cancer (0.4–1.2 cm diameter). Each mouse received

200 �l of TfNIR-LipNBD-CA (containing 12 �l Gd-DTPA) by i.v. injection. MRI imaging using a 400-

MHz NMR spectrometer and a T1-weighted spin-echo sequence (repetition time = 800 ms, echo

time = 11.4 ms) showed significant tumor contrast enhancement as early as 10 min and reached a

maximum at 90–120 min. The enhancement appeared to be more heterogeneous in larger tumors

but more uniform in smaller tumors. Pathology results showed that the highly enhanced regions

represented the more actively proliferating tumor cells. The weakly enhanced areas contained dying

cells and the necrotized regions. Giving the CA alone enhanced the tumor contrast only slightly.

The CA enhancement started from the peripheral area to the center and reached the maximum in

30–60 min. CA containing Lip without linkage to Tf showed an even weaker signal enhancement.

No blocking study was performed.

Optical imaging of TfNIR-LipNBD-CA based on TfNIR showed clear tumor signal as early as 10

min and reached a maximum at 90–120 min (1). The FI was related to the tumor sizes and showed

detectable FI in larger tumors (>0.8 cm diameter) after 2 days. The FI of LipNBD was too weak to be

detected. The probe was rapidly distributed throughout the body. It was taken up by well-perfused

organs and then rapidly washed out. The probe activity remained in the tumor and was not washed

out. The tumor/contralateral muscle ratios varied from 1.3 to 3.4 within 10 min to 48 h. This ratio

appeared to be dependent on tumor sizes. Small tumors (<3 mm diameter) showed less FI than the

bigger tumors. In comparison, administration of the red dye containing Lip without linkage to Tf

showed no tumor signal enhancement.

Other Non-Primate Mammals
[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=

((liposome)+AND+(Fluorescent)+AND+(Magnetic))+AND+(dog+OR+rabbit+OR+pig+OR

+sheep)]]

No publication is currently available.

Non-Human Primates
[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=

((liposome)+AND+(Fluorescent)+AND+(Magnetic))+AND+(primate+NOT+human)]]

No publication is currently available.
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Human Studies

[PubMed [http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=DetailsSearch&Term=

((liposome)+AND+(Fluorescent)+AND+(Magnetic))+AND+human]]

No publication is currently available.
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RESEARCH ARTICLE

Visualizing Head and Neck Tumors In Vivo Using Near-
Infrared Fluorescent Transferrin Conjugate
Liang Shan, Yubin Hao, Songping Wang, Alexandru Korotcov, Renshu Zhang, Tongxin Wang, Joseph Califano,
Xinbin Gu, Rajagopalan Sridhar, Zaver M. Bhujwalla, and Paul C. Wang

Abstract

Transferrin receptor (TfR) is overexpressed in human head and neck squamous cell carcinomas (HNSCCs). This study was carried out

to investigate the feasibility of imaging HNSCC by targeting TfR using near-infrared fluorescent transferrin conjugate (TfNIR). Western

blot analysis of four HNSCC cell lines revealed overexpression of TfR in all four lines compared with that in normal keratinocytes

(OKFL). Immunocytochemistry further confirmed the expression of TfR and endocytosis of TfNIR in JHU-013 culture cells. Following

intravenous administration of TfNIR (200 mL, 0.625 mg/mL), fluorescent signal was preferentially accumulated in JHU-013 tumor

xenografts grown in the lower back (n 5 14) and oral base tissues (n 5 4) of nude mice. The signal in tumors was clearly detectable as

early as 10 minutes and reached the maximum at 90 to 120 minutes postinjection. The background showed an increase, followed by a

decrease at a much faster pace than tumor signal. A high fluorescent ratio of the tumor to muscle was obtained (from 1.42 to 4.15

among tumors), usually achieved within 6 hours, and correlated with the tumor size (r 5 .74, p 5 .002). Our results indicate that TfR is

a promising target and that TfNIR-based optical imaging is potentially useful for noninvasive detection of early HNSCC in the clinic.

A CHALLENGE IN NEOPLASTIC DIAGNOSTICS is

noninvasive detection of tumors at an early stage and

providing information on treatment selection and its

outcome. Molecular imaging provides opportunities to

fulfill the clinical needs.1–3 Its advancement benefits from

the identification of hundreds of biomarkers that are

highly expressed in tumors.4,5 In theory, by detecting the

differences in ‘‘molecular properties’’ between cancer and

surrounding normal tissues, the signal to noise ratio can be

significantly increased, and that should allow for detection

of smaller tumors. Relative to other imaging techniques,

near-infrared (NIR) fluorescence–based optical imaging

offers unique advantages for diagnostic imaging of solid

tumors. Newly developed fluorescent contrast agents and

highly sensitive light detection systems have made it

possible to monitor the biologic activity of a wide variety

of molecular targets, such as intracellular enzymes, cell

surface receptors, and antigens in living subjects. NIR

optical imaging is highly sensitive, with a capability to

detect a molecular probe at 1029 to 10212 mol/L without

much interference from background and does not require

the use of radioactive materials.1 Because water and

biologic tissues have minimal absorbance and autofluo-

rescence in the NIR window (650–980 nm), efficient

photon penetration into and out of tissue with low

intratissue scattering can be achieved with a depth of about

1 cm for reflectance and 2 to 6 cm for tomographic

fluorescence.1,6 Although clinical application of optical

imaging is limited owing to poor tissue penetration, the

notable theoretical advantages include imaging a variety of

molecular features based on versatile fluorescent probe

design, providing dynamic, real-time in vivo images,

monitoring of gene delivery, noninvasive detection of

early tumors from accessible lumina by endoscopy, and

real-time intraoperative visualization of tumor margins.7,8

In the United States, more than 55,000 Americans

develop head and neck cancer each year. Squamous cell

carcinoma accounts for 90% of the head and neck
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cancers.9 Head and neck squamous cell cancer (HNSCC)

develops through a series of well-defined clinical and

pathologic stages from atypia to carcinoma in situ and

invasive lesions.10,11 These lesions locate superficially,

which makes them ideal for early detection and evaluation

of biomarker expression using optical imaging. Transferrin

receptor (TfR) is a cell-membrane internalizing receptor

that is responsible for almost all of the iron sequestration

in mammalian cells. It is overexpressed in various

malignant tumors.12–14 Previous work using radiolabeled

transferrin (Tf) has demonstrated the feasibility of imaging

mammary gland tumor xenografts with high sensitivity.15,16

However, targeted detection methods based on radiolabeled

probes have been hampered by relatively low spatial

resolution and the risk of ionizing radiation exposure.

Positron emission tomography (PET) involves the genera-

tion of positron-emitting short-lived radioisotopes using a

cyclotron. This limits the accessibility of PET in many

locations. There are also problems associated with the time

necessary for conjugating a short-lived positron emitter to

biomolecules. We hypothesized that TfR would be a

promising target and NIR fluorescent Tf conjugate (TfNIR)

would be an ideal optical reporter for imaging HNSCC

because TfR is expressed only in the parabasal and basal

layers of normal squamous epithelium at a very low level and

rarely in benign lesions. Importantly, TfR is overexpressed in

the majority of HNSCC.17–19 Since HNSCCs are superficial

tumors, they are ideal for early detection and evaluation of

biomarker expression using optical imaging. In the present

study, we investigated the feasibility of imaging HNSCC

xenografts using TfNIR. A preferential accumulation of

fluorescent signal was observed in tumors, and the tumor

was clearly detectable in TfNIR-based optical imaging.

Materials and Methods

Cell Culture

Four HNSCC cell lines (John Hopkins University,

Baltimore, MD) were analyzed for TfR expression. These

cell lines were originally established from human HNSCC

arising from the base of the tongue (JHU-06), larynx

(JHU-011 and 022), and neck node (JHU-013) metastasis.

All four cell lines were routinely maintained in RPMI 1640

medium supplemented with 10% heat-inactivated fetal

bovine serum and 50 mg/mL each of penicillin, strepto-

mycin, and neomycin (Invitrogen, Carlsbad, CA). A

normal human keratinocyte line (OKFL) was used as a

control and cultured in keratinocyte serum-free medium

(Invitrogen, Carlsbad, CA).20

Western Blot Analysis

Cells were washed twice with Dulbecco’s phosphate

buffered saline (DPBS) and collected in protein lysis

buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl,

0.1% sodium dodecyl sulfate (SDS), 0.5% sodium

deoxycholate, 1% NP40, 100 mg/mL of phenylmethylsul-

fonyl fluoride, 2 mg/mL of aprotinin, 1 mg/mL of pepstatin,

and 10 mg/mL of leupeptin. The mixture was placed on ice

for 30 minutes. Following centrifugation at 15,000 rpm for

15 minutes at 4uC, the supernatant was collected. Protein

concentration was determined using the Bio-Rad Protein

Assay Dye Reagent Concentrate (Bio-Rad, Hercules, CA).

Whole-cell lysate (30 mg) was resolved in 8% SDS–

polyacrylamide gel, transferred to polyvinylidene difluor-

ide membrane (Immobilon, Amersham Corp., Arlington

Heights, IL), and probed sequentially with antibodies

against TfR (Invitrogen) and b-actin (Sigma, St. Louis,

MO) at 4uC overnight, separately. Blots were washed thrice

(10 minutes each) with PBS + 0.1% Tween 20 and

incubated with horseradish peroxidase–conjugated anti-

mouse antibody (Santa Cruz Biotech, Santa Cruz, CA) for

1 hour at room temperature. Blots were developed using

the ECL detection system (Bio-Rad).

Endocytosis of Tf and Immunocytochemistry of TfR

JHU-013 tumor cells at 40 to 50% confluence growing on

four-chamber glass slides were used for endocytosis

analysis. Cells were incubated with 6.25 mL of Alexa

Fluor 488–labeled Tf (Tf488) (5 mg/mL) in 500 mL of

complete medium for different durations (from 1 minute to

4 hours). After removal of the media, cells were completely

washed thrice using DPBS. Cells were then fixed with 10%

neutralized formalin for 10 minutes and mounted for

fluorescent microscopic observation. For immunocyto-

chemical staining of TfR, cells were first fixed using 10%

neutralized formalin for 10 minutes and then incubated with

anti-TfR monoclonal antibody for 2 hours at room

temperature. The antibody was prepared in DPBS with a

dilution of 1:200. After DPBS washing (three times, 5

minutes each), cells were incubated with Alexa Fluor 588–

labeled goat antimouse immunoglobulin G (Invitrogen) for

1 hour. Negative control was stained similarly except the

anti-TfR antibody was replaced by DPBS.

Animal Models and Optical Imaging of Tumors

Two solid tumor xenograft models were developed by

subcutaneous inoculation of 1 3 107 subconfluent cells of
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JHU-013 in 100 mL of DPBS in the lower back or oral base

tissues of athymic nude mice (8–10 weeks old; Harlan,

Indianapolis, IN). Tumors were imaged when they

reached certain sizes (2.4–9 mm in diameter). Fourteen

tumors grown in the lower back of 12 mice, including 2

with tumors in both sides, were tested for the feasibility

and fluorescent signal dynamics of TfNIR-based optical

imaging. To verify the results, four tumors produced in

the oral base tissues of four mice were further analyzed.

Five healthy mice without tumors were used as the

control.

TfNIR-based fluorescent optical imaging was performed

using the IVIS 200 Imaging System (Caliper Life Sciences,

Hopkinton, MA). Imaging and quantification of the

signals were controlled by the acquisition and analysis

software Living Image (Caliper Life Sciences). Mice were

placed onto the warmed stage inside a light-tight camera

box with continuous exposure to 2% isoflurane. Animals

were given 200 mL (0.625 mg/mL) of the conjugate TfNIR

through the tail vein. The entire animal was imaged every 10

to 30 minutes for at least 6 hours. The acquisition time for

each image was 1 second. The light emitted from the mouse

was detected, integrated, digitized, and displayed. Regions of

interest from displayed images were identified and measured

around the tumor sites. The signal intensity was expressed as

mean flux (photons per second per centimeter squared per

steradian, p/s/cm2/sr). Contralateral leg muscle was selected

as normal background.

Statistical Analysis

The tumor sizes were measured using calipers, and the

relationship between fluorescent signal and tumor sizes

was evaluated using the statistical software OriginPro 7.0

(OriginLab, Northampton, MA). A significant correlation

was inferred if a p value was , .05 by correlation

analysis.

Results

Expression of TfR in HNSCC Cell Lines

To better understand the expression status of TfR in

HNSCC, TfR levels were analyzed in four HNSCC cell lines

and one normal squamous cell line. A significantly high

expression level of TfR was detected in all four HNSCC cell

lines compared with that in the normal squamous cell line

(Figure 1, A and B). Immunocytochemistry further

confirmed the expression of TfR in JHU-013 cells. An

immunoreactive signal was clearly seen in the cell

membrane and cytoplasm (Figure 1C). Almost all of the

tumor cells showed strong immunoreaction against TfR

antibody. No signal was observed in the negative controls

without primary antibody (data not shown).

Endocytosis and Exocytosis of Tf

The kinetics of endocytosis of Tf in JHU-013 cells was

examined following incubation of fluorescence-labeled Tf

(Tf488) with monolayer cell cultures (Figure 2). Binding of

Tf488 with TfR on the cell membrane was observed as early

as 1 to 2 minutes after incubation. With prolonged

incubation, Tf488 signal was seen in the cytoplasm and cell

membrane. The maximum signal in the cytoplasm was

observed after 1 to 2 hours of incubation, and the signal was

distributed evenly within cytoplasm. With increased incuba-

tion time (3–4 hours), signal accumulation was observed in

the regions surrounding the nuclei and regions close to the

cell membrane. The total fluorescence decreased gradually

thereafter, indicating exocytosis of Tf488.

Figure 1. Transferrin receptor (TfR) expression. A, Western blot
analysis of TfR expression showing overexpression of TfR in head and
neck squamous cell carcinoma cell lines (JHU-06, 011, 013, 022)
relative to that in a normal squamous cell line (OKFL). B, Same
membrane reprobed with b-actin antibody. C, Immunocytochemistry
in JHU-013 culture cells showing immunoreactive signal in cell
membrane and cytoplasm.
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TfNIR-Based Tumor Imaging in Animal Models of
Human HNSCC

The TfNIR conjugate contains 3 mol NIR fluorescent dye

(Alexa Fluor 680)/mol Tf (Invitrogen). Two hundred

microliters (0.625 mg/mL) of the Tf conjugate as a single

bolus was administrated via the tail vein of mice, and the

whole animal was then imaged at different times. We first

tested the imaging efficiency of TfNIR in human tumor

xenografts (n 5 14) grown in the lower back of athymic

nude mice (Figure 3). The tumor sizes varied from 2.4 to

9 mm in diameter. A preferential accumulation of the

fluorescence was detectable as early as 10 minutes in most

tumors. The fluorescent signal in the tumors showed a

rapid increase followed by a gradual decrease over time.

The signal was still detectable after 48 hours. Interestingly,

the time to reach the maximum fluorescence varied from

90 to 300 minutes, showing significant differences among

tumors in different animals. In comparison with the tumor

signal, the background fluorescence increased immediately

after tail vein injection of the TfNIR and decayed much

faster than tumor signal. The background fluorescence was

observed mainly arising from the liver, bone marrow,

brain tissue, and spleen. The fluorescent signal intensity

(p/s/cm2/sr) was measured from the tumors and muscles

in the opposite leg. The maximum tumor to muscle

fluorescent signal ratio was reached within 6 hours in the

majority of the tumors. The maximum ratio varied among

tumors, ranging from 1.42 to 4.15. A positive correlation

was observed between this ratio and the tumor sizes (2.4–9 mm

in diameter) (r 5 .74, p 5 .002) (Figure 4).

To further test the in vivo imaging feasibility of TfNIR

in HNSCC, tumor xenografts were also established in the

oral base tissues in four mice (Figure 5). In healthy mice

without tumor, the fluorescent signal was observed

immediately in the neck and head following administra-

tion of TfNIR. The background fluorescent signal was

observed arising mainly from the large blood vessels in the

neck and brain tissue (Figure 5D). The background

fluorescent signal was still detectable at 2 hours after

injection. Importantly, in animals with tumors, although

both background and tumor fluorescent signal were

observed following injection, the background fluorescence

decreased rapidly and was weak, whereas the tumor signal

decreased slowly and was much stronger than background.

The tumor in the oral base could be clearly imaged as those

Figure 2. Different stages of transfer-
rin (Tf) endocytosis. Cells were incu-
bated with Tf for varied times and
imaged, and representative images are
presented. A, Tf signal mainly in cell
membrane (5 minutes). B, Signal in
both cell membrane and cytoplasm
with an evenly distributed pattern (1
hour incubation). Signal mainly in the
perinuclear area (C; 3-hour incuba-
tion) and the peripheral area (D; 4-
hour incubation). Tf was labeled with
Alexa Fluor 488. The original magni-
fication was 3400.
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in the lower back (Figure 5A–C). The background

fluorescence appeared less problematic for detection of

neck tumors owing to significantly weak intensity of the

background compared with tumor signal.

Discussion

Theoretically, malignant tumor cells could be detected by

imaging overexpressed biomarkers by taking advantage of

specific binding of ligands with biomarkers and high

sensitivity of optical imaging.1,3 Furthermore, optical

assessment of the biomarker expression level is potentially

helpful in assessment of tumor prognosis and drug

sensitivity.21,22 Keeping these in mind, we tested the

feasibility of tumor detection by targeted imaging of TfR

using the fluorescent ligand TfNIR. TfR expression is found

only in the basal layer of normal oral squamous epithelium

at an extremely low level and is rarely detected in benign

lesions.17–19 Importantly, TfR is expressed strongly in

HNSCC, and a high expression level of TfR indicates high

Figure 3. Whole-animal imaging following intravenous injection of near-infrared transferrin showing preferential accumulation of fluorescent
signals in tumors. A to F show images taken at 0, 30 minutes, and 1, 3, 5, and 24 hours, separately. G shows change in the ratio of tumor to muscle
fluorescence signal in small and large tumors over time.

Figure 4. Positive correlation between the tumor size and the ratio of
fluorescence signals from tumors to that from muscles.
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tumor malignancy and a poor prognosis.17–19 This specific

expression pattern of TfR makes it an ideal candidate to

image HNSCC. We hypothesized that the normal epithelia

or benign lesions can be differentiated from malignant cells

by exploring the differential expression of TfR. In the

present study, overexpression of TfR was demonstrated in

all HNSCC cell lines using Western blot analysis.

Microscopic findings for the rapid binding of TfNIR with

TfR and endocytotic activity of TfNIR in cell cultures

further provided the rationale to image HNSCC in vivo

using TfNIR. Specificity is critical for molecular imaging in

vivo. Our previous work using MDA-MB-231 human

breast cancer cells has shown that pretreatment of the cells

with a threefold higher amount of unlabeled Tf (375 mg Tf/

dish) than the probe (125 mg TfNIR /dish) resulted in a 66%

decrease in the fluorescent signal.13 Specificity of the Tf

moiety for targeting has also been demonstrated by other

investigators.23 In an in vitro study using 125I-Tf in a K562

cell line, preincubation with 100-fold excess of unlabeled

Tf for 5 minutes resulted in a dramatic inhibition of

subsequent 125I-Tf binding. A 100-fold excess of bovine

serum albumin or asialo-orosomucoid (a glycoprotein)

had no effect on 125I-Tf binding.23

To test our hypothesis, we first imaged HNSCC

xenografts grown in the lower back of mice. TfNIR

accumulated preferentially in the tumor xenografts. The

maximum tumor signal to background ratio reached to

1.42 to 4.15 and could be observed within 6 hours in the

majority of the tumors. The significantly high ratio

enabled early detection of tumors with high sensitivity

and specificity. Interestingly, the time to reach the highest

signal in tumors varied among tumors and was not related

to tumor sizes. This phenomenon is also observed in

bioluminescent imaging following D-luciferin administra-

tion in tumors established with luciferase-expressing

tumor cell lines (data not shown). The in vivo dynamic

difference of TfNIR accumulation might be related to both

animal individual and tumor characteristics such as tumor

volume, tumor cell proliferation, vascular supply, and

hypoxia.24 The tumor fluorescent signal is a sum of

photons from specific binding of the ligand with its

receptor and nonspecific presence of the fluorescent

conjugate in blood vessels and interstitial space.

However, the nonspecific signal was cleared more rapidly

than true tumor cell–bound signal and appeared less

significant in tumor detection. Previous studies using

Figure 5. Near-infrared transferrin
receptor (TfNIR)-based imaging in
healthy mice and mice with oral base
tumor xenografts. A to C show images
taken at 0, 1, and 4 hours, separately,
following intravenous injection of
TfNIR. Note the significant difference
in fluorescence signals and kinetics of
signal decay between tumors and
background over time. D shows a
healthy mouse with background signal
from carotid arteries and brain tissue.
The color intensity scale is the same
for A, B, and C (minimum 5 3.31 3

108 and maximum 5 3.45 3 109). The
color intensity scale for the healthy
mouse in D is different (minimum 5

3.83 3 108 and maximum 5 2.59 3

109).
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radiolabeled Tf showed a significant decrease in tumor

signal by pretreatment with a large amount of unlabeled

Tf.15 These results further indicate the importance and

specificity of the Tf moiety for targeting in vivo. One

major concern is the hypoxia and necrosis frequently

presenting in large tumors.25 Hypoxia and necrosis might

affect both the expression of TfR and the entry, settling,

and binding of TfNIR. These factors might become evident

if quantitative assessment of biomarker expression or

comparative analysis among tumors is performed using

optical imaging, although we obtained a close correlation

between the tumor to muscle fluorescent ratio and tumor

size.

To further test the feasibility of HNSCC detection, we

imaged the animals with and without oral base tumors. In

healthy mice, fluorescent signal was observed from the

large blood vessels in the neck and from brain tissue. The

carotids and their branches and aorta arch are located

superficially in the neck. Normal brain tissue is known to

express TfR at a high level. The fluorescent background

might adversely affect the detection of metastatic lesions in

neck lymph nodes. Metastatic lesions might be too small to

produce a stronger signal than the vessels in animal models

(further study is necessary). Primary tumors can be clearly

detected through the neck owing to a much stronger signal

and delayed signal fading relative to background. Human

HNSCC is developed and progressed through atypia to

carcinoma in situ and then to invasive squamous cell

carcinoma. These early lesions locate superficially in the

wall of the oral cavity, pharynx, and esophagus. The

difference in TfR expression among normal squamous

epithelial cells, atypical cells, and carcinoma cells may be

significant enough for optical differentiation among them

through the use of TfNIR. Furthermore, development of

confocal laser endomicroscopy enables analysis of in vivo

microarchitecture.26 The combination of a fluorescently

labeled probe such as TfNIR and fluorescent confocal laser

endomicroscopy will enable identification of early lesions,

including squamous cell atypia and carcinoma in situ, as

well as early invasive carcinomas. Our results in animal

models of human HNSCC indicate that TfR is a promising

target and TfNIR-based optical imaging is potentially useful

for detection and localization of early HNSCC and atypical

lesions in clinical practice.

Under physiologic conditions, iron-loaded Tf binds

TfR on the surface of actively dividing cells. Subsequently,

the Tf–TfR complex is internalized, first transported to

early endosomes and then delivered to recycling endo-

somes. The apo-Tf is released only after the complex

reaches the cell surface and then circulates until it again

comes in contact with free iron. It has been estimated that

one Tf molecule could participate in this transport cycle as

many as 100 times.27 In the present study, the Tf was

labeled with NIR fluorescent dye and the tumor was

imaged based on the fluorescence of the optical reporter.

The details of TfNIR recycling in tumors are unknown, and

further analysis would be necessary for understanding the

pharmacokinetics of TfNIR in mice.
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ABSTRACT
Intraperitoneal injection of [Gd@C82(OH)22]n nanoparticles de-
creased activities of enzymes associated with the metabolism
of reactive oxygen species (ROS) in the tumor-bearing mice.
Several physiologically relevant ROS were directly scavenged
by nanoparticles, and lipid peroxidation was inhibited in this
study. [Gd@C82(OH)22]n nanoparticles significantly reduced the
electron spin resonance (ESR) signal of the stable 2,2-diphenyl-
1-picryhydrazyl radical measured by ESR spectroscopy. Like-
wise, studies using ESR with spin-trapping demonstrated effi-
cient scavenging of superoxide radical anion, hydroxyl radical,
and singlet oxygen (1O2) by [Gd@C82(OH)22]n nanoparticles. In
vitro studies using liposomes prepared from bovine liver phos-
phatidylcholine revealed that nanoparticles also had a strong
inhibitory effect on lipid peroxidation. Consistent with their

ability to scavenge ROS and inhibit lipid peroxidation, we deter-
mined that [Gd@C82(OH)22]n nanoparticles also protected cells
subjected in vitro to oxidative stress. Studies using human lung
adenocarcinoma cells or rat brain capillary endothelial cells
demonstrated that [Gd@C82(OH)22]n nanoparticles reduced
H2O2-induced ROS formation and mitochondrial damage.
[Gd@C82(OH)22]n nanoparticles efficiently inhibited the growth of
malignant tumors in vivo. In summary, the results obtained in this
study reveal antitumor activities of [Gd@C82(OH)22]n nanoparticles
in vitro and in vivo. Because ROS are known to be implicated in
the etiology of a wide range of human diseases, including cancer,
the present findings demonstrate that the potent inhibition of
[Gd@C82(OH)22]n nanoparticles on tumor growth likely relates with
typical capacity of scavenging reactive oxygen species.

The endohedral metallofullerenes recently attracted sig-
nificant attention because of their special biomedical effect

as chemotherapeutic medicines (Cagle et al., 1999; Chen
et al., 2005). Endohedral metallofullerenol nanoparticles
([Gd@C82(OH)22]n) could efficiently inhibit the prolifera-
tion of tumors and decrease the activities of enzymes re-
lated to reactive oxygen species (ROS) generation in vivo,
but the molecular mechanism is still unclear (Wang et al.,
2006). ROS such as superoxide radical anion, hydrogen
peroxide, singlet oxygen, and hydroxyl radicals have been
implicated in the etiology of a wide range of acute and
chronic human diseases, including amyotrophic lateral sclero-
sis, arthritis, cancer, cardiovascular disease, and several neu-
rodegenerative disorders (Valko et al., 2007). Accordingly, spe-
cies that have a strong capacity for scavenging ROS are of great
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significance in biomedicine. The ability to functionalize the
nanosurfaces of fullerenes and fullerenol nanoparticles pre-
sents an opportunity to increase the payload of the ROS scav-
enger to target cells and tissues.

By using water-soluble derivatives, many investigations
have measured the biological significance of fullerenes and
their derivatives as prospective nanomedicines. Dugan et al.
(1996) demonstrated that carboxylic acid fullerene deriva-
tives had a potent ROS-scavenging activity and that they
prevented apoptosis of cultured cortical neurons induced by
exposure to N-methyl-D-aspartate agonists. The same deriv-
atives protected the nigrostriatal dopaminergic system from
iron-induced oxidative injury and showed effective neuropro-
tective antioxidant activity in vitro and in vivo. The carbox-
ylic acid fullerene was hundreds of times more protective
than vitamin E. A polyethylene glycol-conjugated-fullerene
(C60) strongly induced tumor necrosis without any damage to
the overlying normal tissue in vivo, making it an excellent
candidate for targeted tumor therapy (Tabata et al., 1997).
The biological effect of fullerene derivatives has been dem-
onstrated in numerous systems, including reduction in injury
after ischemic reperfusion of the intestine (Lai et al., 2000),
protection of cells from undergoing apoptosis (Hsu et al.,
1998; Bisaglia et al., 2000), reduction in free radical levels in
organ perfusate (Chueh et al., 1999), and neuroprotective
effects (Dugan et al., 1997; Lin et al., 1999). The potent biolog-
ical activity of fullerenols has been attributed to a combination
of their unique chemical and physical characteristics. Fullere-
nols may therefore be particularly valuable candidates as re-
spective nanomedicines in biological systems (Chiang et al.,
1995; Tang et al., 2007b).

Endohedral metallofullerenes [i.e., compounds in which a
fullerene encapsulates a metal atom(s)] have shown great
promise for use in biomedical science. Although C60 has been
the most commonly studied fullerene in biological systems,
few endohedral materials have been synthesized using C60 as
a cage molecule because of the limited interior volume of C60.
Most endohedral metallofullerenes are synthesized using C82

or higher molecular weight fullerenes, and many derivatives
of C82 fullerenes have been synthesized in our laboratory.
Gd@C82 is one of the most important molecules in the me-
tallofullerene family (Tang et al., 2007a). Gd@C82(OH)22 is a
functionalized fullerene with gadolinium, a transition metal
of lanthanide family, trapped inside a fullerene cage, and it
was originally designed as a magnetic resonance imaging con-
trast agent for biomedical imaging (Anderson et al., 2006). We
have previously reported that the chemical and physical prop-
erties of Gd@C82(OH)x are dependent on the number and posi-
tion of the hydroxyl groups on the fullerene cage (Tang et al.,
2007b).

In this study, electron spin resonance (ESR) spin trap tech-
nique is used to provide direct evidence that [Gd@C82(OH)22]n
nanoparticles can efficiently scavenge different types of ROS,
including superoxide radical anion (O2

.), hydroxyl radical (HO�),
and singlet oxygen (1O2), and the stable free radical 2,2-
diphenyl-1-picrylhydrazyl (DPPH�). In vitro studies using li-
posomes prepared from bovine liver phosphatidylcholine
revealed that [Gd@C82(OH)22]n nanoparticles had a strong
inhibitory effect on lipid peroxidation. We also determined
that [Gd@C82(OH)22]n nanoparticles protected cells from ox-
idative stress in vitro. Using human adenocarcinoma cells
(A549 cells) or rat brain capillary endothelial cells (rBCECs),

we also demonstrated that [Gd@C82(OH)22]n nanoparticles
reduced H2O2-induced ROS formation and mitochondrial
damage, measured as reduced mitochondrial dehydroge-
nase activity and membrane potential. These in vitro re-
sults correlate with the previously reported sparing effects
of [Gd@C82(OH)22]n nanoparticles on oxidative damage in
the livers of tumor-bearing mice. [Gd@C82(OH)22]n nano-
particles efficiently inhibit the growth of malignant MCF-7
solid tumor in vivo. Our overall results suggest that scav-
enging of ROS plays a role in the potent antitumor effects
of [Gd@C82(OH)22]n nanoparticles.

Materials and Methods
Materials. [Gd@C82(OH)22]n nanoparticles were prepared as de-

scribed previously (Xing et al., 2004; Tang et al., 2005) The nanopar-
ticle characterizations have been described by our group (Chen et al.,
2005). In brief, the average size of [Gd@C82(OH)22]n particles in
saline solution was 22 nm in diameter, which was measured by
high-resolution atomic force microscopy and synchrotron radiation
small-angle scattering. Hydrogen peroxide; xanthine; diethylenetri-
aminepentaacetic acid; DPPH�; 2,2,6,6-tetramethyl-4-piperidone;
5,5-dimethyl-1-pyrroline N-oxide (DMPO); and TiO2 (anatase) were
purchased from Sigma-Aldrich (St. Louis, MO). 5-Diethoxyphospho-
ryl-5-methyl-I-pyrroline N-oxide was supplied by OXIS Research,
Inc. (Portland, OR). Xanthine oxidase was obtained from Roche
Applied Science (Indianapolis, IN). Bovine liver phosphatidylcholine
was obtained from Avanti Polar Lipids (Alabaster, AL). 2,2�-Azo-
bis(2-amidinopropane) dihydrochloride (AAPH) was purchased from
Wako Bioproducts (Richmond, VA). A Milli-Q water system (Milli-
pore Corporation, Bedford, MA) was used to prepare ultrapure wa-
ter. All of the other reagents were at least of analytical grade.

DPPH� Scavenging Activity. Following our previously estab-
lished methodology (Yin et al., 2006), ESR spectroscopy was used to
measure scavenging of the DPPH� free radical by [Gd@C82(OH)22]n

nanoparticles (Murias et al., 2005). Although DPPH� is a stable,
nitrogen-centered radical that has no involvement in physiological
processes, attenuation of the ESR signal for DPPH� is one of the
methods widely used to demonstrate the ability of a chemical to
scavenge reactive oxygen species through donation of a hydrogen
atom, or, in some cases, electron transfer (Huang et al., 2005). To
measure scavenging of DPPH�, the reaction mixture contained 50 �l
of [Gd@C82(OH)22]n nanoparticles in 0.85% NaCl and 50 �l of 0.50
mM DPPH� dissolved in ethanol. The final concentration of
[Gd@C82(OH)22]n nanoparticles used for measurements was 0.15
mg/ml (100 �M). ESR spectra were recorded at 3, 30, 60, and 120 min
after the initiation of the scavenging reaction by adding
[Gd@C82(OH)22]n nanoparticles. Spectra were obtained using 20-mW
incident microwave power and 100-kHz field modulation of 2 G, at
room temperature. The scavenging effect was determined by com-
parison with a control group lacking [Gd@C82(OH)22]n nanoparticles.

HO� Scavenging Activity. The capacity of [Gd@C82(OH)22]n

nanoparticles to scavenge hydroxyl radical was examined by ESR
spin-trapping using DMPO as a trapping agent. Hydroxyl radicals
were generated by the Fenton reaction, with the reaction mixture
containing freshly prepared 0.5 mM DMPO, 0.02 mM FeSO4 (1 mM
stock solution, freshly made), and 0.2 mM H2O2. In addition, reaction
mixtures contained [Gd@C82(OH)22]n nanoparticles, with final con-
centrations of 1.67 �M (2.5 �g/ml), 3.34 �M (5 �g/ml), 6.68 �M (10
�g/ml), and 13.34 �M (20 �g/ml), or H2O for the blank. The ESR data
were collected at ambient temperature, 6 min after initiating the
formation of HO� by addition of FeSO4. The following spectrometer
settings were used: microwave power, 10 mW; field modulation fre-
quency, 100 kHz; and modulation amplitude, 1 G.

Inhibition of Lipid Peroxidation. The effects of [Gd@C82(OH)22]n
nanoparticles on peroxidation of lipids in liposomes were measured
using ESR oximetry. The ESR oximetry measurement is based on
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bimolecular collision of O2 with a spin probe. Because O2 is para-
magnetic, this collision results in spin exchange between O2 and the
spin probe, resulting in shorter relaxation times (both T1 and T2).
Consequently, ESR signals with broader line widths are observed for
the spin probe (Yin et al., 2006). Because the integrated area of the
ESR signal over the scanning range is unaffected by these effects on
the relaxation times, broadening of the ESR signal of the spin probe
is necessarily accompanied by a decrease in the peak height of the
ESR signal. In this work, the spin probe 15N-Tempone (PD) (Cam-
bridge Isotope Laboratories, Inc., Andover, MA) was used. Because
the line width of this spin probe is very sensitive to O2 concentration,
decreasing oxygen concentration as a result of oxygen consumption
by lipid peroxidation results in a decreasing line width of 15N-
Tempone (PD) spin probe. A time-dependent decrease in line width
and increase in intensity of the ESR signal indicates continuous
oxygen consumption. By repeated measurement of the spin probe’s
line widths, one can assess rate of lipid peroxidation in the sample
(Scheme 1).

Liposomes were prepared as described previously (Kusumi et al.,
1986). For these experiments, a suspension of 30 mg/ml bovine liver
PC liposomes, and 0.1 mM 15N-Tempone (PD) with or without
[Gd@C82(OH)22]n nanoparticles (0.1–0.3 mg/ml; 66.8–200.4 �M) was
added to a capillary tube. The lipid peroxidation was initiated by
adding 25 mM AAPH, which is known to strongly induce lipid per-
oxidation in cellular and reconstituted membranes (Yin et al., 2006).
The capillary tube was then sealed and positioned in the ESR in-
strument. ESR spectra were recorded at 4-min intervals for 28 min.
Signals were obtained with 1-G scanning width, 0.5-mW incident
microwave power, and 0.05-G field modulation. All ESR spectra were
recorded at the low field line of 15N-Tempone (PD) and at 37°C.

Mitochondrial Dehydrogenase Activity in rBCEC and A549
Cells. The activity of mitochondrial dehydrogenase, a critical enzyme
associated with cell survival, was measured according to a modified
protocol described previously (Liang et al., 2004). In brief, rBCECs and
A549 cells at 90% confluence were cultured with different concentra-
tions of [Gd@C82(OH)22]n nanoparticles for 24 h. The medium was then
replaced with fresh medium contained 50 �M H2O2. After treatment
with H2O2 for 2 h, cells were washed three times with PBS. The ability
of mitochondria to reduce a tetrazolium salt to a formazan dye was used
to assess mitochondrial dehydrogenase activity. In brief, a solution of
tetrazolium salt (available in the CCK-8 kit; Dojindo Laboratories,
Kumamoto, Japan) was added to the culture medium. After incubation
for 1.5 h at 37°C, the absorbance at 450 nm was read using a 680
microplate spectrometer (Bio-Rad, Hercules, CA). rBCECs cells were
treated with 10 �M H2 O2 to induce oxidative damage. Each group was
repeated in triplicate.

Measurement of Mitochondrial Membrane Potential. The
fluorescent potentiometric dye JC-1 (Invitrogen, Carlsbad, CA) is a
cationic carbocyanine compound that accumulates in mitochondria
and can be used to measure mitochondrial membrane potential
(��m). When viewed under a fluorescence microscope, JC-1
is seen as a green monomer in the cytosol and as a red aggregate in
respiring mitochondria. Mitochondrial damage is measured as a
reduction in ��m (i.e., a decrease in the red/green fluorescence ratio).

A549 or rBCECs cells (1.0 � 105 cells/ml), treated with
[Gd@C82(OH)22]n nanoparticles and H2O2 as described above,
were labeled with 3 �M JC-1 for 20 min in a 37°C incubator (5%
CO2). After cells were washed three times with PBS, the fluores-
cence was detected using a laser confocal scanning microscope (FV
500; Olympus, Tokyo, Japan). The JC-1 monomer was detected at
a 530-nm emission wavelength. The fluorescence of the JC-1 ag-
gregate was measured at 590-nm emission. The cells were also
stained with Hoechst 33258 to indicate the nucleus shown in blue.
Cells treated with H2O2 were used as the control.

Measurement of Intracellular ROS Concentration. 5-(and
6-)-Chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H2DCFDA) was used to measure intracellular ROS pro-
duction as reported previously (van Reyk et al., 2001). A549 and
rBCECs cells were treated with [Gd@C82(OH)22]n nanoparticles and
H2O2 as described above for measurement of mitochondrial dehy-
drogenase activity. After treatment, the samples were incubated
with 5 �M CM-H2DCFDA at 37°C for 30 min in the dark, washed
three times with PBS, and then analyzed using a FACSCalibur
(BD Biosciences, San Jose, CA) flow cytometer. The 488-nm exci-
tation wavelength was used to detect the fluorescence intensity of
CM-H2DCFDA. Negative controls [without 50 �M H2O2 and with-
out [Gd@C82(OH)22]n nanoparticles] and positive controls [with 50
�M H2O2 and without [Gd@C82(OH)22]n nanoparticles] were in-
cluded in the treatment groups. Data are representative of three
experiments.

Measurement of Malignant Tumor Growth in Tumor-Bearing
Mice. Female tumor-bearing nude mice (six/group) were obtained from
medical school of Peking University (Beijing, China). At the age of 4
weeks, mice were i.p. administered with [Gd@C82(OH)22]n at the con-
centration of 2.5 �mol/kg (3.8 mg/ml) in saline once a day consecutively
for a period of 14 days. Control animals were injected saline solution
only. After animals were sacrificed, the body weight, tumor size, and
tumor weight of mice administered with [Gd@C82(OH)22]n or saline
solution were determined.

Results
Scavenging of DPPH� by [Gd@C82(OH)22]n Nanopar-

ticles. The scavenging activity of [Gd@C82(OH)22]n nanopar-
ticles for DPPH�, a stable nitrogen-centered radical, was deter-
mined. As shown in Fig. 1, DPPH� produced a characteristic
ESR profile. Treatment with 100 �M [Gd@C82(OH)22]n nano-

CONH2

N

O

15N-Tempone(pd)

O2O2
AAPH
free radical 
initiator

CONH2

N

O

15N-Tempone(pd)

O2O2
AAPH
free radical 
initiator

With air..

With N2-

Scheme 1. Measurement of lipid peroxidation by ESR oximetry. Oxygen
consumption is measured in a closed chamber using liposome suspen-
sions and the spin label 15N-Tempone (PD) mixed with a free radical
initiator such as AAPH. The inset ESR spectra are the scans of the low
field line from the ESR spectra of 15N-Tempone (PD) in a nitrogen
atmosphere (solid line) or air-saturated (broken line) aqueous solutions.
The presence of oxygen results in a broader and less intense ESR signal
for the spin probe. Spectra were recorded at 37°C, 0.5-mW microwave
power, 0.05-G modulation amplitude, and 1-G scanning range.
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particles for 3 min resulted in reduction of ESR signals induced
by DPPH�. Besides, addition of [Gd@C82(OH)22]n nanoparticles
caused a time-dependent decrease in the intensity of the DPPH�

signal for up to 120 min. The reduction in the intensity of the
ESR signal for DPPH� was 20% after 3 min and 90% at 120 min
(Fig. 1) compared with the control. These results clearly indi-
cate that under experimental conditions, the [Gd@C82(OH)22]n
nanoparticles are capable of scavenging the DPPH� stable rad-
ical in a time-dependent manner.

Scavenging of ROS by [Gd@C82(OH)22]n Nanoparticles.
To investigate the quenching of physiological ROS by
[Gd@C82(OH)22]n nanoparticles, we used the well described
classic Fenton reaction involving the reaction of FeSO4 and
H2O2 to generate HO� radicals. Upon reaction of the spin trap
DMPO with HO�, the resulting DMPO-OH adduct showed the
typical 1:2:2:1 four-line ESR spectrum (with hyperfine split-
ting parameter aN � aH � 14.9 G) (Fig. 2). It was observed
that [Gd@C82(OH)22]n nanoparticles at as low as 1.67 �M
substantially reduced the ESR signal of the DMPO-OH ad-
duct. Scavenging of HO� by [Gd@C82(OH)22]n nanoparticles
was concentration-dependent, with the magnitudes of the
ESR signal proportionally reduced with the added
[Gd@C82(OH)22]n nanoparticles increased from 1.67, 3.34,
6.68, and up to 13.34 �M. It resulted in a greater than 95%
reduction in ESR signal for the DMPO-OH adduct when
13.34 �M [Gd@C82(OH)22]n nanoparticles were added
(Fig. 2).

O2
. and 1O2, the other two ROS, were also reduced by

[Gd@C82(OH)22]n nanoparticles, respectively. The reduction
in the ESR signals for 1O2 and O2

. was dependent on the
concentration of [Gd@C82(OH)22]n nanoparticles (Supple-
mental Figs. 1 and 2).

Inhibition of Lipid Peroxidation in Liposomes by
[Gd@C82(OH)22]n Nanoparticles. Reactive oxygen radicals
are known to produce a time-dependent peroxidation of the
polyunsaturated lipids in plasma membrane. In our study,
lipid peroxidation was initiated by AAPH. Inhibition of lipid
peroxidation by [Gd@C82(OH)22]n nanoparticles was as-
sessed using ESR oximetry recorded at 4-min intervals for 28
min. The consumption of oxygen-accompanying lipid peroxi-
dation was measured as a time-dependent narrowing of the
ESR signal for the spin probe 15N-Tempone (PD). As shown
in Fig. 3A, narrowing of the ESR signal was necessarily
accompanied by an increase in the peak height of the ESR
signal within the scanning range. The results of inhibition of
lipid peroxidation by [Gd@C82(OH)22]n nanoparticles at con-
centrations of 66.8, 133.6, and 200.4 �M are shown in Fig. 3,
B–D, respectively; the ESR signal intensities were approxi-
mately 80, 75, and 70% of the control (Fig. 3A). All resulted
in lower consumption rates of oxygen seen as smaller peak
heights in the ESR signal as a result of lower rates of line
narrowing of the spin probe. Increasing the concentration of
[Gd@C82(OH)22]n nanoparticles from 66.8 to 200.4 �M re-
sulted in an increased inhibition of lipid peroxidation mea-
sured as retardation of line narrowing, and an increase in the
ESR signal formed by interaction with the spin probe (Fig. 3,
B–D). The progressive increases in peak-to-peak signal in-
tensity (and accompanying progressive narrowing of line
width) in each panel were due to time-dependent oxygen
consumption resulting from lipid peroxidation.

Biological Activity of [Gd@C82(OH)22]n Nanoparticles
in Normal (rBCEC) and Cancer (A549) Cells under Oxi-
dative Stress. The protective effects of [Gd@C82(OH)22]n nano-
particles against cellular oxidative damage were investigated.
Treatment of adenocarcinoma (A549) cells or rBCECs with
H2O2 for 2 h resulted in significant cellular damage, measured
as loss of mitochondrial dehydrogenase activity (Fig. 4A). Pre-
treatment of cells with up to 66.8 �M [Gd@C82(OH)22]n nano-
particles significantly reduced oxidative injury to cellular mito-
chondria. This protective effect in adenocarcinoma A549 cells
was similar to the protection in rBCECs under same pretreat-
ment with [Gd@C82(OH)22]n nanoparticles (Fig. 4A).

The [Gd@C82(OH)22]n nanoparticles were also evaluated
for their ability to protect against H2O2-induced mitochon-
drial damage, measured as a reduction in the ��m. Mito-
chondrial membrane potential is important for oxidative
phosphorylation through electron transfer chain in mito-
chondria. Dysfunction of mitochondria could enhance the
electron leak and ROS generation in cells treated with H2O2.
The ��m, an indicator of mitochondrial damage level, was
measured with the JC-1 probe by flow cytometry. In cells
untreated with H2O2, the JC-1 probe was seen primarily as
red aggregates, indicating substantial uptake by respiring
mitochondria (Fig. 4B, A and D). For both rBCEC and A549
cells, treatment with H2O2 resulted in a decrease in red
aggregates of the JC-1 probe in mitochondria and an increase
in green monomers of the JC-1 probe in the cytoplasm (Fig.
4B, B and E). These results demonstrate H2O2-induced mi-
tochondrial damage and a reduction in ��m. Pretreatment of
cells with [Gd@C82(OH)22]n nanoparticles resulted in partial

10 G

+

DDPPH alone 
Control

+Gd@C82(OH)22
3 min

+Gd@C82(OH)22
120 min

+Gd@C82(OH)22
60 min

+Gd@C82(OH)22
30 min

Fig. 1. Scavenging of DPPH� generated ESR signals by [Gd@C82(OH)22]n
nanoparticles (100 �M) recorded at 0, 3, 30, 60, and 120 min. The ESR
settings were as follows: field setting, 3328 G; sweep width, 100 G;
modulation amplitude, 2 G; and microwave power, 15 mW.
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restoration of mitochondrial uptake of the JC-1, indicating a
protective effect against oxidative injury to cellular mito-
chondria (Fig. 4B, C and F). Protection of mitochondria mea-
sured by ��m is consistent with the measurement of mito-
chondrial dehydrogenase activity in rBCEC and A549 cells
pretreated with [Gd@C82(OH)22]n nanoparticles.

Figure 4C shows the effects [Gd@C82(OH)22]n nanopar-
ticles on the levels of H2O2-induced intracellular ROS. Treat-
ment of rBCEC or A549 cells with H2O2 resulted in a signif-
icant increase in intracellular ROS. Pretreatment with
[Gd@C82(OH)22]n nanoparticles significantly (P � 0.05) re-
duced the levels of H2O2-induced ROS in both cell types. The
total inhibition percentage in A549 cells was 29.7 � 2.23%

and in rBCECs was 11.9 � 1.85%, respectively. These results
demonstrate a correlation between the bioeffects of
[Gd@C82(OH)22]n nanoparticles and their ability to scavenge
physiological ROS.

Inhibitory Efficacy of [Gd@C82(OH)22]n Nanoparticles
on Tumor Growth in Nude Mice. The growth of human
breast carcinomas in mice treated with [Gd@C82(OH)22]n nano-
particles and saline for a period of 14 days was determined.
As shown in Fig. 5A, tumor size of mice treated with
[Gd@C82(OH)22]n nanoparticles was much smaller than that
of control animals. The tumor weight of mice treated with 2.5
�mol/kg [Gd@C82(OH)22]n nanoparticles and with saline is
shown in Fig. 5B. The nanoparticle showed significant inhib-

Fig. 2. ESR signals of hydroxyl radicals
generated by Fenton reaction and scav-
enged by [Gd@C82(OH)22]n nanoparticles
measured at 6 min after initiating genera-
tion of HO�. The ESR settings were as fol-
lows: field setting, 3328 G; sweep width,
100 G; modulation amplitude, 1 G; and mi-
crowave power, 15 mW.
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itory effect 6 days after treatment. In addition, there was less
mortality of mice treated with [Gd@C82(OH)22]n nanopar-
ticles than the saline-treated group (data not shown).

Discussion
In this study, we used the ESR technique to provide

direct evidence that Gd@C82(OH)22 nanoparticles can
markedly scavenge different types of ROS. These results
are consistent with the previously reported sparing effects
of [Gd@C82(OH)22]n nanoparticles on oxidative damage in
the livers of tumor-bearing mice (Chen et al., 2005).
[Gd@C82(OH)22]n nanoparticles reduced H2O2-induced
ROS formation and mitochondrial damage, measured as
reduced mitochondrial dehydrogenase activity and mem-

brane potential in adenocarcinoma cells or rat brain cap-
illary endothelial cells, [Gd@C82(OH)22]n nanoparticles
also efficiently inhibit the growth of malignant solid tu-
mors in vivo. The overall data suggest that scavenging of
reactive oxygen species by Gd@C82(OH)22 nanoparticles
plays a vital role in the inhibition of tumor growth.

Similar to most of chemotherapeutic agents used in clinic,
the development of fullerenol nanoparticles for tumor treat-
ment is hampered by their high cytotoxicity. There are mod-
ulation factors that can determine whether the developed
fullerenol nanoparticles exhibit high therapeutic efficiency
and low toxicity (Nishibori et al., 2004). ROS are known to be
important factors to initiate the progress of tumor prolifera-
tion. In this study, we demonstrate that [Gd@C82(OH)22]n
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Fig. 3. Inhibition of lipid peroxidation by
[Gd@C82(OH)22]n nanoparticles. Lipid peroxi-
dation was initiated by 25 mM AAPH (A) and
inhibited by 66.8 �M (B), 133.6 �M (C), and
200.4 �M (D) [Gd@C82(OH)22]n nanoparticles.
The ESR spectra were recorded at 4-min inter-
vals for 28 min with a Varian E-109 X-band
spectrometer (Varian, Inc., Palo Alto, CA)
equipped with a variable temperature control-
ler accessory. Signals were obtained with
0.5-mW incident microwave power and with
0.05-G field modulation at 37°C.
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Fig. 4. [Gd@C82(OH)22]n nanoparticles reduced intracellular ROS in rBCEC and A549 cells. A, reduction of mitochondrial dehydrogenase activity by
6.68 �M (10 �g/ml), 33.4 �M (50 �g/ml), and 66.8 �M (100 �g/ml) of [Gd@C82(OH)22]n nanoparticles incorporated in A549 cells and rBCECs. Statistical
significance was observed when treated with 100 �g/ml [Gd@C82(OH)22]n nanoparticles (significance noted as �, P � 0.05 and ��, P � 0.01). B,
protection against H2O2-induced mitochondrial damage by 66.8 �M (100 �g/ml) [Gd@C82(OH)22]n nanoparticles measured as a reduction in ��m. A
and D, untreated cells; B and E, H2O2-treated cells; and C and F, cells pretreated with [Gd@C82(OH)22]n nanoparticles. A to C represent A549 cells.
D to F represent rBCECs. C, reduction of H2O2-induced intracellular ROS by 66.8 �M (100 �g/ml) [Gd@C82(OH)22]n nanoparticles.
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nanoparticles inhibit tumor growth by efficiently scavenging
ROS, which promotes tumor proliferation.

With support of our experimental results, we hypothesize
that Gd@C82(OH)22 nanoparticles scavenge ROS through
electron-electron polarization, forming a semicharge transfer
complex with free radicals. The Gd@C82 metallofullerene has
a C82 cage and a C2V point group symmetry. The encapsu-
lated gadolinium atom located in the vicinity of the highly
conjugated carbon-carbon double bonds of the cage effectively
polarizes electron distribution on the carbon cage around the
encapsulated gadolinium atom (Nishibori et al., 2004). Our
theoretical calculations by an ab initio method (Takabayashi
et al., 2004) revealed that the highest occupied molecular
orbitals in Gd@C82(OH)22 are localized mainly on the carbon
atoms away from the gadolinium atom, whereas almost no
frontier orbital distributes on the carbon cage close to the
gadolinium atom (Tang et al., 2007a). Thus, encapsulation of
the gadolinium transition atom inside of the fullerene cage
facilitates polarization of the electrons on the cage, rendering

it more accessible for forming the charge-transfer complex
with reactive oxygen radicals. Boltalina et al. (1997) reported
the electron affinity of several gadolinium metallofullerenes,
ranging from C74 up to C82, and determined that in all cases,
encapsulization of gadolinium atom inside of the fullerene
cage gives rise to an increase in electron affinity (Boltalina et
al., 1997). Although the electron affinity of C82 is 3.14 � 0.06
eV, the electron affinity of Gd@C82 is higher, with a value of
3.3 � 0.1 eV. Thus, encapsulation of a gadolinium atom
inside of the C82 cage enhances the interaction with free
radicals through an electron polarization mode.

As shown from our theoretical calculations, besides the
effect of the encaged gadolinium atom, the multihydroxyl
groups of Gd@C82(OH)22 nanoparticles also induce electron-
deficient areas on the cage surface of the molecules, render-
ing them highly susceptible for attack by the nucleophilic
free radicals, such as the hydroxyl radical. The hydroxyl
radical polarized toward the Gd@C82(OH)22 cage surface par-
tially loses its electron density, but it can be stabilized (com-
pensated) through forming hydrogen bonding with the prox-
imate hydroxyl proton(s) of Gd@C82(OH)22. Because of its
highly electronic deficient and very large cage surface area,
the hydroxyl radical-bounded Gd@C82(OH)22 can absorb
(trap) another hydroxyl radical through similar electron po-
larization. The complex species is water-soluble, moves freely
within the cells, and is susceptible for interaction with me-
diums, particularly water, resulting in the chemical forma-
tion of hydrogen peroxide, hydroxide, hydrogen molecule, and
the recovered intact Gd@C82(OH)22 molecule. The recovered
Gd@C82(OH)22 is intact; thus, it can continuously proceed
free radical scavenging through the same mechanism. As
such, Gd@C82(OH)22 nanoparticles serve as a converter to
destroy free radicals into other species but without destroy-
ing Gd@C82(OH)22 itself.

We hypothesize that this mechanism to scavenge ROS may
be general. Our proposed mechanism suggests that
Gd@C82(OH)22 can act as an ROS scavenging sponge, capable
of wiping out (scavenging) all types of ROS. Intracellular
ROS are known to induce DNA mutation, including the for-
mation of DNA strand breaks and modification DNA bases
(Halliwell and Aruoma, 1991; Dizdaroglu, 1992). Therefore,
Gd@C82(OH)22 that can scavenge all types of reactive oxygen
radicals should possess important biological consequences,
including inhibition of tumor cell growth. Investigators are
examining the biomedical uses for fullerenes as antioxidants,
which can effectively scavenge active radicals or suppress
ROS in organ or tissue and reducing oxidative stress caused
by tumor progression. Therefore, an increase in antioxidant
capacity and ROS scavenging activity would reduce the phys-
iological deterioration and enhance the organism resistance
to tumor initiation and promotion. Chemical modifications to
alter the surface properties of endohedral metallofullerenol
are widely applied to modulate their biological effects, in
particular, to reduce or eliminate the nanotoxicity of metal-
lofullerenol in vivo or in vitro (Sayes et al., 2004; Wang et al.,
2004). Our study provides new insight in developing novel
kinds of nanoparticles as effective chemotherapeutic agents.
More research is needed to support the chemotherapeutic
mechanism of endohedral metallofullerenes, including
[Gd@C82(OH)22]n nanoparticles, to fully exploit them in
biomedicine.
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Fig. 5. Inhibition of tumor growth in nude mice by [Gd@C82(OH)22]n
nanoparticles. A, photographs of tumor size. B, tumor growth inhibition
by [Gd@C82(OH)22]n nanoparticles (F) compared with saline group (f).
���, P � 0.001, two-tailed Student’s t test, nanoparticles versus saline.
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a b s t r a c t

We have developed an image-based technique for signal pathway analysis, target validation, and com-
pound screening related to mammary epithelial cell differentiation. This technique used the advantages
of optical imaging and the HC11-Lux model system. The HC11-Lux cell line is a subclone of HC11 mam-
mary epithelial cells transfected stably with a luciferase construct of the b-casein gene promoter (p-344/-
1bc-Lux). The promoter activity was imaged optically in real time following lactogenic induction. The
imaging signal intensity was closely correlated with that measured using a luminometer following pro-
tein extraction (R = 0.99, P < 0.0001) and consistent with the messenger RNA (mRNA) level of the endog-
enous b -casein gene. Using this technique, we examined the roles of JAK2/Stat5A, Raf-1/MEK/MAKP, and
PI3K/Akt signal pathways with respect to differentiation. The imaging studies showed that treatment of
the cells with epidermal growth factor (EGF), AG490 (JAK2-specific inhibitor), and LY294002 (PI3K-spe-
cific inhibitor) blocked lactogenic differentiation in a dose-dependent manner. PD98059 (MEK-specific
inhibitor) could reverse EGF-mediated differentiation arrest. These results indicate that these pathways
are essential in cell differentiation. This simple, sensitive, and reproducible technique permits visualiza-
tion and real-time evaluation of the molecular events related to milk protein production. It can be
adopted for high-throughput screening of small molecules for their effects on mammary epithelial cell
growth, differentiation, and carcinogenesis.

� 2008 Elsevier Inc. All rights reserved.
1 Abbreviations used: HTS, high-throughput screening; EGF, epidermal growth
factor; DIP, dexamethasone, insulin, and prolactin; GM, growth medium; DMEM,
Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; DM, differentiation
The mammary gland undergoes a physiological cycle of lobu-
loalveolar development and differentiation from the virgin state
to pregnancy and lactation. This cycle involves a complex interplay
of both hormones and growth factors [1–3]. Abnormal develop-
ment is an important factor in breast carcinogenesis. Hormones,
including estrogen and prolactin, are strongly associated with an
increase in breast cancer risk, with evidence of a dose–response
relationship [4–6]. In addition, exposure to certain chemicals and
hormone-mimicking or endocrine-disrupting compounds leads to
breast carcinogenesis, precocious puberty, or inability to produce
sufficient breast milk [7,8]. To date, approximately 200 chemical
compounds have been recognized as risk factors in human breast
carcinogenesis, but most of the chemicals to which people are rou-
tinely exposed remain to be tested for carcinogenic risk. The con-
ventional analytic methods for molecular delineation and
compound screening are generally time-consuming and need
DNA, RNA, and/or protein extraction as the first step. To under-
ll rights reserved.
stand the complex interplay of hormones, growth factors, and
environmental compounds on the growth and differentiation of
mammary epithelial cells, it is critical to develop a simple and sen-
sitive method with the capability of high-throughout screening
(HTS)1 [9,10].

The HC11 mammary epithelial cell line was originally derived
from midpregnant BALB/c mouse mammary gland tissue. HC11
cells have retained the characteristics of normal mammary epithe-
lial stem cells. After growth to confluence in the presence of insulin
and epidermal growth factor (EGF), HC11 cells become competent
and respond to stimulation by the lactogenic hormones dexameth-
asone, insulin, and prolactin (DIP). The cells will undergo differen-
tiation with synthesis of milk proteins such as b-casein, a marker of
medium; CCD, charge-coupled device; p/s, photons per second; BCA, bicinchoninic
acid; cDNA, complementary DNA; PCR, polymerase chain reaction; EtBr, ethidium
bromide; UV, ultraviolet; RT, reverse transcriptase; mRNA, messenger RNA; ATP,
adenosine triphosphate; MAO, monoamine oxidase.
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mammary gland terminal differentiation [7,11]. On the other hand,
transplantation of HC11 cells transfected with certain oncogenes
can result in tumor development in nude mice [12]. Because of
these unique features, HC11 cells provide a well-established
in vitro model system for studying signal transduction pathways
and hormonal/growth factor regulation of mammary epithelial cell
differentiation [7,13–16]. The current study describes a simple and
sensitive method for optical imaging of the molecular events lead-
ing to differentiation of HC11 mammary epithelial cells. The HC11
cells are stably transfected with a b-casein promoter luciferase
construct (p-344/-1bc-Lux) (HC11-Lux). When the cells grow to
confluence in the presence of EGF and insulin in the medium, they
become competent and are ready to respond to DIP. The competent
HC11-Lux cells show extremely high b-casein promoter activity
when stimulated with DIP. The b-casein promoter activity could
be detected on the basis of light emission and imaged in real time
using an optical imaging system. The light signal intensity was clo-
sely correlated with the cell differentiation state. Using this sys-
tem, we successfully imaged the time-dependent changes during
DIP-induced differentiation. We investigated the role of several
key signal transduction pathways using pathway-specific inhibi-
tors. The image-based method maximizes the information, simpli-
fies the traditional techniques, and is potentially useful for
developing a rapid and robust HTS method for signal pathway
analysis, target validation, and small-molecule screening.

Materials and methods

HC11-Lux cell culture

The HC11-Lux mammary epithelial cell line (a subclone of
COMMA-1D cells) was kindly provided by David S. Salomon (Na-
tional Cancer Institute, Bethesda, MD, USA) and Nancy E. Hynes
(Friedrich Miescher Institute, Basel, Switzerland) [15,16]. The cells
Fig. 1. Imaging of DIP-induced differentiation and comparison with traditional methods.
Quantification of the light signals from the images. (C) b-Casein promoter activity measu
was obtained between image-based and luminometer measurements for b-casein prom
analysis of the endogenous b-casein gene mRNA level, showing consistency with imagin
after 100% confluence, and then stimulated with DIP and imaged. For protein and RN
deviations of five replicates. GAPDH is used as the internal control.
are stably transfected with a b-casein promoter luciferase con-
struct (p-344/-1bc-Lux). Cells were routinely maintained in growth
medium (GM) that consisted of Dulbecco’s modified Eagle’s med-
ium (DMEM)/F-12 medium, 10% heat-inactivated fetal bovine ser-
um (FBS), 5 lg/ml bovine insulin, 10 ng/ml EGF, and 50 lg/ml each
of penicillin, streptomycin, and neomycin. The culture medium,
FBS, insulin, EGF, and antibiotics all were purchased from Invitro-
gen (Carlsbad, CA, USA). To induce differentiation, cells were
seeded in 96-well microplates and allowed to grow to 100% conflu-
ence. The cells were maintained in GM for 1 to 2 more days to be-
come competent. The competent cells were then stimulated with
differentiation medium (DM) for various times. The DM contained
DMEM/F-12, 10% heat-inactivated FBS, 5 lg/ml bovine insulin,
1 lM dexamethasone (Sigma, St. Louis, MO, USA), 5 lg/ml bovine
prolactin (Sigma), and 50 lg/ml each of penicillin, streptomycin,
and neomycin.

Bioluminescent optical imaging

Luciferase-based bioluminescent optical imaging was per-
formed using a Xenogen IVIS 200 imaging system (Caliper Life Sci-
ences, Hopkinton, MA, USA). The system is equipped with a highly
sensitive, cooled charge-coupled device (CCD) camera and a light-
tight specimen box. Imaging and quantification of signals were
controlled by the acquisition and analysis software Living Image
3.0 (Caliper Life Sciences). To image the event of differentiation,
d-luciferin was added to each well and mixed gently (final concen-
tration of 150 lg/ml). The microplates were then placed on the
stage of the specimen box. The temperature of the stage inside
the box was maintained at 37 �C. Images were captured at 5 min
after adding d-luciferin. The image acquisition time was 1 min.
The bioluminescent signal from the cells in each well was mea-
sured and expressed as total flux (photons per second [p/s]). At
least five replicates were performed in all experiments, and each
(A) Representative images of the cells at different times following DIP induction. (B)
red using single-tube luminometer following protein extraction. A close correlation
oter activity (R = 0.99, P < 0.001). (D) Semiquantitative RT–PCR and Northern blot
g findings. Cells were seeded in 96-well microplates in GM, maintained for 2 days

A extraction, 24- or 6-well plates were used. Values are the means and standard
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experiment was repeated at least three times. The representative
data are presented.

b-Casein gene promoter activity measurement using luminometric
assay

HC11-Lux cells were cultured in 24-well plates and harvested at
different times after DM stimulation and other treatments. The
total protein was extracted from cells, and the b-casein gene pro-
moter activity was assayed on triplicate samples using the lucifer-
ase assay system (Promega, Madison, WI, USA). Protein
concentration was determined using the bicinchoninic acid (BCA)
protein assay kit (Pierce, Rockford, IL, USA). The light emission (ex-
pressed as light units) was measured on a single-tube lumino-
meter. The b-casein promoter activity was expressed as light
units/microgram protein.

Semiquantitative RT–PCR and Northern blot analysis

Cells were cultured and treated on 6-well plates. Total RNA was
isolated from HC11-Lux cells using TRIzol extraction reagent
(Invitrogen). From each sample, 1 lg of total RNA was used to syn-
thesize the first-strand complementary DNA (cDNA) in a final vol-
ume of 20 ll using the SuperScript First-Strand Synthesis Kit
(Invitrogen). Also, 0.5 ll of the cDNA was used to amplify a seg-
ment of the b-casein gene using the primers 50-ACTGTATCCTCT
GAGACTG-30 and 50-TCTAGGTACTGCAGAAGGTC-30. An amplified
fragment of the GAPDH gene was used as an internal control,
and the primers were purchased from Invitrogen. The polymerase
chain reaction (PCR) was carried out for 20 cycles, with each cycle
consisting of a denaturing step for 45 s at 94 �C, an annealing step
for 45 s at 58 �C, and a polymerization step for 45 s at 72 �C. The
PCR product was separated on 2% agarose gel containing ethidium
Fig. 2. Imaging of cell differentiation inhibition following inhibition of JAK2 using spe
stimulated using DM with AG490 at different concentrations. (A,B) Representative ima
indicating inhibition of cell differentiation. (C) b-Casein promoter activity at 48 h time p
casein gene mRNA at 48 h time point. There was a close correlation between imaging find
GAPDH is used as the internal control. Control: DM alone.
bromide (EtBr) and was photographed under ultraviolet (UV) illu-
mination. For Northern blot analysis, 30 lg of total RNA were sep-
arated on 1% agarose–formaldehyde gel. Loading of the RNA was
evaluated with EtBr staining. The RNA was transferred to nylon
membranes (Micron Separations, Westboro, MA, USA) and hybrid-
ized overnight to the b-casein probe. The b-casein probe was a
fragment generated by reverse transcriptase (RT)–PCR as described
above and was 32P-labeled using the Ready-To-Go DNA Labeling
Beads (-dCTP) (Amersham Biosciences, Piscataway, NJ, USA).

Statistical analysis

The results were analyzed using the statistical software Origin-
Pro 7.0 (OriginLab, Northampton, MA, USA). A P value of 0.05 was
considered as a significant correlation for the b-casein gene pro-
moter activity between the image-based method and the lumino-
meter measurement following protein extraction.

Results

Imaging of DIP-induced cell differentiation

To image the differentiation event, cells were seeded on 96-well
microplates, allowed to grow to 100% confluence, maintained for 2
more days in the GM, and then stimulated with DM. Cells were im-
aged at 3, 6, 24, 48 and 72 h separately using a Xenogen optical
imaging system (Alameda, CA, USA) (Figs. 1A and B). The light sig-
nal from the cells could be detected as early as 6 h, although the
signal was weak. A significantly higher light signal was detected
at 24 h, and the signal reached the highest levels at 48 and 72 h.
When confluent cells were maintained for a relatively long period
in the GM (e.g., P2 days), a stronger light signal from cells was
usually detected at 48 h than at 72 h following DIP stimulation.
cific inhibitor AG490. Confluent cells were maintained for 1 day in GM and then
ges and quantitative results showing dose-dependent decrease of light signals and
oint measured using luminometer. (D) Semiquantitative RT–PCR of endogenous b-
ings and luminometer measurement and consistency with the b-casein mRNA level.



Fig. 3. Imaging of cell differentiation arrest following overactivation of Raf-1/MEK/
MAKP pathway by adding EGF into DM. (A,B) Representative images and quanti-
tative results showing complete differentiation arrest by EGF. (C) Semiquantitative
RT–PCR of endogenous b-casein gene mRNA at 48 h time point showing undetect-
able b-casein mRNA that was consistent with imaging findings. GAPDH is used as
the internal control. Control: DM alone.
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This phenomenon might be related to the different status of cell
proliferation activity. To confirm the imaging results, we also mea-
sured the b-casein gene promoter activity using the luminometric
assay following protein extraction (Fig. 1C). Luminometric results
were similar to those of optical imaging, and a close correlation
for the b-casein gene promoter activity was obtained between
the two methods (R = 0.99, P = 0.0008). Both techniques demon-
strated that the HC11-Lux cells underwent differentiation follow-
ing DIP stimulation. To verify whether the b-casein gene
promoter activity represented the differentiation status, the mes-
senger RNA (mRNA) level of the endogenous b-casein gene was
analyzed using semiquantitative RT–PCR (Fig. 1D, upper two pan-
els) and Northern blot analysis (Fig. 1D, lower two panels). Both
methods demonstrated a detectable mRNA level at 24 h, and the
level became higher at 48 and 72 h following DIP stimulation.
The imaging results were consistent with those from RT–PCR and
Northern blot analysis. Optical imaging is simple and superior to
these traditional methods for real-time visualization and evalua-
tion of the cell differentiation. Imaging and image process could
be completed within a few minutes.

Imaging of differentiation inhibition by blocking JAK2/Stat5A signal
pathway

The JAK2/Stat5A signal pathway is the major mechanism of
DIP-induced mammary cell differentiation. AG490 is a JAK2-
selective inhibitor [17]. To image the effect of AG490 on differ-
entiation, AG490 was added into DM at various concentrations
when GM was replaced by DM. Cells were imaged at different
time points. A dose-dependent inhibition of the b-casein gene
promoter activity was clearly imaged (Figs. 2A and B). The cells
emitted a significantly lower light signal than the control with-
out AG490 treatment (P < 0.01). At the concentration of 5 lM
AG490, the b-casein gene promoter activity decreased to less
than half of the control. These results indicate that blockage of
the JAK2/Stat5A signal pathway led to failure of the cell differen-
tiation. When b-casein gene promoter activity at the 48-h time
point was measured using the luminometric assay following pro-
tein extraction, similar results were obtained, with a close corre-
lation between the two methods (R = 0.99, P = 0.001). The optical
imaging results were also consistent with the mRNA level of the
endogenous b-casein gene from RT–PCR analysis (Fig. 2D), indi-
cating the reliability of optical imaging for detecting differentia-
tion status.

Imaging the role of Raf-1/MEK/MAKP signal pathway

Activation of the Raf-1/MEK/MAKP signal pathway is respon-
sible for mammary epithelial cell growth [16]. Previous studies
demonstrated that activation of this pathway by DIP is impor-
tant for optimization of DIP-induced differentiation. However,
overactivation of this pathway plays an important role in mam-
mary gland carcinogenesis. We imaged the significance of this
signal pathway in the mammary cell differentiation. EGF is well
known to activate this pathway. When the competent HC11-Lux
cells were treated with both DIP and EGF, the imaging showed
that EGF effectively inhibited the b-casein promoter activity
even at a concentration as low as 0.5 ng/ml (Figs. 3A and B).
This inhibitory effect in imaging was consistent with the b-
casein mRNA expression by RT–PCR (Fig. 3C). These cells exhib-
ited undetectable levels of b-casein mRNA expression at 48 h.
On the contrary, the control cells without EGF showed both
high b-casein promoter activity and high b-casein mRNA level.
PD98059 is a specific MEK inhibitor that can selectively block
MEK activation in response to different growth factors, includ-
ing EGF [16]. As competent HC11-Lux cells were treated with
PD98059 and DIP together, PD98059 enhanced the DIP-induced
b-casein promoter activity (Figs. 4A and B). At the concentration
of 10 lM, PD98059 showed the most effective enhancement,
with twofold higher b-casein promoter activity than DIP alone.
In the presence of EGF (1 ng/ml) in DM, PD98059 reversed
the inhibitory effect of EGF in a dose-dependent manner (Figs.
4C and D). At the concentrations of 5 to 20 lM, more than
50% recovery of the activity was obtained for the EGF-induced
inhibition. These results suggest that EGF could block the DIP-
induced differentiation and that activation of the raf-1/MEK/
MAPK pathway is one of the major mechanisms of differentia-
tion arrest.

Imaging of PI3K/Akt signal pathway

PI3K/Akt is another important signal pathway in DIP-induced
HC11 differentiation [18]. We inhibited the PI3K/Akt pathway
using the P13K-specific inhibitor LY294002 (Fig. 5) [18]. When
LY294002 was added into the DM, the DIP-induced cell differen-
tiation was significantly inhibited, presenting a dose-dependent
inhibitory pattern. At the concentration of 10 lM, the light signal



Fig. 4. Imaging of the cell differentiation alteration following inhibition of Raf-1/MEK/MAKP pathway using MEK-specific inhibitor PD98059 and its reversal effect of EGF-
induced differentiation arrest. (A,B) Representative images and quantitative results showing enhancement of DIP-induced differentiation by PD98059. (C,D) Cotreatment of
cells using PD98059 and EGF showing partial reversal of EGF-induced arrest. Control: DM alone. In other samples, EGF was added at the concentration of 1 ng/ml and
PD98059 was added as indicated in panels C and D.

Fig. 5. Imaging of cell differentiation following inhibition of PI3K/Akt pathway using PI3K-specific inhibitor LY294002. LY294002 was added into DM at different
concentrations before treatment. (A,B) Representative images and quantitative results showing dose-dependent inhibition of DIP-induced differentiation. (C,D) Cotreatment
of cells using LY294002 and EGF showing complete arrest of DIP-induced differentiation. Control: DM alone. In other samples, EGF was added at the concentration of 1 ng/ml
and LY294002 was added as indicated in panels C and D.
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intensity was only approximately 40% of the controls at different
treatment time points (24, 48, and 72 h). At the concentration
higher than 20 lM, the light signal intensity was significantly
lower, indicating that DIP-induced differentiation was nearly
completely arrested. When the cells were treated with
LY294002 in the presence of EGF, the imaging results revealed
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that the cell differentiation was completely inhibited even at
very low concentrations of both EGF (1 ng/ml) and LY294002
(5 lM/ml). EGF and LY294002 had an additive or synergistic ef-
fect on the inhibition of DIP-induced mammary epithelial cell
differentiation. These results suggest that the PI3K/Akt pathway
plays an important role in DIP-induced b-casein expression.
Discussion

Recent technological advances have made it feasible to con-
duct HTS of gene expression changes and small molecules based
on visual phenotypes of individual cells or functional reporters
using automated imaging [9,10]. Luciferase-based bioluminescent
imaging is cost-effective and easy to use, with an extremely high
signal-to-noise ratio relative to other imaging techniques. In the
presence of oxygen, Mg2+, and adenosine triphosphate (ATP),
luciferase catalyzes the conversion of d-luciferin to oxyluciferin,
which is accompanied by release of a photon. This article has de-
scribed a simple and sensitive image-based method that is
reproducible and permits real-time evaluation and visualization
of the molecular events related to milk protein production. We
tested the feasibility of this technique for imaging DIP-induced
differentiation and underlying signal pathways. The hallmark of
mammary gland differentiation is secretion of milk protein,
including b-casein. Transcription of the b-casein gene is highly
dependent on prolactin. Insulin and dexamethasone increase
prolactin-stimulated b-casein mRNA transcription and stability.
The close correlation between the image findings and b-casein
promoter activity as measured following protein extraction indi-
cates that this method was precise in quantification. The consis-
tency of the image-based findings with the endogenous b-casein
mRNA expression level suggests that findings in imaging indeed
reflected the status of cell differentiation. DIP-induced differenti-
ation involves JAK2/Stat5A, Raf-1/MEK/MAKP, and PI3K/Akt path-
ways [15–17]. On normal mammary epithelial cells, JAK2/Stat5A
mediates growth-suppressive and differentiation-inducing ef-
fects, whereas the Raf-1/MEK/MAKP pathway plays a key role
in cell proliferation and the PI3K/Akt pathway contributes to cell
survival. In mammary gland carcinogenesis, JAK2/Stat5A signal-
ing plays a dual role in breast cancer initiation and progression
[19–21]. Aberrant activation of the Raf-1/MEK/MAKP pathway
is related to development of various cancers, including breast
cancer [22]. The PI3K/Akt pathway contributes to resistance of
mammary gland tumors to chemotherapy [18]. We imaged the
role of the three key pathways in DIP-induced cell differentia-
tion. Inhibition of the JAK2/Stat5A and PI3K/Akt pathways using
specific inhibitors and overactivation of Raf-1/MEK/MAKP using
EGF all led to failure of differentiation, presenting significant
low light signal in optical imaging. Close correlation or consis-
tency for the findings between the image-based technique and
conventional methods demonstrates that this technique is
reliable.

Compared with conventional methods, the significant advan-
tage of the image-based method is that it is simple, is rapid,
and permits real-time visualization and evaluation of cell differ-
entiation status. These features make the image-based technique
ideal for laboratory automation. This method can be extended to
robust HTS of natural or human-made small molecules for their
effects on mammary differentiation, carcinogenesis, or drug
development. Analysis using signal pathway-specific inhibitors
demonstrated the potential as an HTS technique. HTS primarily
aims to systematically test hundreds of small molecules to find
candidates. Recently developed and more complex phenotypic as-
says, such as cell-based and whole-organism-based ones, precede
HTS to validate new targets and characterize new lead com-
pounds in cellular contexts [23]. The cell-based phenotypic assay
is an upcoming methodology for the investigation of cellular pro-
cesses and their alteration by multiple chemical or genetic pertur-
bations [24,25]. Cell-based screens use genetic engineering to
narrow the field of targets in an attempt to reduce their complex-
ity to that of a biochemical assay. Ding and coworkers developed
a method using a neuronal-specific promoter luciferase construct
in embryonic stem cells to screen compounds that can induce
neuron differentiation [26]. This embryonic stem cell system al-
lows compounds to induce complex phenotypic change, differen-
tiation of cells into neurons, without prior knowledge of the
mechanism underlying this transformation. Valley and coworkers
described a two-step homogeneous bioluminescent assay for
monoamine oxidase (MAO) and screened small molecules to find
MAO inhibitors [27]. With the help of automated fluorescent
microscopy, Li and coworkers identified some blockers of gap
junction communication between cells by coculturing donor cells
(preloaded with a membrane-impermeable dye) and acceptor
cells and measuring junction-dependent transfer of fluorescence
into acceptor cells [28]. In contrast to biochemical screening,
these assays detect the responses within the context of intercel-
lular structural and functional networks of normal and diseased
cells, respectively. However, high variation of many cell-based as-
says and not yet fully satisfying solutions for quantitative image
analysis are limitations of the technology. The method described
in the current study used the characteristics of the HC11 cell sys-
tem and highly sensitive bioluminescent imaging to visualize and
quantify the mammary epithelial cell differentiation. To our
knowledge, it is the first image-based system for signal pathway
analysis, target validation, and compound screening related to
mammary epithelial cell differentiation.
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0 引 言

核磁共振成像因其具有无创、快速、高解析

率、高对比度等特点，在临床上广为使用。特别是

在肿瘤的诊断中，该技术利用病变组织和正常组织

物理特性的不同而获得的结构、功能影像，已经成

为原发肿瘤和肿瘤转移早期诊断中不可或缺的重要

依据[1]。肿瘤的形成是长时间、多因素控制、多步

骤、多基因突变的复杂变化过程。大多数恶性肿瘤

都是单克隆起源，呈现无控制性生长。在临床上，

相当一部分患者寻求医治时，疾病已经进入中、晚

期，丧失了最佳的治疗时间，这是肿瘤死亡率居高

不下的原因之一。核磁共振成像虽然具备上述种种

优点，但因其较低的灵敏度却不能满足肿瘤早期诊

断的要求。这是因为，早期肿瘤和正常组织在物理

特性上差异较小（例如 T1和 T2），这种微小的物

理特性差异不足以产生肿瘤和正常组织的影像对

比[2~4]。为了解决这一难题，人们应用核磁共振造

影剂来增强肿瘤和正常组织影像的对比度以利于肿

瘤的早期诊断。然而，现有的造影剂 (如：Gd-
DTPA) 主要是经呈高渗透状态的肿瘤血管，被动

扩散到肿瘤组织的细胞间质，这种非特异造影剂难

以达到另人满意的对比成像效果，在使用中受到一

定限制。

随着靶向药物的不断发展，科学家希望通过特

异性生物分子介导，合成出一类具有肿瘤靶向性的

造影剂，以进一步降低核磁共振成像技术的检测极

极限，用于肿瘤的早期诊断[5~7]。肿瘤靶向造影剂

主要由配体﹑造影剂载体和造影剂三部分构成。从

理论上讲，由于肿瘤表面抗原过度表达，肿瘤靶向

造影剂可以特异性地聚集在肿瘤细胞表面，从而增

强微小肿瘤病灶的核磁信号，实现肿瘤早期诊断。

文献报道，纳米尺度的阳离子脂质体 (Lip) 可被用
作药物或基因治疗的载体[8]。在脂质体的表面修饰

上如叶酸﹑转铁蛋白 (Tf ) 或抗肿瘤表面抗原抗体

转铁蛋白导向脂质体核磁造影剂纳米粒子
（TfNIR鄄LipNBD鄄Magnevist）

———一种肿瘤靶向磁共振造影剂

王秩秋 1， 单 良 1， 王颂平 1， Alexandru Korotcov1， 梁兴杰 1,2

（1. Molecular Imaging Laboratory, Department of Radiology, Howard University, Washington DC；
2. 中国国家纳米科学中心，北京 100080）

摘要：造影剂辅助的核磁共振成像是目前肿瘤诊断的最好方法之一。但是由于核磁共振成像内在的低灵敏性

以及造影剂的非特异性，导致肿瘤早期诊断较为困难。文章将一种新的肿瘤靶向核磁造影剂纳米粒子应用于早期

肿瘤的影像诊断。这种新的肿瘤靶向核磁造影剂纳米粒子由配体转铁蛋白 (Tf )、纳米水平的正电脂质体 (Lip) 载
体和临床常用的造影剂 Magnevist (TfNIR-LipNBD-Magnevist) 三部分构成。另外转铁蛋白和脂质体粒子上，亦标记了
荧光物质用于确定转铁蛋白 -脂质体 -造影剂纳米粒子的靶向性，以及肿瘤的光学影像诊断。在体外实验中，利
用激光共聚焦显微镜和光学影像证明了靶向纳米粒子介导的细胞内吞和特异性结合。在裸鼠肿瘤模型中，造影剂

纳米粒子 TfNIR-LipNBD-Magnevist经尾静脉注入后，显著增强了肿瘤内信号与周围组织的对比度。由造影剂纳米粒
子介导的肿瘤内信号显著强于单独 Magnevist辅助的肿瘤内信号。同时，利用光学影像方法，在肿瘤内检测到特
异的荧光信号。其结果进一步支持了转铁蛋白 -脂质体 -造影剂 (TfNIR-LipNBD-Magnevist) 纳米粒子的靶向性和肿瘤
影像诊断的有效性。
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等靶向配体，就可以特异性引导造影剂到达癌细

胞。用于肿瘤靶向的靶向基团一般需要具有体积

小、毒性低、对肿瘤特异性结合能力强、无免疫原

性等特性。肿瘤靶向脂质体粒子不但能选择性地运

载药物或基因到癌细胞，而且更增加了脂质体的转

染效率。转铁蛋白受体在许多肿瘤，包括口腔、前

列腺、乳腺、胰腺等癌细胞表面呈现高表达 [9~14]。

比如，有研究表明在 74%的乳腺癌、76%的肺腺
癌、93%的肺鳞癌中转铁蛋白受体呈现高表达。且
转铁蛋白受体的表达水平与肿瘤的增长速度及预后

成正比[14]。因此，近年来基于转铁蛋白的肿瘤靶向

药物研发十分活跃，转铁蛋白、转铁蛋白受体的抗

体、或单链抗体片段等被用来作靶向的基团[15]。

本文利用阳性脂质体粒子、转铁蛋白和临床上

使用的核磁造影剂 Magnevist构建了转铁蛋白 -脂
质 体 -Magnevist 肿 瘤 靶向 纳 米 粒 子 （TfNIR-
LipNBD-Magnevist），来增强核磁共振影像的对比度，
用于肿瘤的早期诊断。为了研究方便，我们还在转

铁蛋白上标记了近红外荧光物质。在实验中，采用

光学成像的方法，确定转铁蛋白 -脂质体 -造影剂
纳米粒子的生物分布。光学成像方法简易，检测灵

敏度高（可达 10原9~10原12 mol/L），没有放射性，因
此在动物模型观察基因表达、基因传递，以及手术

中确定肿瘤的边界上已有很好的应用[16~18]。光学影

像受限制于荧光在体内有限的穿透力，目前仅能提

供较好的二维空间的影像。如果核磁共振高解析度

成像和高灵敏度的光学成像相组合，可在分子水平

上显示某疾病特殊丰富的影像表位[19~21]。一系列实

验表明，通过转铁蛋白介导的靶向型核磁造影剂纳

米粒子，特异性地富集于肿瘤组织，显著增强了核

磁共振影像的对比度[22,23]。

1 材料与方法

1.1 双重标记靶向纳米核磁造影剂 TfNIR鄄LipNBD鄄
Magnevist的制备
阳 离 子 脂 质 体 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine ( DOPE) 和 1,2-dioleoyl-3-
trimethylammonium-propane ( DOTAP) 按 1∶1 的
比例 (重量) 混合溶解在氯仿溶液中 (Lip)，或在
DOTAP:DOPE 中再加入 0.1% NBD-DOPE〔荧光
标记脂质体 DOPE-N-(7-nitro-2-1,3- benzoxadiazol-
4-yl)(Avanti Polar Lipids, Alabaster, AL)〕构建带
有 NBD荧光标记的脂质体 (LipNBD)。取 3.6 滋l (精

确度只能到 0.1 滋l) LipNBD混合液经氮气吹干后加

入 50 滋l 含 12 滋l Magnevist 造影剂 ( Berlex,
Wayne, NJ) 的水溶液重新水化 LipNBD。每微升

Magnevist 造 影 剂 含 469.01 滋g gadopentatate
dimeglumine。震荡 10分钟后用水调至 175 滋l。将
此混合液先用超声降解 (80-90 W, 10 min)，然后
分别经孔径为 0.2 滋m和 0.1 滋m的聚碳酸脂薄膜过
滤。最后加入 25 滋l荧光剂 Alexa 680标记的人转
铁蛋白 ( TfNIR, 5 mg/mL) ( Invitrogen, Carlsbad,
CA)，混匀后静置 10分钟以上。所有实验都用新
鲜制备的探针。最终反应物的体积为 200 滋l。脂质
体、人转铁蛋白与Magnevist的比例为 10∶12.5∶
0.56 (nmol/滋g/mg)。另外，为研究探针的细胞内吞
作用，用近红外 Alexa 680荧光剂替代核磁共振造
影剂构建了 Tf-LipNBD-dye 探针。浓度为 200 滋l 探
针内含 2 滋l Alexa 680荧光剂。
1.2 细胞培养和动物模型

我们用人乳腺癌 MDA-MB-231-luc ( Caliper
Life Sciences, Hopkinton, MA) 培养细胞和动物模
型来测试我们新构建的靶向纳米核磁造影剂的有效

性。MDA-MB-231-luc细胞转染了北美萤火虫荧光
素酶基因，表达高水平的转铁蛋白受体。细胞常规

培养在含 10%小牛血清的 DMEM/F-12培养基中。
8 到 10 周左右的胸腺缺陷型雌性裸鼠 (Harlan,
Indianapolis, IN) 用于制作皮下肿瘤模型。1伊107个

细胞悬浮于 100 滋l DPBS中注射于裸鼠后背皮下。
直径 0.4至 1.2 cm的肿瘤用于试验。
1.3 共聚焦显微镜观察

MDA-MB-231-luc细胞培养在 8孔细胞培养板
上，培养 24小时达到 40%至 50%后，吸去原培养
基，加入 150 滋l 含 25 滋l 探针 ( TfNIR-LipNBD-
Magnevist, Tf-LipNBD-dye 或 单独 Alexa 680) 的无
血清、无抗生素培养基，分别培养 5、30、60、
120分钟。之后，用 PBS溶液洗 3次，用 10%的
福尔马林溶液固定 10分钟。细胞核用 4,6-二氨基
-2-苯吲哚（DAPI）复染。细胞在 Zeiss LSM 510
共聚焦显微镜下观察。用激发波长 633 nm和发射
波 650 nm来观察 TfNIR或 Alexa 680荧光剂，用激
发波长 488 nm和发射波 505~550 nm filter 来观察
LipNBD绿色荧光，并用激发波长 364 nm和发射波
385~470 nm filter 检验 DAPI蓝色荧光。
1.4 靶向纳米造影剂 TfNIR鄄LipNBD鄄Magnevist 体外
靶向特异性影像分析

细胞培养在 10 cm直径的培养皿中，至细胞占

316



第 4期
转铁蛋白导向脂质体核磁造影剂纳米粒子（TfNIR鄄LipNBD鄄Magnevist）

——— 一种肿瘤靶向磁共振造影剂

据 80%面积，吸去培养液，加入 3 ml含 200 滋l各
种不同探针（TfNIR-LipNBD-Magnevist, Tf-LipNBD-dye,
LipNBD-dye, Magnevist 或 Alexa 680） 的培养基，
培养 60分钟。用 PBS溶液洗 3次后，收集细胞并
调节至相同数目。经离心后，细胞团块通过

Xenogen IVIS200 光 学 成 像 仪 （Caliper Life
Science, Hopkinton, MA） 成像并定量荧光强度。
不同探针处理的细胞荧光强度用微软 Excel软件做
统计分析。在核磁共振成像，用 150 cm2培养瓶培

养细胞，吸去培养液，加入 10 ml含 600 滋l探针的
培养液。培养 60分钟后，用 PBS溶液洗 3次，收
集细胞并调节至相同数目。离心后，细胞团块用

Bruker 400MHz的核磁共振仪，spin-echo（SE）、
T1-weighted成像方法检测。成像参数是 echo time
(TE)=11.416 ms、repetition time (TR) =500 ms，采
样重复 4次，影像尺寸为 20 mm 伊 20 mm，matrix
size=256伊128，影像厚度为 2 mm。T1测量方法用
FISP-T1（ fast imaging steady state precession
imaging sequence） 程序，参数是：TE =1.5 ms、
TR=3 ms， 采 样 重 复 8 次 ， 16 frames， 32
segments，inversion delay 49.2 ms，repetition time
2572 ms。核磁共振的影像取自微离心管内细胞团
块的中段。所有的成像最终用 Bruker公司图像分
析软件来分析。每项体外实验至少重复 3次。
1.5 靶向纳米造影剂 TfNIR鄄LipNBD鄄Magnevist 体内
靶向特异性及有效性影像分析

为了评价 TfNIR-LipNBD-Magnevist的肿瘤靶向性，
在 MDA-MB-231-luc 肿瘤模型，首先用 Xenogen
IVIS 200光学呈像仪进行光学成像。成像和信号
的定量由 Living Image ( Caliper Life Science,
Hopkinton, MA) 软件控制。小鼠放置于避光的
Xenogen机器内的保温平台上，用 2%异氟烷持续
麻 醉 小 鼠 。 小 鼠 通 过 尾 静 脉 注 射 200 滋l
TfNIR-LipNBD-Magnevist探针（含 12 滋l Magnevist）。
每 10～30分钟成像一次，连续成像至 6小时。每
次呈像时间 1秒。然后，测定肿瘤部位荧光信号强
度。信号强度用平均流量 〔光子 /(秒·cm2·球面

度)，p/(s·cm2·sr)〕表示。对侧腿部肌肉作为对照。
对于核磁共振成像研究，从尾静脉给予

200 滋l TfNIR-LipNBD-Magnevist 探 针 （含 12 滋l
Magnevist）。为了进行比较，同一个动物亦静脉给
于相同剂量的 Lip-Magnevist或Magnevist。两次核
磁共振成像研究间隔至少三天，以避免前次的造影

剂残留造成影响。核磁共振成像采用 multislice

multiecho T1-weighted spin-echo sequence 成像方
法，扫描参数为 TR=800 ms、TE=11.4 ms，影像切
片厚度 1 mm。每一个动物首先在注射探针前作一
次肿瘤扫描，然后在静脉注射后 3小时内，每隔
10分钟对肿瘤进行次序扫描。

2 结 果

2.1 TfNIR鄄LipNBD鄄Magnevist的细胞内吞共聚焦显微
镜观察

细胞和 TfNIR-LipNBD-Magnevist 或 Magnevist 分
别培养 5 分钟至 2 小时。TfNIR-LipNBD-Magnevist 孵
育的细胞显示很强的 TfNIR近红外荧光信号 (图 1
A，D1) 和绿色 LipNBD 信号 (图 1B，E1)。在和
Magnevist 孵育的细胞中检测不到任何荧光信号
(图 1 D2，E2)。LipNBD (绿色) 和荧光染料 (红色)
在孵育 5分钟后即能观察到其在胞浆中的信号。荧
光强度不断增加，直至 1小时后达到最大值。之
后，LipNBD和染料蓄积形成多个内含体。这些内含

体主要位于胞浆的周边区域。在 2小时后更加明
显。相对仅有染料孵育的对照组，细胞对染料的摄

取并不明显。利用光学成像进一步确定了探针在肿

瘤细胞中的摄取。

利用核磁共振成像，当探针 TfNIR-LipNBD-
Magnevist 或 LipNBD-Magnevist 与细胞共孵育后，
相对于Magnevist，细胞显示明显的信号增强和 T1
短缩。T1 在与 TfNIR-LipNBD-Magnevist 探针孵育时
减短至 366 ms，在与探针 LipNBD-Magnevist 孵育时
为 374 ms，而与 Magnevist 孵育时为 408 ms。与
TfNIR-LipNBD-Magnevist 孵 育 的 细 胞 较 与 LipNBD-
Magnevist孵育的细胞显示更高的信号强度。这些
结果证明，Tf对于探针经靶向性细胞的内吞，具
有重要作用。LipNBD-Magnevist和仅Magnevist介导
产生的核磁信号强度和 T1不同，反应了肿瘤细胞
膜和脂质体的有效融合。

2.2 TfNIR鄄LipNBD鄄Magnevist介导的肿瘤影像对比度
增强

为了研究探针是否在体内能够特异性的富集在

肿瘤，我们首先进行了以 TfNIR肿瘤内积聚为目标

的光学成像。在静脉注射探针 TfNIR-LipNBD-
Magnevist后，近红外荧光信号在 10分钟时便清晰
可辨，90 分钟至 2 小时荧光的强度达到最大
(图 2)。荧光强度和肿瘤的大小成正比，大的肿瘤
(0.8 cm直径) 在注射 2天后仍可测到明显的荧光
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Fig.1 Confocal and optical detection of the reporters in cells incubated with the probe
TfNIR-LipNBD-CA or Magnevist alone for one hour. Panels A-C are representative confocal microscopic
images, showing cytoplasmic distribution of TfNIR (A) and LipNBD (B) and their co-localization (C).
Panels D-E are optical images of the cell pellets. Strong fluorescent signals of TfNIR (D, lane 1) and
LipNBD (E, lane 1) are detected in cells incubated with TfNIR-LipNBD-CA, but not in cells incubated
with Magnevist alone (D and E, lane 2)

TfNIR LipNBD Overlay

TfNIR LipNBD

30

25

20

15

180
160
140
120
100
80

(D)

(A) (B) (C)

(E)

1 2 21

Fig.2 Optical imaging of the tumors following i.v. administration of the TfNIR-LipNBD-CA, showing preferential
accumulation of the fluorescent signal of TfNIR in tumors (panels A-D). The fluorescence signal was detectable
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Fig.3 A time course of the in vivo tumor MRI imaging
following i.v. injection of the probe TfNIR-LipNBD-CA. The
images show gradually increased enhancement of the tumor
signals (arrow) and heterogeneous enhancement pattern
within the tumor. The MRI parameters are TE=11.416 ms,
TR=800 ms, number of average=4, field of view= (28 伊
30) mm2, matrix size=256伊192, and slice thickness=1.0 mm

Fig.4 Magnevist-mediated signal enhancement. The images
show that the enhancement starts from tumor peripheral
area and gradually increases to the center over time. The
enhancement is relatively homogenous and it is weaker
than the enhancement by the probe, TfNIR-LipNBD-CA

信号。小的肿瘤，其荧光强度在 24小时后已很微
弱。虽然 LipNBD能够在体外被清晰地检测到，但因

绿色荧光较差的穿透能力，在体内无法被检测到。

组织自发荧光也是体内检测 LipNBD困难的另一个重

要原因。在静脉注射探针后，探针快速地分布到全

身，并且很快被血流丰富的器官吸收，如肝、脾、

肺、脑和骨髓。然而，探针很快从这些器官中代谢

出去，与之不同的是，在肿瘤中探针衰退的过程非

常缓慢。肿瘤对探针的摄取，因转铁蛋白和转铁蛋

白受体的结合而增强。背景荧光在最初的快速增强

之后，其背景也快速下降（图 2）。根据肿瘤的大
小不同，在不同的时间点上（10分钟至 48小时）
肿瘤的荧光强度和正常组织（对侧腿肌肉）的荧

光强度比为 1.3至 3.4。小于 3 mm直径的肿瘤显
示较弱的荧光信号，可能是由血管系统差异造成

的。含有荧光染料的 Lip而没有 Tf 交联的探针并
没有使肿瘤组织的荧光增强。

在无胸腺裸鼠实体瘤动物模型同样表明了核磁

共振成像信号的增强。肿瘤直径大小从 0.4 至
1.2 cm不等（共 10只动物）。相同的小鼠用来比
较探针和仅用 Magnevist时信号增强的不同。使用
TfNIR-LipNBD-Magnevist探针或仅用Magnevist的实验
相隔至少三天。静脉注射 TfNIR-LipNBD- Magnevist探
针明显增强了肿瘤成像对比度（图 3）。在注入 10

分钟后可观测到增强信号，并不断增强，在 90分
钟至 2小时信号达到高峰（图 3），达到高峰的时
间与肿瘤的大小有关。之后，信号逐渐减弱。在肿

瘤内不同部位信号增强有很大的差异。在 1至 3小
时内，信号增强的形态分布渐趋稳定。肿瘤的一些

区域增强很快，而另一些区域增强较慢。小的肿

瘤，信号的增强在整个肿瘤中比较均匀。通常增强

从周边开始。使用Magnevist造影剂进行核磁共振
成像，肿瘤的影像对比度在给入Magnevist后比无
造影剂的影像有轻微的增强（图 4）。最大增强效
果通常在注入 30至 60分钟后观测到。信号增强度
在 3小时内逐渐下降并回至给与造影剂之前的水
平。单纯 Magnevist 的药物动力学和 TfNIR-LipNBD-
Magnevist探针表现不同。含 Magnevist但无 Tf交
联 的 脂 质 体 ， 相 对 于 Magnevist 或
TfNIR-LipNBD-Magnevist表现出更弱的信号增强作用。

3 讨 论

肿瘤细胞生长异常迅速，不仅在形态学上与正

常细胞大不相同，而且在细胞表面蛋白空间分布及

绝对数量上也与正常细胞存在巨大差异。这种特殊

的病理生理微环境差异为肿瘤的早期诊断和靶向治

疗提供了很大空间。本文报道了利用转铁蛋白修饰
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的靶向型核磁共振造影剂的合成与应用，TfR在恶
性肿瘤中高表达是功能化纳米粒子的设计依据。如

前所述，从结构上看，转铁蛋白 -脂质体 -造影剂
纳米粒子可以分为三个部分，每个部分都各具特

点：1) 转铁蛋白特异性好，与转铁蛋白受体特异
性结合，有效避免了非特异性结合带来的“误靶

向”；2) 阳离子脂质体有很多优势，比如高包装容
量、低免疫原性，和较低生物毒性，通过连接配体

可以增强转染效率；3) Gd-DTPA 被进一步修饰
后，由于空间位阻效应阻碍了重金属原子与生命体

系的直接接触，降低了重金属毒性。另外，由于近

红外光较可见光对体内组织的穿透力好，可提高该

探针的深度分辨率[17,18]。用近红外荧光分子标记亦

将正常组织的自发荧光干扰减少到最小。通过激光

共聚焦显微镜对两种荧光分子的观察我们可以得出

结论，本文报道的靶向型核磁造影剂稳定性良好，

可有效地标定癌细胞。

靶向纳米核磁造影剂的合成是后续成像研究的

基础，因此纳米颗粒合成过程中有以下部分需要注

意：1) 我们直接把吹干了的脂质体薄膜附以造影
剂浓缩液，并在和 Tf连接前，经超声降解法和反
复通过微孔膜来缩小 Lip-Magnevist复合物的大小。
结合文献报道合成工艺 [24~28]，我们将 Lip和 Tf 以
10∶12.5比例混合，这样可以得到理想的靶向效
果。我们先前的研究通过扫描电子显微镜方法和扫

描探针显微镜方法，证实用脂质体可以有效地包裹

Magnevist造影剂[29]。2) 人转铁蛋白﹑阳离子脂质
体和 Magnevist 复合物是通过电荷的相互作用相
连，所以使用前新鲜制备效果更为理想。文献报

道， Tf 和 Lip-DNA 复合物的直径只有 50 至
90 nm[24,27]，所以，我们推测在经过超声降解法后反

复通过 200和 100 nm孔径的聚碳酸脂薄膜只会造
成不到 10%的探针损失。通过测量，主要的探针
材料大小都在 100 nm以内。肿瘤毛细血管一般存
在孔状结构，孔的大小在 200 nm 左右[30]。还有科

学家用荧光显微镜法观察脂质体进入肿瘤时发现，

那些固体肿瘤内的小孔大小为 400 nm [31]。从尺寸

效应上看，我们有理由认为，本文所述探针不会超

过肿瘤脉管系统的尺寸而影响它的传输过程。

靶向型纳米粒子在体内外的稳定性问题一直是

人们关注的焦点之一，这是因为科学家担心那些结

构复杂且通过非键作用力相连的纳米粒子可能在生

物环境下降解，不能实现人们预期的功能。我们首

先评估在体外环境下探针摄入的效率。为了视觉观

察和量化这个效率，我们分别设计了几组不同成分

的探针。通过共聚焦显微镜法发现，TfNIR、LipNBD

和 NIR 染料标记共同分布在肿瘤细胞的细胞质。
他们在细胞质的外围积聚形成内涵体。Lee 和
Kim[32]已报道过有关 Tf-Lip介导的质粒 DNA转染，
也会形成类似的内涵体。利用光学成像法我们进一

步证实了共聚焦实验的结果。细胞摄入与 Tf 和
Lip的介导有关，拮抗 TfR会导致细胞摄入明显降
低。NIR染料和细胞共培养，并没有看到荧光信号
也排除了游离 NIR染料的非特异性结合或进入细
胞的可能。没有 Tf相联的 LipNBD-dye 探针，在细
胞中的高摄取并不意外。有两种机制可以将造影剂

引入细胞，一种是脂质体的有效转染而介导的细胞

膜融合，进而导致的细胞内吞 [26]，另一种是经 Tf
与 TfR的特异性结合。对 Tf的预处理并不能如预
期那样阻止拥有融合细胞膜功能的脂质体发生细胞

内吞作用。通过我们的定量分析和拮抗分析，Tf
和 Lip在探针摄入细胞时起了协同作用。通过细胞
团块的核磁共振成像，我们也发现了一个同样的现

象：造影剂经由 Tf和 Lip的引介进入细胞内。协
同作用首先是 Tf 和 TfR在细胞膜表面发生特异性
结合，然后是阳离子脂质体和细胞膜表面的阴离子

发生互相作用，最后是受体和脂质体 -细胞膜融合
共同调节内吞作用[33]。在核磁共振成像上 T1的短
缩，取决于探针累聚的程度，而这种造影剂积聚又

与肿瘤的生理环境密切相关。与体外实验结果一

致，通过光学成像和核磁共振成像我们能看到体内

探针具有靶向性。共聚焦成像、光学荧光成像和核

磁共振成像影像的对比增强速度具有很高的一致

性。在肿瘤内荧光强度大约在给药 90分钟后达到
最大，并在随后的 1到 3小时之间达到峰值。而核
磁共振成像对照组在 45分钟时达到高峰，并在造
影剂注射入 3小时内回到基线水平。双重探针释放
的磁共振信号远比单单加入 CA探针的信号要强。
这些结果和在基因治疗时发现 Tf介导的 Lip系统
有高基因转染效率是一致的[27,28]。更有趣的是，肿

瘤内不同部位的特异性增强与肿瘤的病理变化一

致。如果只用 CA，虽可增强成像对比，但增强程
度很弱，且信号几乎是均匀分布的。核磁共振不均

匀分布和肿瘤病理组织的相互印证具有潜在的实用

价值。通过分子成像得到的结果，我们可以给医生

提供更多的信息，而不用再依赖传统的活组织深度

切片检查技术。当给于没有鳌合 Tf 的 Lip-
Magnevist探针时，我们没有观察到肿瘤内造影剂

320



第 4期
转铁蛋白导向脂质体核磁造影剂纳米粒子（TfNIR鄄LipNBD鄄Magnevist）

——— 一种肿瘤靶向磁共振造影剂

或荧光染色的累积。大部分 Lip积聚在血流丰富的
器官中，例如肝、脾、骨髓和肺等。我们的探针亦

可用来做光学成像检查肿瘤，并通过 TfR的表达
水平推测肿瘤细胞的生长。虽然对于一些深层组织

的肿瘤，荧光穿透的局限性仍然是一个问题，但这

些参数对于病人的选择治疗和预后治疗有很大的价

值。显然，可用于多种成像方法的探针比单一性的

探针更有优势[22,23]。

总之，我们构建了一种包含核磁共振造影和荧

光标记的双重纳米分子探针，体内和体外实验均证

实了该探针具有很好的靶向性，并成功应用于核磁

共振和光学成像。对于核磁共振成像来说，该探针

增强影像对比程度，在现有设备下提高了肿瘤诊断

的灵敏度，有利于肿瘤早期诊断。由于探针里含有

近红外荧光物，我们还可以使用该探针进行光学成

像，且近红外荧光物质具有很好的穿透力，为肿瘤

诊断提供了很好的深度分辨率。此外，我们还提供

了用肿瘤细胞能表达的特异生物标记物，对肿瘤细

胞进行定量的检测，可以有助于检测病人的治疗反

应和预后情况。

致谢：感谢中国国家纳米科学中心孟幻博士对文稿

的编辑整理。
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TRANSFERRIN LIPOSOME NANOPARTICLE (TfNIR鄄LipNBD鄄MAGNEVIST)
——— A TUMOR TARGETING MRI CONTRAST AGENT
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Abstract：Magnetic resonance imaging (MRI) with contrast agent enhancement is one of the best
imaging method for tumor diagnosis. However, due to the low sensitivity and nonspecific deposition of
contrast agent in tissue, early detection of tumor by MRI is still challenging. In this paper, the authors
present a new targeted nanosized MRI contrast agent for early detection of tumor. This targeted MRI
contrast agent nanoparticle is composed of three components: transferrin (Tf) as ligand, cationic liposome
as carrier, and a clinically used MRI contrast agent, Magnevist, as payload (TfNIR-LipNBD-Magnevist). The
Tf and liposome are labeled with fluorescent dyes for evaluation of targeting efficiency by optical
imaging. Confocal microscopy and optical imaging in vitro have shown that the endocytosis of the
nanoparticle occurs via specific binding to transferrin receptor. A significant MR image contrast
enhancement in tumor was achieved by i.v. injection of TfNIR-LipNBD-Magnevist into tumor bearing nude
mouse. The contrast enhancement is much stronger with the nanosized MRI contrast agent than with
Magnevist alone. Meanwhile, specific fluorescent signals from the dyes were also detected using optical
imaging technique. These results further support the targeting property of the TfNIR-LipNBD-Magnevist
nanoparticle as well as the efficacy of the probe to be used for tumor diagnosis.

Key Words: Magnetic resonance imaging; Tumor diagnosis; Transferrin; Nanoparticle; Targeting
property; Optical imaging
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Abstract: Engineered nanomaterials are at the leading edge of the rapidly developing nanosciences and are founding an important class 
of new materials with specific physicochemical properties different from bulk materials with the same compositions. The potential for 
nanomaterials is rapidly expanding with novel applications constantly being explored in different areas. The unique size-dependent prop-
erties of nanomaterials make them very attractive for pharmaceutical applications. Investigations of physical, chemical and biological 
properties of engineered nanomaterials have yielded valuable information. Cytotoxic effects of certain engineered nanomaterials towards 
malignant cells form the basis for one aspect of nanomedicine. It is inferred that size, three dimensional shape, hydrophobicity and elec-
tronic configurations make them an appealing subject in medicinal chemistry. Their unique structure coupled with immense scope for de-
rivatization forms a base for exciting developments in therapeutics. This review article addresses the fate of absorption, distribution, me-
tabolism and excretion (ADME) of engineered nanoparticles in vitro and in vivo. It updates the distinctive methodology used for studying 
the biopharmaceutics of nanoparticles. This review addresses the future potential and safety concerns and genotoxicity of nanoparticle 
formulations in general. It particularly emphasizes the effects of nanoparticles on metabolic enzymes as well as the parenteral or inhala-
tion administration routes of nanoparticle formulations. This paper illustrates the potential of nanomedicine by discussing biopharmaceu-
tics of fullerene derivatives and their suitability for diagnostic and therapeutic purposes. Future direction is discussed as well. 

Keywords: Metabolism, engineered nanomaterials, nanomedicine, fullerenol, carbon nanotube, titanium dioxide (TiO2), silica dioxide (SiO2), 
magnetic nanoparticles. 

1 INTRODUCTION 

 Full-scale research and development initiatives for nanotech-
nology in many countries were spawned by the National Nanotech-
nology Initiative (NNI) in the USA (http://www.nano.gov), an-
nounced in January 2000 under Clinton’s administration [1]. The 
NNI stresses long-term research looking 20 to 30 years ahead, on 
the conviction that prioritizing basic and challenging research will 
lead to breakthrough technological developments. The USA’s 21st 
Century Nanotechnology Research and Development Act (passed in 
2003) allocated almost $3.7 billion to fund nanotechnologies during 
2005-2008, which excludes a substantial defense-related expendi-
ture. Since the NNI, the American Government’s nanotechnology 
research funding has increased by more than ten times, starting 
from $116 million in 1997 to the actual budget of $1,425 million in 
2007.  

 Chinese government is also investing and committing to 
nanotechnology. In the past years the number of publications on 
nanotechnology originating from China rose to several hundreds 
per year, which is exceeded only by the United States. The high 
number of papers at recent nanotechnology conferences in China 
provides evidence of vigorous research and development that is 
being carried out by Chinese researchers, and shows the extensive 
commercialization efforts being made around Shanghai and Bei-
jing. The establishment of the National Center for Nanoscience and 
Technology of China at Beijing and the National Engineering Re-
search Center for Nanotechnology at Shanghai are good indicators 
of the high level of interest [1]. There is special interest in combin-
ing nanotechnology with traditional Chinese medicine, because 
nanoformulations may greatly increase therapeutic efficacy of tradi-
tional Chinese medicine, and improve its standardization, moderni-
zation, and internationalization.  

*Address correspondence to these author at the Division of Nanomedicine 
and Nanobiology, National Center for Nanoscience and Technology of 
China, Beijing 100190, and Lab. for Bio-Environmental Effects of Nanoma-
terials and Nanosafety, Institute of High Energy Physics, Chinese Academy 
of Sciences, Beijing 100049, P.R. China; Tel: +086-010-8254-5569; Fax: 
+086-010-6265-6765; E-mail: liangxj@nanocenter.cn; 
zhaoyuliang@mail.ihep.ac.cn  

 Over the last decade or so, nanomaterials have been broadly 
studied because of their unique size-dependent physical and chemi-
cal properties [1, 2]. Nanomaterials are substances with one or more 
external dimensions, or an internal structure, on the nanoscale, 
which could exhibit distinct novel characteristics that the same 
material at large size may not feature. Nanoparticles, such as carbon 
lattices, nanotubes, metal oxides, liposomes, micelles and polymers 
etc., are made of a wide variety of nanomaterials with a diameter of 
less than 100nm (0.1μm). Nanoparticles can be mainly divided into 
two groups: (I) labile nanoparticles which disintegrate into many 
molecular components upon application (e.g. liposomes, micelles, 
polymers, nanoemulsions), and (II) insoluble nanoparticles such as 
titanium dioxide (TiO2), silica dioxide (SiO2), fullerenes and quan-
tum dots (QD) (e.g. carbon lattices, nanotubes, metal oxides), 
which remain intact. Three principal factors, the increased relative 
surface area, nano-scale size and the quantum effects (in some in-
stances), distinguish the properties of nanomaterials from those of 
bulk materials. Due to their unique properties, applications of 
nanomaterials in various areas are increasing rapidly. There are 
many industrial and consumer products (such as cosmetics, sun-
screens, paints, textiles, toothpastes, sanitary ware coatings and 
even food products, etc.), which contain nanomaterials and many 
more are still under development [3]. As nanoscience is experienc-
ing massive investment worldwide [4], a further increase in bio-
logical and medical products developed from nanomaterials is fore-
seeable [5].  

 The accumulating investments and efforts in nanotechnology 
are expected to lead to new technological breakthroughs and in-
crease in the applications of nanomaterials in medicine in the near 
future [6]. Engineered nanomaterials are being exploited in many 
different biological and medical fields due to their unequaled photo-
, electro-chemical and physical properties. Multifunctional nanopar-
ticles play important roles in cancer diagnostics and therapeutics. 
Particles and their aggregates can be broken down to even smaller 
particles via milling and/or dispersion—a distinct process to gener-
ate nanoscale particles rather than solvated materials [7]. The trans-
location and distribution of nanoparticles in the body is size-
dependent. Hence, the adverse effects of nanoparticles may not be 
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easily predicted or derived from the known toxicity of the same 
chemical constituent at micro-size [8-10]. There is a need for the 
information on the biopharmaceutics (ADME) of these man-made 
nanoparticles. Dissolution, translocation, deposition or excretion is 
critical for nanoparticles to exert their biological effects within the 
body. The present paper reviews metabolic properties and pharma-
cological effects of bioengineered nanoparticles known today and 
their uses in medicine.  

2. DISTINCTIVE METHODOLOGIES FOR BIOPHARMA-

CEUTICAL STUDIES ON NANOPARTICLES 

 Bulk materials may show unexpected novel properties when 
they are miniaturized to nanosize. This spurs great interests in ex-
ploiting physicochemical consequences from the change in size of 
the materials and utilizing the resulting changes for applications to 
benefit human services. Keeping the mass unchanged, a decrease in 
size of particles will result in an increase in total surface area of 
particles [8, 11, 12] (See Table 1). This increase in surface area 
would cause chemical modifications at the surface and generate 
additional physico-chemical and /or biological activities that the 
corresponding large particles may not possess. Furthermore the 
increase in particle surface would allow insoluble, labile particles or 
even particle core to carry more reactive molecule species, and 
ultimately produce either beneficial or adverse biological effects. 

 Metabolism of many nanomaterials has not been studied in 
detail. Most metabolic studies on nanomaterials employed the tradi-
tional analytical methods to compare the results from the nanoscale 
with the non-nanoscale materials. For example, isotope labeling of 
nanoparticles has been broadly used to determine their distribution 
and translocation in vivo. Liu et al detected 

59Fe, 13C, 14C, 125I-
labeled carbon nanotube (CNT) for measurement of the tissue dis-
tribution and metabolism of CNT in animal model [13]. Fluorescent 
labeling is also a useful method to determine the location and traf-
ficking of nanoparticles in biological systems by detecting fluores-
cence intensity of the fluorophors. Inductively coupled plasma-
mass spectroscopy (ICP-MS) is another method used for quantita-
tive measurement of the concentration of metal nanoparticles. It is 
difficult to detect and quantify the metabolism of nanomaterials by 
a single analytical technology. The most commonly used analytical 
methods are based on chromatography, mass spectrometry (MS) 
and NMR. Although the requirements for studying the biodistribu-
tion /toxicokinetics and mutagenicity/genotoxicity of nanoparticles 
are similar to those used for studying conventional micro or macro 
sized materials, the specific characteristics of nanoparticles may 
require additional considerations of methodologies to measure the 
unique features of distribution and metabolism of nanoparticles. For 
example, the present genotoxicity tests for novel chemotherapeutic 
agents in vivo do not cover the expected target organs or tissues 
where nanoparticles deposit. In addition, the broadly used cell dif-
fusion chamber incorporating a microporous membrane is a stan-
dard device for estimating percutaneous absorption of commonly-
used medical and customer products. Having stated that, the con-
ventional models may not be appropriate for estimating the unique 
biological capability of nanoparticles for medical application. 
Therefore, new methodologies to assess the metabolic pathways 
(penetration, dissolution, translocation, and deposition et al) of 

nanoparticles are needed for characterizing the properties of engi-
neered nanomaterials. 

3. IMPROVED PHARMACEUTICAL PROPERTIES OF 

COMPOUNDS MODIFIED BY NANOTECHNOLOGY  

 Currently, in the early stage of drug discovery, most of com-
pounds formulated for in vivo experiments are frequently lipophilic 
or sparingly soluble in water. Typical intravenous formulations for 
these compounds at neutral pH require the presence of multi-
solvent, surfactant, or in mixed micellar solutions, or nanosuspen-
sions[14]. It is complicated to determine the intrinsic pharmacoki-
netic behavior of nanopreparation of a new drug entity from phar-
macokinetic behavior of the same drug that is formulated using 
micro or macro form of the drug entity. The complication may re-
sult from various situations such as slow or incomplete dissolution 
of injected nanoparticles, precipitation of the compounds or parti-
cles in the bloodstream, delayed release of the compounds from the 
dosing vehicle, competition between the compounds and formula-
tion ingredients for transport, metabolism and binding to proteins 
and other blood and tissue components. The strategies used in 
pharmaceutical industry may be applied to improve the solubility of 
these compounds without alteration of their properties while devel-
oping nanoformulations. The entrapped dosage of the compound in 
terms of loading capacity of the drug vehicle and the kinetics of 
release of the entrapped compound are important determinants for 
the success of developing a 'non-interfering' vehicle for the dosage 
formulation. If an analytical technique used to determine drug con-
centration in the body is sensitive enough to detect compounds at 
low doses, screening for formulations at relatively low concentra-
tions may be feasible. Nanoparticles may be employed to solve this 
critical problem due to their unique physical, chemical, electronic, 
and magnetic characteristics. Some nanoformulations can be moni-
tored by virtue of photostable optical intensity of the compounds 
for clinical measurement. The low concentration of compounds can 
be detected by the electronic, magnetic or optical signals of 
nanoparticles. In this way, the metabolism and pharmacokinetic 
behavior of these compounds can be quantitatively measured in 
vivo, and the pharmacokinetic behavior of the compounds can be 
evaluated by monitoring the nanoparticle vehicle used in the phar-
maceutical preparation[15]. 

 Conventional formulations of the highly lipophilic taxane, pa-
clitaxel (Taxol) for intravenous use contain cremaphor as a solvent. 
Toxicity due to cremaphor contributes to adverse effects of this 
versatile anticancer drug. Abraxane is a nanoformulation of pacli-
taxel conjugated to nano-bead protein structure. It is noteworthy 
that abraxane is one in a small list of FDA approved for the treat-
ment of breast cancer. Paclitaxel is a very effective anticancer drug. 
The nano-bead protein conjugated formulation increased water 
solubility allowing for elimination of the toxicity associated with 
the solvent vehicle (cremaphor) and improved therapeutic index. 
Nanoparticles (such as TiO2) have been used as carrier to increase 
the photostability of the pharmacologically active payload. The 
nanoparticulate multilayer of nanoparticles was used as an optical 
filter to protect the drug from damage by light exposure. The in-
creased hydrophilicity of TiO2 nanoparticles increases the aqueous 
wettability by preventing aggregation in the dispersion medium. 

Table 1. The Correlated Proportion of Particle Size and Particle Surface Area 

Particle diameter 

(nm) 

Particle number 

(number/pound) 

Particle surface area 

(mm2
/pound) 

1000 1015 3 109 

100 1018 3 1010 

10 1021 3 1011 
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This increases the dissolution rate of the entrapped photoprotected 
cargo molecules in the nanoformulation by facilitating the maximal 
exposure of compounds’ surface area to the dispersion medium[16]. 

4. POTENTIAL MEDICAL APPLICATIONS AND BIO-
LOGICAL EFFECTS OF NANOMATERIALS 

 Carbon nanotubes comprise an important class of nanomateri-
als. A hydrophilic functionalized soluble single-walled carbon 
nanotube (SWNT) is of special interest because of its wide use as a 
highly effective means of transporting molecular cargo of various 
sizes and types across the cell membrane to the therapeutic cellular 
target. SWNT has been demonstrated to carry smaller molecules 
into cells through a variety of energy -dependent and/or -
independent processes [17-19]. Therapeutic drug molecules or di-
agnostic sensor molecules are usually linked covalently to function-
alized SWNT through ester or disulfide bonds. Upon cellular entry, 
SWNTs encounter the acidic reducing environment of lysosomes or 
endosomes, where the disulfide and ester bonds are cleaved to se-
lectively release their cargo [20]. There are several studies employ-
ing CNTs for nanoformulations designed for intracellular transport 
and controlled release of pharmaceuticals including cancer che-
motherapeutic agents. For example, the full clinical potential of the 
highly effective anti-cancer drug is not achieved because of inade-
quate delivery to the targeted tumor in vivo. Lippard et al. [21] 
combined cisplatin with SWNTs due to their proven capacity to act 
as a longboat, shuttling smaller molecules across tumor cell mem-
branes. They demonstrated that nanoformulations of SWNTs con-
jugated to platinum(IV) could effectively deliver a lethal dose of 
the anti-cancer drug inside the malignant cancer cells[21]. How-
ever, these studies have to be viewed with some caution because of 
potential toxicity of nanotubes[22]. The potential hazards of CNTs 
to humans and other biological systems was assessed by measuring 
DNA damage caused by CNTs in mouse embryonic stem (ES) 
cells[23]. Many experiments have demonstrated the adverse pul-
monary effects of SWNTs in vivo after intratracheal instillation, in 
both rats and mice. Further studies indicate that if CNT reach the 
lungs, they are much more toxic than carbon black or quartz[24, 
25]. It is noteworthy that the report of National Institute for Occu-
pational Safety and Health (NIOSH) states that none or only a small 
fraction of the CNT enters in the lung through inhalation at the 
workplace [26]. SWNT induced oxidative stress, which is exempli-
fied by the formation of free radicals, accumulation of peroxidative 
products, antioxidant depletion, and cytotoxicity in human kerati-
nocytes [27, 28]. In addition, Moller et al. showed that other carbon 
nanomaterial such as ultrafine carbon black particles could impair 
phagosome transport and cause cytoskeletal dysfunctions with a 
transient increase of intracellular calcium signal[29].  

 Bioeffect of nanoparticles in the body depends not only on the 
amount of nanoparticles but also the size and surface of nanoparti-
cles. It has been demonstrated that the ultrafine nanoparticles were 
deposited in lungs and other organs, when rats were subjected to 
chronic inhalation of TiO2 nanoparticles of different sizes, for 3 
months. These studies showed more translocation of nanoscale 
TiO2 to interstitial sites and regional lymph nodes when compared 
to the fine TiO2 nanoparticles. By comparing carbon black or CNT 
particles of similar size and composition but with significant differ-
ence of specific surface area, it was found that the biological effects 
(inflammation, genotoxicity, and tissue damage as indicated by 
histopathologic examination) of nanoparticles were determined by 
specific surface area, not by particle mass. Similar findings were 
reported in earlier studies on the tumorigenic effects of other 
nanoparticles. It has been shown that tumor incidence was corre-
lated better with specific surface area than with particle mass[30].  

 Liposomes have been used as an effective vehicle for drugs, 
such as for cisplatin, paclitaxel, daunomycin, doxorubicin and am-
photericin et al. Nanocarriers for medical applications are made of 
relatively safe materials, including synthetic biodegradable poly-

mers, lipids and polysaccharides. Administration of doxorubicin 
encapsulated into PEG-PE micelles increased doxorubicin accumu-
lation and penetration in tumors, compared to the much lower levels 
of drug achieved with doxorubicin itself without nanotechnological 
modification. In vitro and in vivo pulmonary deposition of nano 
liposomes has been performed using Andersen Cascade Impactor 
and intratracheal instillation in rats, respectively. Liposomes were 
prepared by thin film evaporation technique and liposomal disper-
sion was passed through high pressure homogenizer. Nano-
liposomes (NLs) were harvested by centrifugation and character-
ized by scanning electronic microscopy (SEM). NLs were dispersed 
in phosphate buffered saline (PBS) at pH 7.4. The dispersion was 
spray-dried and sizes of powders were measured by atomic force 
microscopy (AFM). In vivo studies revealed significant retention of 
nanoliposome-trapped medicine after 24 hours, suggesting slow 
clearance of NLs in biological system. The encapsulated nano-
liposome provides a practical approach for direct delivery of com-
pounds for controlled and prolonged retention at the targeted site of 
action. It may play a promising role as effective therapeutic drug 
delivery system in reducing the risk of acute and chronic toxic-
ity[31]. Nano-sized particles are more likely to increase the 
bioavailability, which could result in improved chemotherapeutic 
effects. It is important to note that specific particle surface area may 
be a better indication for maximum tolerated exposure level of 
nanoparticles. Recent publications on the pulmonary effects of CNT 
confirm the intuitive assumption that nano-sized nanotube can in-
duce a rather general non-specific pulmonary response[22, 24, 26, 
32] .  

5. POTENTIAL THERAPEUTIC STRATEGY BASED ON 

GENOTOXICITY OF NANOPARTICLES  
 Some of the adverse biological effects of nanoparticles in vivo 
have linked to the inflammatory response with exacerbation of air-
ways disease, cardiovascular events caused by hypercoagulability or 
atherosclerotic plaque destabilization[33, 34]. Many of these con-
clusions are derived from studies on nanoscale particles that can 
cause inflammatory response or inflammation and these conclu-
sions may not be extrapolatable to nanoparticles in general, and 
they may be less relevant for engineered nanomaterials. Nanoparti-
cles that readily cross cellular membranes can be expected to be 
able to reach the nucleus and DNA, which is important when geno-
toxic effects are considered. For instance, functionalized SWCN 
have been reported to reach the cell nucleus[18, 35]. Even if 
nanoparticles do not go through the nuclear envelope, they would 
eventually have access to the nucleus in dividing cells, because the 
nuclear envelope dissolves during mitosis leading to cell division. 
For most nanoparticles, it is unknown whether they interact directly 
with DNA or the mitotic spindle, and what size and/or charge of 
nanoparticles could lead to defects in DNA transcription and chro-
mosomal damage and aberration. However, there are indications 
that certain types of nanoparticles are capable of causing DNA 
damage.. Surface area and charge density of nanotubes are consid-
ered to be critical in determining their electrostatic complex forma-
tion with DNA[36]. Therefore, cationic functionalized CNTs are 
frequently used for binding to DNA and widely used for cell spe-
cific delivery of functional DNA and siRNA to specifically modify 
the expression of the targeted gene. The composition and the coat-
ing of nanoparticles are probably the key factors in determining 
their genotoxic effects. Nanotubes coated with a positively charged 
polyelectrolyte, functioning as a counterpart for negatively-charged 
DNA, have been wrapped with DNA to generate DNA sensors[37]. 
The property of various types of nanoparticles complexed with 
DNA has been utilized for cellular and nuclear delivery of DNA 
and oligonucleotides [38-40]. In addition, SWNT can bind with 
single- and double stranded DNA, and/or peptide amino acid 
(PAA)[41-44]. QDs, such as cadmium selenide (CdSe), have been 
used for tracking and monitoring biological molecular process and 
function in vitro and vivo. CdSe is usually capped with a shell of 
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PEG, with biotin surface functionality for broad biological applica-
tion in vivo. Water-soluble semiconductor QDs can also cause bond 
breakage in DNA strands due to photogenerated and surfaceoxide- 
generated free radicals [45].  

 In principle, genotoxicity of nanoparticles can be assessed using 
in vitro assays on mammalian cells. However, the timing of the 
tests has to be long enough to ensure that the nanomaterial can 
reach the nucleus. In the in vitro chromosome aberration test which 
was related to sample prep/ agglomeration state, it is necessary to 
examine two post-treatment metaphases by allowing two rounds of 
cell replication. In the cytokinesis-block micronucleus test in vitro, 
the treatment with nanoparticle should occur in one cell cycle with-
out cytochalasin B (Cyt-B), followed by another cycle with the 
presence of Cyt-B, to examine the cells after the 2nd post-treatment 
mitosis. If the genotoxic effects of nanoparticles are related with 
inflammation, simple in vitro assays may not be adequate for dem-
onstrating the genotoxic potential of nanoparticles. In general, the 
relationship between inflammation and genotoxic effects is still not 
well understood for many types of nanoparticles including weakly 
soluble nanoparticles. Depending on the endpoint of study, demon-
stration of an association between inflammation and genotoxic 
effects may require relatively long-term experiments, which may be 
impractical. In rats, intratracheal instillation of nanosized carbon 
black, fine TiO2 (anatase) and fine -quartz (SiO2) resulted in an 
increase of hprt mutations in alveolar cells after 15 months treat-
ment [30]. It appears that basic studies on the association between 
inflammation and genotoxicity are necessary before conclusions 
can be drawn on the importance of inflammation-related genotoxic-
ity of nanoparticles. In vivo, actively dividing cells are expected to 
be the primary targets of genotoxic effects of nanoparticles, as 
genotoxicity can be fixed only when the cell divides. The widely 
used in vivo genotoxicity tests, the bone marrow micronucleus test 
and the liver UDS (Unscheduled DNA Synthesis) test, have been 
employed to detect DNA damaging effects of nanoparticles that 
reach the bone marrow and the liver, respectively, or that have sys-
temic genotoxic effects. Currently, there is no validated standard 
method for assessing genotoxic effects on dividing cells associated 
with carcinogenesis in the expected target tissues in vivo. However, 
techniques such as the comet assay, micronucleus test, and gene 
mutation analysis in transgenic animals could probably yield valu-
able results for studying the effects of nanoparticles on DNA.  

6. TRANSLOCATION OF NANOPARTICLES IN BIOLOGI-
CAL SYSTEM 

 There is a tendency for accumulation of insoluble nanoparticles 
in the body and the biological effects would be dependent on the 
properties and dose of nanoparticles, as well as the site of accumu-
lation. Nanoscale particles may affect movement of endogenous 
substances (proteins, enzymes) or exhibit increased reactions with 
biological molecules. Autonomic nervous system may also be a 
target for the adverse effects of inhaled particulates. In the in vivo 
evaluation of the biological effects of nanoparticles, the transloca-
tion to the systemic circulation is an important aspect. The possible 
translocation of nanoparticles has not been studied extensively, 
although the importance of nanoparticle transport and translocation 
in biological systems, in pharmacology and delivery of biomolecu-
lar drugs [46]. Characterizing the status of the component molecule 

of nanoparticle, and understanding the processes of translocation, 

dissolution, and possible nanoparticle-receptor interactions are key 
challenges to define the biological effects of nanoparticles in vivo. 

 Nanomaterials are expected to dissolve faster than larger sized 
materials of the same mass based on surface area considerations 
alone—although other factors such as surface curvature/roughness 
also play a role. In addition to phagocytosis, which is mostly for 
cellular ingestion of relatively large particles, translocation of in-
soluble particles into cells is most likely to be dependent on proc-
esses of endocytosis, mainly pinocytosis and phagocytosis, or re-

ceptor-mediated endocytosis[47]. Similarly, expulsion of nanoparti-
cles from live cells may occur predominantly by exocytosis. Disso-
lution, even over the period of weeks or months, may significantly 
enhance clearance of nanoparticles. Diffusional movement of 
nanoparticles through cell membranes is likely to be limited under 
normal conditions [48]. More research in diffusional movement may 
provide a better understanding of nanoscale particle translocation 
processes. Several authors have reported on the movement of 
nanoscale particles from the lung to the blood[49]. Nemmar et al 
[50] have studied the translocation of inhaled technetium (99mTc) 
labeled carbon nanoparticles to the blood. The authors concluded 
that phagocytosis by macrophages and/or endocytosis by epithelial 
and endothelial cells was responsible for carbon nanoparticle-
translocation to the blood but other routes must also exist. 

 Particles up to 25μm size were found in the foot dermis of ele-
phantiasis patients with impaired lymphatic drainage in the lower 
legs. These particles were located either in the phagosomes of 
macrophages, or in the cytoplasm of other cells. The failure of con-
ducting lymph to the node produces a permanent deposit of parti-
cles in the dermal tissues. This indicates that particles, which pene-
trate normal or damaged skin, are removed via the lymphatic sys-
tem of healthy people[12]. Micro-sized and even submicron sized 
liposomes do not easily penetrate into the viable epidermis, while 
nano-sized liposomes with an average diameter up to 272 nm have 
been found to reach into the viable epidermis and some in the der-
mis. Smaller sized liposomes of 116 and 71 nm have been found in 
higher concentrations in the dermis. Liposomal emulsion particles 
with diameter of 50 nm to 1 micron, have been detected in the epi-
dermis in association with the cell membranes after topical applica-
tion to human skin[51]. In subsequent studies, it has been shown 
that formulations containing nanoliposomal microspheres allow 
penetration of nanoliposome spheres into melanoma cells, and even 
into the nucleus. 

 New degradable nanomaterials such as polyanhydrides were 
used for preparing controlled release formulations of proteins and 
peptides. Some of these formulations can be utilized for delivering 
proteins and peptide through the skin and lungs[52]. Some conclu-
sions regarding nanoparticles penetration of skin by nanoparticles 
can be drawn from the rather limited literature on the subject. 
Firstly, penetration through the skin barrier is dependent on particle 
size. Nano-sized particles are more likely to penetrate deeper into 
the skin than larger ones. Secondly, nanomaterials, which can dis-
solve, or leak from a nanoparticle (e.g. metals), or break into 
smaller parts (e.g. liposomes), can possibly penetrate the skin. 
There is no clear indication that nanoparticles, which had pene-
trated the skin, also entered the systemic circulation. However, it 
has been observed that nanoparticles can be phagositized by macro-
phages, Langerhans cells or other cells. 

7. EVALUATION OF BIOLOGICAL EFFECTS OF NANO-
PARTICLES 

 Nanoparticles, because of their ultrahigh reactive surface sites 
and quantum effects, are being widely used in the traditional indus-
tries, such as dyes, paints, medical diagnosis, sunscreens and cos-
metics. There are certain principles for biological and medical 
evaluation of potential nanoparticles (See Table 2). Metal nanopar-
ticles have found uses in biological and medical studies[53]. In-
creased numbers of neutrophils and phagocytes in lung fluid and 
the deposition of nanoparticles in alveolar cells were observed in 
rats and hamsters following inhalation of silver or gold nanoparti-
cles. Acute pulmonary reaction in response to administration of 
nanoparticles such as carbon black, TiO2, and iron oxide revealed 
rapid translocation of nanoparticles across the epithelium after 
deposition. It was found that severe effect on renal function could 
occur in the metal nanoparticles-treated mice, without significant 
change in biochemical profile of blood.. Blood-element test showed 
that in the rats treated with metal nanoparticles (such as Zn- or Cu), 



Biopharmaceutics and Therapeutic Potential of Engineered Nanomaterials Current Drug Metabolism, 2008, Vol. 9, No. 8    5 

red cell distribution width, corpuscular volume and blood platelet 
significantly increased, and hemoglobin as well as haematocrit 
significantly decreased. The study indicated that metal nanoparti-
cles could cause anemia in animal model. Besides the pathological 
lesions in the liver, renal, and heart tissue, only slight stomach and 
intestinal inflammation was evident in all the metal-treated mice, 
without significant pathological effects in other organs[54, 55].  

Table 2. Biological and Medical Evaluation of Nanoparticle 

Subjects of evaluation  Aspects of evaluation 

Biodistribution Whole organism, tissue and organ level 

Localization Different intracellular vesicle, organelles, cell level 

Metabolic routes Absorption, distribution, metabolism and excretion 

(ADME) 

Immunological properties IgG/IgM specific Abs, cytokine induction, T cell 

activation 

In vivo degradation Enzyme digestion, lysosomal decomposition 

Biocompatibility Biological environment and adverse health effect in 

vivo 

Toxicological characters Chemical composition, particle size, reactivity, 

structure/ properties, surface coating modification 

Chemotherapeutic concerns Therapeutic index of nanomedicines and their 

delivery systems relates with clinical administration  

Etc ·········· Other unclear consequence associated with 

nanomedicines  

 

 TiO2 nanoparticles are widely used for a variety of applications. 
Pulmonary inflammatory response was observed for 20 nm TiO2, 
but not for 250 nm TiO2 particles[56]. In order to evaluate the bio-
logical effect of TiO2 particles, the acute biological reaction caused 
by nano-sized TiO2 particles in adult mice was compared with that 
resulting from fine TiO2 particles [56]. Due to the low toxicity, a 
fixed large dose of TiO2 nanosuspensions was administered to mice 
by a single oral gavage. TiO2 particles showed no obvious acute 
toxicity in 2 weeks, however, female mice showed high accumula-
tion of the nano-sized nanoparticles in liver. In the assessment of 
acute biological effects of TiO2 particles, abnormal activities were 
not observed in these mice, and there were no cancer and carcino-
genic symptoms after autopsy because of the short exposure period. 
Different laboratories have reported that the retention halftime of 
TiO2 particles in vivo was long because of inefficient and slow rates 
of excretion. Oberdorster et al. [57] reported that the retention half-
times of TiO2 in rat lung were 117 days for fine particles and 541 
days for ultrafine particles. After intravenous injection of rats with 
200-400nm TiO2 nanoparticles, about 69% of the injected TiO2 
nanoparticles at 5 min and 80% at 15 min were accumulated in the 
rat liver[58]. The 80 nm TiO2 in vivo may directly result in the 
nanoparticle deposition in the liver and lead to hepatic lesion. Sur-
prisingly, the 25 nm TiO2, the same as the fine particles, are not 
retained in the liver, but accumulate mainly in the spleen, kidneys, 
and lung tissues. 

 Biodistribution, penetration through tissue, phagocytosis and 
endocytosis of nanosized materials are all likely to have an impact 
on potential toxicity of nanoparticles. These processes are most 
likely dependent on surface characters of nanoparticles. The com-
plex pathways involved in exposure and uptake, translocation and 
metabolism, and elimimnation of nanoparticles in biological sys-
tems are depicted (Fig. 1). The liver, as a main detoxification organ, 
is activated to eliminate the side effects induced by most of the 
mass ingested nanoparticles. Following oral intake, a part of these 
nanoparticles are excreted through the kidneys. However, the small 
size and difficult clearance resulted in prolonged retention of 
nanoparticles in vivo and damage to the liver and kidneys. The 

changes of serum biochemical parameters including bilirubin levels 
(TBIL), alkaline phosphatase (ALP), alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) and other pathological 
characteristics of liver were mostly used to evaluate the effect of 
nanoparticles on liver function, which was usually indicated by 
measurement of hydropic degeneration around the central vein and 
the spotty necrosis of hepatocytes. In addition, the nephrotoxicity 
could be assessed by measurement of activities of creatine kinase 
(CK), lactate dehydrogenase (LDH) and alpha-hydroxybutyrate 
dehydrogenase (HBDH). The myocardial damage was shown by 
change of serum LDH and alpha-HBDH caused by treatment with 
nanoparticles. For example, increase in levels of uric acid (UA), 
blood urea nitrogen (BUN) and creatinine were accompanied by 
pathological changes in the kidneys of experimental animals treated 
with TiO2 nanoparticles. However, there were no abnormal or 
pathological changes in the heart, lung, testicle (ovary), and spleen 
tissues. Biodistribution studies showed that TiO2 nanoparticles were 
retained mainly in the liver, spleen, kidneys, and lung tissues, 
which indicated that TiO2 particles could be transported to other 
tissues and organs after uptake from the gastrointestinal tract after 
oral dosing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Possible routes for translocation and metabolism of nanoparti-

cles in biological system. 

There are many pathways for systemic exposure, translocation and excretion 

of nanoparticles, which were proposed in published literatures. The exact 

pathways for transport and metabolism of nanoparticles are not clear. Fur-

ther in vitro and in vivo investigations are necessary. 

 

 Although the levels of AST, ALT, and TBIL enzymes for liver 
function did not change much, the ratio of ALT/AST (as a more 
sensitive indicator for hepatic injury) could be measured for bioe-
valuation of liver function after oral ingestion of nanoparticles. The 
changed liver weight and the hepatocyte necrosis in the pathologi-
cal examination were helpful to estimate liver injury caused by 
administration of nanoparticles. In addition, test of LDH in serum is 
often used to detect tissue alterations and diagnose heart attack, 
anemia, and liver diseases. Generally, high LDH level shows the 
myocardial lesion when combined with data for CK and alpha-
HBDH, and the hepatocellular damage are expressed when com-
bined with AST and ALT enzymes. The high LDH and alpha-
HBDH enzyme levels implied that nanoparticles resulted in more 
myocardial damage although the pathological change was not ob-
served in cardiac tissue. From the changes of biochemical parame-
ters, such as ALT/AST, BUN, and LDH, it was clear that nanopar-
ticles affected the functions of liver and kidneys in female mice. In 
summary, administered nanoparticles were retained mainly in liver, 
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kidneys, spleen, and lung,. The obvious hepatic injury caused by 
nanoparticles could be seen by hydropic degeneration around the 
central vein and the spotty necrosis of hepatocytes, and the kidney 
damage was inferred from histopathological examination of the 
renal tubule and observation of swelling in the renal glomerulus 
[56].  

8. BIOLOGICAL REACTION OF NANOPARTICLES IN 
RESPIRATORY SYSTEM  

 Because lung has extensive, location-specific defense systems 
such as mucociliary clearance in the upper airways and macrophage 

clearance in the lower, unciliated part of the respiratory tract, most 
of the nanoparticles in the dosage could be found in lung after the 
inhaled administration to rats or mice. Deposition of nanosized 
particles less than 0.5 m diameter in the respiratory tract is mainly 
determined by diffusion. The diffusional deposition of nanosized 
particle during breathing is affected by: (1) dynamics of nanoparti-
cles and their size and shape; (2) geometry of the branching airways 
and the alveolar structures; (3) breathing pattern, either nose or 
mouth breathing; and (4) airflow velocity and the residence time in 
the respiratory tract [59]. Some of the nanoparticles from the ad-
ministered dose can remain in the airway for a long time. Nanopar-
ticle transport from the alveolar region toward the larynx in humans 
is mediated through macrophages. This is a slow process even un-
der normal conditions, and serves to eliminate only a part of the 
nanoparticles deposited in the peripheral lung. The remainder may 
accumulate in lung surfactant or interstitial fluid unless the nanopar-
ticles are biodegradable or cleared by simple chemical dissolution. 
Therefore, it can lead to a different cumulative dose for a given 
deposited dose of nanoparticles with different durability and resis-
tance to dissolution or degradation. The kinetics of dissolution of 
inhaled nanoparticles is the most important factor in determining 
whether a low-toxicity nanoparticle, such as amorphous silica 
(SiO2), could be eliminated in the epithelial lining fluid or whether 
nanoparticles such as carbon blacks or iron oxides are engulfed by 
alveolar macrophages. Thus, solubility of nanoparticles is a key 
driver for the mechanisms of their biological metabolism including 
their clearance in vivo.  

 On the epithelium walls of the respiratory tract, nanoparticles 
first come into contact with the mucous or serous lining fluid and 
its surfactant layer. Therefore, the destiny of particle compounds 
that are soluble in this lining fluid is different from the slower dis-
solving or insoluble compounds [59]. Soluble nanoparticle could 
dissolve and often be metabolized in the lining fluid, eventually be 
transferred to the blood, and undergo further metabolism. In this 
way, particle compounds may have the potential to reach organs far 
from the original site of entry and to produce biological effects. On 
the other hand, the slower-dissolving and insoluble nanoparticles 
deposited on the wall of airway will only be moved by ciliated cells 
shuffling, coughing, and swallowing. There is evidence that a sig-
nificant fraction of nanoparticles is retained in the respiratory tract. 
The slow dissolving and insoluble nanoparticles deposited in alve-
oli will be taken up by macrophages under normal physiological 
conditions. However, for the nanoparticles able to penetrate into 
interstitium, the macrophage uptake is less likely.  

 The alveolar macrophage plays an important role in the re-
sponse of the lung to inhaled nanoparticles. Their essential function 
is phagocytosis and clearance of inhaled nanoparticles. The alveolar 
cells could produce surfactant by cellular secretion, which contain 
significant quantities of biotransformation enzymes, particularly 
cytochrome P450-dependent mono-oxygenases, which participate 
in detoxification reactions for overcoming nanoparticle toxicity. In 
addition, macrophages also carry out several other metabolic func-
tions, such as the active uptake of endogenous and exogenous com-
pounds, permeability functions and immunologic functions. The 
kinetics of nanoparticle metabolism in vivo may also be affected by 
differences in the pH of subcellular compartments [60]. If nanopar-

ticle is neither soluble nor degradable in the biological environment, 
it is likely to have high biostability with a strong tendency for ac-
cumulation upon constant administration. In addition to the known 
biological effects of nanomaterials with low-solubility, disposition 
factors of nanoparticles may also influence their biological effects 
and applications in vivo. 

 Macrophage-mediated nanoparticle removal may be impaired 
especially for the young and the old people, and persons with lung 
diseases. As noted above, nanoparticles that escape phagocytosis by 
macrophages may interact with cells lining the epithelium. In gen-
eral larger nanoparticles are phagotized, while smaller particles 
escape uptake by macrophages. The large surface area of nanoparti-
cle presents a reactive interface with cells. Depending on the nature 
of their molecular surface, nanoparticles may have a greater capac-
ity to induce or mediate adverse effects than larger particles, not 
only in the respiratory system, but also in the cardiovascular sys-
tem, the central nervous system and the immune system [8].  

9. BIOLOGICAL REACTION OF NANOPARTICLES IN 
NERVOUS SYSTEM 

 The absorption of nanoparticles in olfactory nervous system has 
been studied in connection with the development of drug-delivery 
systems. Some drug-delivery systems might circumvent the blood–
brain barrier in order to enable penetration of diagnostics or medi-
cal therapeutics to the brain[61, 62]. Because of the smaller diame-
ter, larger surface area and increased number of nanoparticles com-
pared with non-nanoscale particles in a fixed volume and amount, 
nanoparticles could carry more reactive materials such as free radi-
cals, transition metals, or chemotherapeutic compounds to the deep 
organs, and increase drug accumulation in body. Although inges-
tion is possible when dust accumulates on mucosa surfaces of the 
oropharynx and nasopharynx or from contaminated food, inhalation 
is still the most common route for exposure of nanoparticle in bio-
logical system. Nanoparticle could be translocated into the central 
nervous system (CNS) via the olfactory pathway. There is evidence 
that an increased Mn++ concentration was observed in the brain of 
rats after inhalation of manganese phosphate or manganese sulfate. 
Also, there was an increase of 13C concentration in the olfactory 
bulb, cerebrum and cerebellum of rat brain after exposure to 13C 
labeled carbon nanoparticles[63]. Severe damage to brain tissue 
was also observed when large mouth bass lived in the water con-
taining 500 ppb buckyballs[64].  

 Nanoparticles, such as TiO2 particles, can be taken up by the 
olfactory bulb via the primary olfactory neurons and accumulated in 
the olfactory nerve layer, olfactory ventricle, and granular cell layer 
of the olfactory bulb. The distribution areas of larger TiO2 particles 
were wider than those of nano-sized TiO2 in the olfactory bulb, 
indicating that larger TiO2 particles entered more easily into the 
olfactory bulb through olfactory tract than nano-sized TiO2. This is 
likely because nanosized TiO2 particles might be adsorbed in the 
nasal cavity and/or mucosa and only a small fraction of particles 
were translocated into the olfactory bulb and brain through the res-
piratory tract and olfactory nerve system.  

 Because nanoparticles can be translocated to the olfactory bulb 
through the olfactory nerve system after nasal inhalation by mice, 
translocation of nanoparticles could influence the micro-
distributions of Fe, Cu, and Zn in the olfactory bulb[65]. The 
changes in micro distribution patterns of metal would influence the 
normal metabolism of substance and energy in organism. In brain, 
Zn is one of the most prevalent trace elements and is highly en-
riched in the hippocampus. Zn is also known to influence the syn-
thesis and the metabolism of proteins and nucleic acids. The con-
centration of trace metals in brain also shows a close relationship 
with Alzheimer’s disease, Parkinson’s disease and multiple sclero-
sis. Numbers of segmented neutrophils and lymphocytes, protein 
carbonyl levels, and interstitial fibrosis were higher in golden ham-
sters exposed to carbon black, TiO2, and SiO2[66]. Nanoparticles do 
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not rest at the original site after inhalation, and they could be trans-
ferred to the surrounding tissues and other areas, such as, epithelial, 
interstitial, and endothelial sites of lung, and enter the blood circu-
lation[56]. Therefore, nanoparticles could migrate via the secondary 
and tertiary olfactory pathways to most parts of brain. The subse-
quent influence on neuron and brain functions could be induced by 
the invasion of nanoparticles.  

10. METABOLIC FATE AND DIPOSITION OF FULLE-

RENE IN BIOLOGICAL SYSTEMS 

 There have been very few studies on the destiny, distribution, 
metabolism and bioaccumulation of nanoparticles in humans. Fol-
lowing exposure to nanoparticles in vivo, the target organs and re-
sultant biological responses need to be identified, and realistic ex-
posure levels for effect assessment should be determined. These 
include dose response data for the target organs, and knowledge of 
the subcellular locations of nanoparticles, and the mechanism of 
their interactions at the cellular level. For ordinary chemical sub-
stances, pharmacokinetic and pharmacodynamic information to 
assess the effectiveness of the compound is generally already avail-
able or can be predicted on the basis of existing data from tests on 
analogous compounds. For nanoparticles, however, this information 
is scarce or even non-existent. Due to lack of information, appro-
priate assessment of biological effects of nanoparticles is accompa-
nied by large uncertainties. Both pharmacodynamic and pharma-
cokinetic studies are necessary for various types of nanoparticles on 
a “case by case” basis to assess the impacts of their biological ap-
plications, before more general assumptions can be made with re-
spect to all nanoparticles. 

 Although the types of nanomaterials are increasing rapidly, 
many are particles containing organic molecules as building materi-
als and inorganic elements (usually metals) as cores. Fullerenes 
have attracted considerable attention in various disciplines of 
nanotechnology and nanoscience. Investigations of chemical, 
physical and biological properties of fullerenes have yielded prom-
ising information. The unique carbon cage structure coupled with 
immense scope for derivatization makes fullerenes attractive for 
pharmaceutical applications. 

 Fullerene was first reported by Dr. Kroto et al. twenty years ago 
[67]. Before their discovery in 1985, graphite and diamond were the 
only two known allotropic forms of carbon. Dr. Kroto et al.[67] 
discovered a novel allotrope of carbon, which they called buckmin-
sterfullerene due to its geodesic structure. Buckminsterfullerene is 
well known by its shortened name fullerene. Fullerene is known 
with 60 carbon atoms arranged as a truncated icosahedron, with 60 
vertices and 32 faces. Twelve of the 32 faces are pentagonal and 20 
hexagonal. The pentagons are necessary in order to allow curvature 
and eventual closure of the surface. The crystal and molecular 
structure of C60 fullerene have been resolved using single-crystal x-
ray diffraction methods [68]. Considerable research activities have 
followed after the procedures of preparing fullerene in workable 
quantities were developed [69]. Biological and pharmacological 
activities of fullerenes have been investigated for evaluating their 
therapeutic potential. These include anti-HIV protease activity, 
photodynamic DNA cleavage, free radical scavengeing action,and 
antimicrobial action as well as the utility of fullerenes as diagnostic 
agents[70-74]. Fullerene molecule can fit inside the hydrophobic 
cavity of HIV proteases and block the access of substrates to the 
catalytic site of enzyme. Fullerenes can be used as radical scaven-
gers and antioxidants. Photosensitization of fullerenes can produce 
singlet oxygen in high quantum yields. This action, together with 
direct electron transfer from excited state of fullerene and DNA 
bases, can be used to cleave DNA. In addition, fullerenes have also 
been used as carriers for gene and drug delivery systems. Mean-
while, they are used for serum protein profiling as MELDI material 
for biomarker discovery through MALDITOF mass spectrometry. 

 Even though most fullerenes are man-made synthetic com-
pounds, naturally occurring fullerene has also been reported in the 
geological environment of Shunga, a town in the lake region of 
Karwelia in Russia [75]. Synthetic fullerenes are produced by high 
temperature vaporization of solid graphitic rods by resistive heating 
in the presence of a few to several torr of rare gas. The soot pro-
duced by vaporization contains various levels of fullerene, depend-
ing on the vaporization conditions. However, the majority of the 
fullerenes produced are C60 and C70, with C60 being more abundant. 
The fullerenes are extracted by placing the soot with a solvent in 
which the fullerenes are soluble. The solution is then filtered and 
allowed to evaporate to yield fullerene powders.  

 Endohedral metallofullerenes, i.e., compounds in which a 
fullerene encapsulates a metal atom(s), have shown great promise 
for biomedical applications. Although C60 has been the most com-
monly studied fullerene in biological systems, few endohedral ma-
terials have been synthesized using C60 as a cage molecule because 
of the limited interior volume of C60. Most endohedral metallo-
fullerenes are synthesized using C82 or higher molecular weight 
fullerenes, and many more derivatives of C82 fullerenes have been 
synthesized currently. Gd@C82 is one of the most important mole-
cules in the metallofullerene family [76]. Gadolinium endohedral 
metallofullerenol (e.g., Gd@C82(OH)22) is a functionalized fulle-
rene with gadolinium, a transition metal of lanthanide family, 
trapped inside fullerene cage and was originally designed as a con-
trast agent for magnetic resonance imaging (MRI) [72]. It has been 
previously reported that the chemical and physical properties of 
gadolinium endohedral metallofullerenols are dependent on the 
number and position of the hydroxyl groups on the fullerene cage 
[76-78]. The results have shown that modifying the outer cage of 
Gd@C82 with a number of hydroxyl groups alters the electronic 
properties of inner metal atom as well as the electron density and 
polarizibility of the electrons in the cage surface. Although 
Gd@C82(OH)22 was originally studied as a novel highly efficient 
contrast agent for MRI, it has been demonstrated that aggregates of 
Gd@C82(OH)22, Gd@C82(OH)22 nanoparticles, also inhibit tumor 
growth in animals[79]. It has been shown that intraperitoneal injec-
tion of Gd@C82(OH)22 nanoparticles efficiently inhibited the 
growth of hepatoma cells implanted subcutaneously in the legs of 
mice. Further studies suggested that inhibition of tumor growth 
involved reduction in tumor-induced oxidative stress rather than 
direct cytotoxicity to tumor cells [79]. The potential of 
Gd@C82(OH)22 nanoparticles for advances in cancer therapeutics 
will be discussed in following sections. 

11. MEDICAL APPLICATION OF ENDOHEDRAL METAL-
LOFULLERENE  

 Water-soluble endohedral metallofullerols have been exten-
sively studied over the last decade for their potential in using endo-
hedral metallofullerene derivatives in biological systems. Gener-
ally, the endohedral metallofullerols can be synthesized using pro-
cedures similar to C60 hydroxylation. In 2000, Hirahara et al. re-
ported the synthesis of a multi-hydroxylated fullerene, Gd@ 
C82(OH)n (n= 30-40), using TBAOH (tetrabutylammonium hydrox-
ide) as a transfer agent[80]. Although available only in small quan-
tities now, endohedral metallofullerene derivatives have demon-
strated potential as a novel MRI contrast agent for diagnostic use 
[78], and as therapeutic agents [81, 82]. Endohedral metallo-
fullerene contains unique features including all-carbon shell with a 
large surface, a hollow core capable of accommodating ions, a cage 
structure that protects entrapped metal ions from being released into 
biological system. These compounds are especially interesting be-
cause of the proven chemical reactivity of surface carbon atoms that 
can be used for introducing reactive functional groups for possible 
conjugation to additional chemotherapeutic payloads. These unique 
properties distinguish endohedral metallofullerenes from all other 
contrast agents for delivering metal ions in vivo.  
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11.1. Magnetic Nanoparticles as MRI Contrast Agents 

 Nanotechnologies based on magnetic nanoparticles (MNPs) 
have been applied to biological systems for diagnostic or therapeu-
tic purposes. Magnetic resonance imaging (MRI) was employed to 
obtain images by magnetic characteristics of MNPs as a disturbance 
of the proton resonance by paramagnetic interaction with nearby 
MNP[83]. In addition to the use of magnetic nanoparticles as MRI 
contrast agents, magnetic nanoparticles can be used for magnet 
guided targeting of the nanoparticles themselves or of cells contain-
ing these nanoparticles for a variety of applications. Such targeting 
techniques are a promising approach for efficient delivery of drugs 
to localized disease sites, such as tumors[84]. Currently, MRI is still 
one of the most important diagnostic applications of magnetic 
nanoparticles as contrast agents. 

 MRI is one of the main diagnostic tools used in medicine. MRI 
contrast agents are used to change the relaxation times of protons in 
water to provide an increased image contrast between the target 
tissue and the surrounding background tissues. MagnevistTM

 (Gd-
DTPA) and OmniscanTM (Gd(DTPA-BMA)) are the most com-
monly used MRI contrast agents. These two agents are highly solu-
ble in water and contain Gd, a paramagnetic metal. Gadolium is 
responsible for shortening the spin-lattice relaxation time, T1, of 
hydrogen in water and produces a brighter image in the T1 
weighted MRI scan. However, there are several problems associ-
ated with the use of these agents. These agents may dissociate and 
release toxic Gd metal to the surrounding tissues. In addition, 
[Gd(DTPA)(H2O)]-2 is unstable in acidic conditions. These prob-
lems prompted the need for a new class of MRI contrast agents. The 
new contrast agents must meet certain requirements: (1) enhance 
the proton relaxation rate significantly; (2) localize in the target 
tissue for a period of time and (3) possess good stability and be 
non-toxic. Also, the new contrast agents must be water-soluble to 
enhance the relaxation of water protons.  

 Water-soluble Gd-based endohedral metallofullerenes have 
potential to be a new generation of MRI contrast agents. Several 
groups have reported that Gd@C82(OH)x, a new metallofullerol, 
demonstrated a proton magnetic relaxation rate (1/T1) much higher 
than that of the commercial compounds [85]. Since the surrounding 
water molecules will not directly interact with the gadolium metal 
inside the cage, the higher relaxation rate is suggested due to the 
electronic interactions between the water molecules and paramag-
netic cage of the metallofullerenol. The large surface area of the 
paramagnetic cage interacting with numerous water molecules si-
multaneously via hydrogen bonding makes the spin-lattice relaxa-
tion process faster and the T1 relaxation time shorter.  

11.2. Medical Application and Biological Effects of Fullerenols 

 Proliferation, viability, metabolism, and differentiation capacity 
have been measured in mesenchymal stem cell (MSC) cultured with 
Gd@C82 fullerenol. Gd@C82 fullerenols were taken up by cells and 
distributed in endosomes in the cytoplasm of MSC and macro-
phages as shown by light and electron microscopy. It was demon-
strated that cellular labeling with Gd@C82 is feasible and can pro-
duce T1 contrast enhancement on MRI. This study suggests that 
further investigation of Gd fullerenols for tracking viable cells, 
including stem cells, is warranted. 

 Fullerenes are effective photosensitizers. Under photoirradia-
tion, fullerenes can induce DNA cleavage, mutations, cancer initia-
tion, and cytotoxicity. In rat, microsomes exposed to UV and visi-
ble light, fullerene (as a cyclodextrin complex) induced time- and 
concentration dependent oxidative injuries seen as lipid peroxida-
tion and protein damage. While a slight genotoxic effect was seen 
in the somatic mutation and recombination test (SMART) in Dro-
sophila at the highest concentration of fullerene tested, fullerene 
gave negative results in the SOS chromosome test in Escherichia 
coli (bacterial genotoxicity test indicating DNA damage). Fullerene 
dissolved in polyvinylpyrrolidone was mutagenic to Salmonella 

typhimurium tester strains in the presence of rat liver microsomes 
when irradiated by visible light. Mutation was probably due to the 
generation of oxidized phospholipids by the action of reactive oxy-
gen species. The photo-induced bioactivities of fullerene were sug-
gested to be caused by reactive oxygen species (superoxide radical 
and OH-) generated by electron transfer reaction of fullerene with 
molecular oxygen [72]. On the other hand, C60(OH)22 fullerol was 
found to be a potent hydroxyl radical scavenger in human breast 
cancer cell lines [86]. This type of water-soluble fullerols had ex-
cellent anti-oxidant capacity in cultured cortical neurons[87] and 
prevented hydrogen peroxide- and cumene hydroperoxide-elicited 
changes in rat hippocampus in vitro[88].  

 Intraperitoneal injection of gadolinium endohedral metallo-
fullerenol ([Gd@C82(OH)22]n nanoparticles) could decrease activi-
ties of enzymes associated with the metabolism of reactive oxygen 
species (ROS) in tumor-bearing mice[79]. Gd@C82(OH)22 admini-
stration can efficiently restore the functions of damaged liver and 
kidney of the tumor-bearing mice. It has shown that Gd@C82(OH)22 
nanoparticles were delivered to almost all types of tissues in mice 
after intraperitoneal administration and mainly aggregated in bone, 
kidneys, stomach, liver, spleen, pancreas and thymus. The fullerene 
cage can not be destroyed during metabolism in organisms and the 
internal Gd3+ was not liberated and distributed to the tissues. The 
presence of Gd in vivo represents the exact distribution of 
[Gd@C82(OH)22]n nanoparticles in vivo. Watanabe et al. found that 
the accumulation of Gd in liver was higher than that in tumor when 
they investigated the accumulation of Gd-incorporating nanoemul-
sion in mice tumor for neutron-capture study [89]. Polyhydroxy-
lated fullerene derivatives could be entrapped in the reticuloendo-
thelial system (RES) and transported to all tissues by blood circula-
tion in vivo, and retained in bone, liver, spleen and kidney[90]. 
Intravenous administration of Gd@C82(OH)40 to mice resulted 
mainly in delivery to lung, liver, spleen and kidney [90]. The 
prothrombin time (PT), thrombin time (TT), active partial throm-
boplastin time (APTT) and fibrinogen (Fbg) in plasma were meas-
ured after [Gd@C82(OH)22]n administration. The prolongation of 
APTT and increased fibrinogen were observed due to 
[Gd@C82(OH)22]n treatment, and the PT was shortened. A possible 
link with fibrinogen/ fibrin and tumor growth and dissemination has 
been clarified using tumor-bearing fibrinogen-deficient mice. The 
tumor cells directly or indirectly influence the coagulation system 
by interacting with blood cells (monocytes, platelets, neutrophils) 
and vascular endothelial cells. The shortened PT and increased Fbg 
are indications of thrombus. Moreover, blood clotting can be accel-
erated not only by tissue factor, but also by thrombin–antithrombin 
(TAT) complexes. One might suspect the increased levels of TAT 
are induced by the changes of one or more coagulation factors 
within the cascades after injection of [Gd@C82(OH)22]n particles in 
mice. For mice inoculated with H22 hepatoma, which induced the 
metabolic imbalance of detoxification, the functions of liver and 
spleen of experimental mice were deteriorated. Surprisingly, in the 
[Gd@C82(OH)22]n-treated nude mice, hepatomegaly and sple-
nomegaly were less.. This indicates that the liver damage was in-
hibited. It is in agreement with the serum enzyme profiles reported 
before, in which, the serum AST and ALT activities, the sensitive 
biochemical parameters for hepatocellular damage, were signifi-
cantly decreased by i.p. injection of [Gd@C82(OH)22]n. Based on 
renal function tests, markers of kidney damage were restored to the 
normal level by nanoparticle-treatments.  

 The activities of hepatic superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-Px), glutathione S-transferase (GST) and 
catalase were measured in mice administered with [Gd@ 
C82(OH)22]n nanoparticles, the GSH-Px, CAT and SOD activities 
were downregulated after treatment with [Gd@C82(OH)22]n 

nanoparticles. Additionally, the levels of glutathione, protein bound 
thiols and malondialdehyde were also lower. Hydroxylated 
fullerene derivatives might be novel antioxidants in vivo. [Gd@ 
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C82(OH)22]n nanoparticles help to maintain the antioxidant-oxidant 
balance during tumor growth in mice. GST is a member of a family 
of detoxification enzymes that metabolize a variety of carcinogens 
by conjugating lipophilic electrophiles to GSH for excretion as 
mercapturic acid derivatives and thioethers and thioesters. GSH 
plays a vital role in the protection of cells against oxidative stress 
and acts as an important water-phase non-enzymatic antioxidant 
and an essential cofactor for antioxidant enzymes taking part in 
cellular redox reactions [91]. Their reduction with the 
[Gd@C82(OH)22]n nanoparticle treatment could be attributed to the 
elimination of ROS in vivo and alleviating the burden of liver de-
toxification.  

 In addition, to measure the biological effect of [Gd@ 
C82(OH)22]n nanoparticles as ROS scavenger in vitro, electron spin 
resonance (ESR) spectroscopy was used to measure direct scaveng-
ing of several physiologically relevant ROS made by [Gd@ 
C82(OH)22]n nanoparticles and inhibitory effects on lipid peroxida-
tion. [Gd@C82(OH)22]n nanoparticles significantly reduced the ESR 
signal of the stable free radical, 2,2-diphenyl-1-picryhydrazyl radi-
cal (DPPH•). Similarly, studies using ESR with spin-trapping dem-
onstrated efficient scavenging of superoxide radical anion (O2

•-), 
hydroxyl radical (HO•) and singlet oxygen (1O2) by [Gd@ 
C82(OH)22]n nanoparticles. In vitro studies using liposomes pre-
pared from bovine liver phosphatidylcholine revealed that [Gd@ 
C82(OH)22]n nanoparticles also had a strong inhibitory effect on 
lipid peroxidation. Consistent with their ability to scavenge free 
radicals and inhibit lipid peroxidation, [Gd@C82(OH)22]n nanoparti-
cles also protected cells subjected in vitro to oxidative stress. Stud-
ies using human lung adenocarcinoma cells or rat brain capillary 
endothelial cells demonstrated that [Gd@C82(OH)22]n nanoparticles 
reduced H2O2-induced free radical formation and mitochondrial 
damage. In summary, the results revealed strong free radical-
scavenging activities of [Gd@C82(OH)22]n nanoparticles in vitro and 
in vivo. As these ROS have been implicated in the etiology of a 
wide range of human diseases, including cancer, the present find-
ings demonstrated that the potent inhibition of [Gd@C82(OH)22]n 

nanoparticles on tumor growth likely related to the high free radical 
scavenging capacity. [Gd@C82(OH)22]n nanoparticles may exhibit 
antitumor activity by enabling recovery of hepatic and renal func-
tions and by regulating oxidative stress in tumor cells. In the future 
some appropriate modifications to the unique surface of 
[Gd@C82(OH)22]n nanoparticles may lead to modified properties 
suitable for diagnostic and therapeutic applications. 

12. POTENTIAL APPLICATION OF NANOMATERIALS IN 
NANOMEDICINE 

 Nanomedicine is the science and technology of diagnosing, 
treating and preventing disease and improving human health. From 
the standpoint of nanomedicine, there is an urgent need to under-
stand the metabolic implications of nanomatrials in relationship to 
specific nanoscale properties. Once nanoparticles are absorbed by 
the gastrointestinal tract, these particles will be transported directly 
to the liver via the portal vein. The liver is able to actively remove 
compounds from the blood. Currently, there is no evidence that 
hepatic elimination affects the bioavailability of absorbed nanopar-
ticles in the body.  

 Although there are few studies on metabolism of nanoparticles, 
it is considered unlikely that inert nanoparticles such as gold and 
silver particles, fullerenes and CNT, can be metabolized effectively 
by enzymes in the body. However, it is likely that nanoparticles 
with functionalized groups can be metabolized. For instance, the 
protein cap of a functionalized QD could be cleaved by prote-
ases[92]. Also the metallic core of QDs and other metal oxides 
could be sequestered by metallothionein and excreted. These en-
zymes, present in liver and kidney, can bind metal and restore the 
cellular metal homeostasis[93]. In addition, nanoparticle drug-
delivery systems consisting of liposomes are able to fuse with cell 
membranes and enable intracellular delivery of nanoparticles. The 

intracellular load of nanoparticles could then be metabolized ac-
cording to the normal metabolic pathways described for the conven-
tionally formulated drugs. 

 Dendrimers, another kind of nanoparticles, are characterized by 
a combination of high degree of end-group functionality and a 
compact, precisely defined molecular structure. These characteris-
tics can be used in biomedical applications for the amplification or 
multiplication of effects on a molecular level, or to create extremely 
high local concentrations of drugs, molecular labels, or probe moie-
ties. In diagnostics, dendrimers that bear GdIII complexes are used 
as contrast agents in magnetic resonance imaging. DNA dendrimers 
have potential for routine use in high-throughput functional ge-
nomic analysis, and as DNA biosensors. Dendrimers are also being 
investigated for therapeutics, for example, as carriers for controlled 
drug delivery, in gene transfection, as well as in neutron-capture 
therapy.  

 The ability of tracing a single molecule at both light micro-
scopic and ultrastructural levels is a powerful tool in understanding 
the dynamics of cellular function. The search for optimal tech-
niques for tracing QDs at light microscopic and ultrastructural lev-
els is being actively pursued. QD probes are nanometer-sized semi-
conductors with fluorescent properties suitable for biological imag-
ing of the tagged molecules [94]. OD sized 5–10 nm have been 
suggested to be more photo stable than conventional fluorophores 
[95, 96]. The most commonly used ODs are Cd–Se, Zn–S, Cd–Te, 
Cd–S and Pb–S nanocrystals and they are all commercially avail-
able. QDs offer a favorable compromise between small fluoropho-
res and large beads for single molecule experiments in living cells. 
QDs will be invaluable tools for ultrasensitive studies of the dy-
namics of cellular metabolism[97].  

 Micronised particles with a diameter of about 15 nm are known 
to be used in sunscreens as physical UV filter. As potential therapy, 
penetration of micronised Ti, Zn and Si oxides into the skin was 
investigated due to their small particle size. Coated nanoparticles 
were found in the epidermis and dermis of the treated human skin 
samples taken during surgery. It is suggested that nanoparticles 
could pass through the uppermost horny skin layer (stratum cor-
neum) via intercellular channels and penetrate into deeper vital skin 
layers. In addition, TiO2 nanoparticles photoexcited by UV irradia-
tion could suppress the growth of tumor cells implanted in nude 
mice. This cytotoxic effect of photoexcited TiO2 particles is associ-
ated with the generation of strong reactive oxygen species such as 
OH  and H2O2 on the surface of TiO2 nanoparticles. This radical 
generating property of TiO2 nanoparticles makes them ideal candi-
dates for cancer treatment. The cell killing effect of TiO2 nanoparti-
cles could be adapted to an anticancer modality by the local or re-
gional administration of TiO2 nanoparticles to the tumor, followed 
by light irradiation focusing on the tumor, especially for the treat-
ment of superficial tumors in an organ appropriate for light expo-
sure such as skin, oral cavity, trachea, and urinary bladder. It may 
be possible to modify the surface characteristics of TiO2 or other 
nanoparticles to produce stronger and more extensive anticancer 
effects without troublesome side effects. 

It will be important to be aware of the potential issues to safely and 
efficiently propel nanotechnology forward into clinical application. 
At the National Institute of Health, USA, the National Cancer Insti-
tute (NCI) led a National Nanotechnology Initiative and supported a 
Nanotechnology Characterization Laboratory to perform preclinical 
toxicology and other studies. In addition, the National Institute for 
Enviromental Health and Safety (NIEHS) also funded a Nanotech-
nology Safety Initiative through the National Toxicology program. 
It will be essential to develop a systematic program of nanotechnol-
ogy for long-term safety and clinical application of nanomaterials. 

CONCLUSIONS 

 The metabolism of nanoparticles in the body strongly depends 
on the surface characteristics of the nanomaterials. A threshold 
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limited size of nanoparticles may exist for restricting the movement 
of nanoparticles in various parts of body. The pharmacokinetic 
behaviors of different types of nanoparticles require thorough in-
vestigation. The biological effects associated with different 
nanoparticles should be studied at the target organs, tissues and 
cellular levels. The assessment of biological effects in cardiopul-
monary system is necessary for every new nanoparticle to be used 
for medical application. There is no universal "nanoparticle" to fit 
for all needs. Each nanomaterial should be treated individually for 
evaluation of biological effects. It is challenging to put together a 
set of high throughput and low cost tests for assessing biological 
effects of nanoparticles without compromising efficiency and reli-
ability. Nanoparticles designed for drug delivery or as nanomedi-
cine need special attention.  

 This is particularly important for nanoparticles than for larger 
particles because of the difference in their surface area and the re-
sulting changes in their physico-chemical properties (Fig. 2). The 
available information on most nanoparticles indicates that certain 
nanoparticles may be genotoxic and phototoxic and photogeno-
toxic. There is need for more data on toxicokinetics and toxicody-
namics of insoluble nanoparticles with respect to different uptake 
routes. There are only a few long term studies reported that are 
related to nanomaterials including SiO2, CNT, and TiO2.. Nanopar-
ticles may have potential for generating free radicals and exhibit 
oxidative tendency depending on their surface characteristics. The 
toxicokinetics and metabolism of nanomaterials have not been stud-
ied in detail[98]. Therefore, it is difficult to model the metabolism 
of nanomaterials. In particular, there is limited information about 
how the physico-chemical parameters of nanoparticles affect their 
absorption and transport across barriers of skin, gut, lungs and eye, 
and their entry into systemic circulation, metabolism, accumulation 
in secondary target organs and excretion. Because the current static 
imaging technology used for in vivo investigations on biodistribu-
tion of nanoparticles can not detect small fractions of nanoparticles 
in vascular bed, blood stream and inner organs of body, we need to 

develop better methods to quantitate more precisely the unique 
metabolism of nanoparticles in biological systems.  
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LIST OF ABBREVIATIONS: 

NNI = National Nanotechnology Initiative  

ADME = Absorption, distribution, metabolism and excretion  

CNT = Carbon nanotube 

SWNT = Single-walled carbon nanotube 

ICP-MS = Inductively couple plasma-mass spectroscopy 

TiO2 = Titanium dioxide 

SiO2 = Silicon dioxide 

NLs = Nano-liposomes  

SEM = Scanning electronic microscopy  

AFM = Atomic force microscopy  

QD = Quantum dots 

CdSe = Cadmium selenide  

Cyt-B = Cytochalasin B  

TBIL = Total bilirubin levels  

ALP = Alkaline phosphatase 

ALT = Alanine aminotransferase  

AST = Aspartate aminotransferase 

CK = Creatine kinase  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Unique structural and surface features of nanoparticles. 

This sandwich-type nanostructure carries a potent anticancer nanomedicine that may produce little side-effects to normal tissues in vivo and nearly no cytotox-

icity to normal cells in vitro. The inner core with or without heavy metallic atom, the type and number of outer surrounded functional-groups can be changed 

to generate different series of relatively non toxic anticancer nanomedicine. The size of individual particle is at nanolevel (less than 100 nm). The paramag-

netic metallic atom inside the cage can serve as an MRI contrast agent to simultaneously monitor the chemotherapeutic effects during treatment of tumor. 
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LDH = Lactate dehydrogenase 

HBDH = Alpha-hydroxybutyrate dehydrogenase  

UA = Uric acid  

BUN = Blood urea nitrogen  

CNS = Central nervous system  

AD = Alzheimer’s disease  

PD = Parkinson’s disease 

MS = Multiple sclerosis  

TBAOH = Tetrabutylammonium hydroxide 

SMART = Somatic mutation and recombination test  

ROS = Reactive oxygen species  

RES = Reticuloendothelial system 

SOD = Superoxide dismutase  

GSH-Px = Glutathione peroxidase  

GST = Glutathione S-transferase  

ESR = Electron spin resonance  
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a b s t r a c t

We demonstrated that three different types of water-soluble fullerenes materials can intercept all of the
major physiologically relevant ROS. C60(C(COOH)2)2, C60(OH)22, and Gd@C82(OH)22 can protect cells
against H2O2-induced oxidative damage, stabilize the mitochondrial membrane potential and reduce
intracellular ROS production with the following relative potencies: Gd@C82(OH)22� C60(OH)22>
C60(C(COOH)2)2. Consistent with their cytoprotective abilities, these derivatives can scavenge the stable
2,2-diphenyl-1-picryhydrazyl radical (DPPH), and the reactive oxygen species (ROS) superoxide radical
anion (O2

��), singlet oxygen, and hydroxyl radical (HO�), and can also efficiently inhibit lipid peroxidation
in vitro. The observed differences in free radical-scavenging capabilities support the hypothesis that both
chemical properties, such as surface chemistry induced differences in electron affinity, and physical
properties, such as degree of aggregation, influence the biological and biomedical activities of func-
tionalized fullerenes. This represents the first report that different types of fullerene derivatives can
scavenge all physiologically relevant ROS. The role of oxidative stress and damage in the etiology and
progression of many diseases suggests that these fullerene derivatives may be valuable in vivo cyto-
protective and therapeutic agents.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

A large number of in vitro and in vivo studies suggest that
oxidative stress is linked to either the primary or secondary
mechanisms of progression for many acute and chronic diseases. As
mediators of oxidative stress, reactive oxygen species (ROS), which
include superoxide radical anion (O2

��), hydroxyl radical (HO�),
singlet oxygen (1O2), and hydrogen peroxide, have been implicated
in the etiology of several human diseases, including amyotrophic
lateral sclerosis, arthritis, cancer, cardiovascular disease, and
a number of neurodegenerative disorders [1,2]. Cellular targets of
ROS include DNA, proteins and lipids. Damage to these cellular
targets has been associated with aging and several human diseases

including cancer, athereosclerosis, ischemia, inflammation, and
liver injury [3–5]. In addition, it has been determined that
compared to normal cells, cancer cells are under increased oxida-
tive stress, which is associated with increased generation of ROS
and can result in stimulation of cellular proliferation, mutations,
and genetic instability [6–8]. Thus, chemical species that potently
scavenge ROS may be of great significance in biomedicine both for
maintaining health and for use in cancer chemotherapy.

It is well established that fullerenes and their derivatives
possess a unique capacity for scavenging ROS [9–11]. Because
underivatized fullerenes are insoluble in water and biological
systems, hydroxylated and other derivatized fullerenes have been
utilized due to their increased water solubility and resulting
increase in payload of ROS-scavening activity to target cells and
tissues. Demonstrated protective effects of water-soluble fullerene
derivatives include reduction of injury on ischemic reperfusion of
the intestine [10], a decrease in numbers of cells undergoing
apoptosis [11], reduction in free radical levels in organ perfusate
[12], and neuroprotective effects [13].

Hydroxylated fullerenes (fullerenols) and malonic acid-
substituted fullerenes (carboxyfullerenes) are two major groups in

* Corresponding authors. Division of Nanomedicine and Nanobiology, National
Center for Nanoscience and Technology of China, No. 11 Beiyitiao Zhongguancun,
Beijing 100190, China. Tel.: þ86 10 8254 5560; fax: þ86 10 6265 6765.
** Corresponding author.

E-mail addresses: zhaoyuliang@ihep.ac.cn (Y. Zhao), liangxj@nanoctr.cn (X.-J.
Liang), chenchy@nanoctr.cn (C. Chen).

1 Both authors are contributed equally.

Contents lists available at ScienceDirect

Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls

0142-9612/$ – see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2008.09.061

Biomaterials 30 (2009) 611–621



water-soluble fullerene materials, which were found to possess
biological significance as free radical scavengers [9–15]. For
example, Dugan et al. [14,15] demonstrated that carboxylic acid-
substituted C60 derivatives had potent ROS-scavenging activity.
These fullerene derivatives prevented apoptosis of cultured cortical
neurons induced by exposure to N-methyl D-aspartate (NMDA)-
agonists, protected the nigrostriatal dopaminergic system from
iron-induced oxidative injury, and showed effective neuro-
protective antioxidant activity in vitro and in vivo. Fullerenols have
also been demonstrated to be particularly valuable candidates for
use as free radical scavengers or water-soluble antioxidants in
biological systems [16].

Endohedral metallofullerenes, i.e. compounds in which
a fullerene encapsulates a metal atom(s), have shown great
promise for use in biomedical science. Although C60 has been
the most commonly studied fullerene in biological systems, few
endohedral materials have been synthesized using C60 as a cage
molecule because of the limited interior volume of C60. There-
fore, most endohedral metallofullerenes are synthesized using
C82 or higher molecular weight fullerenes, and many derivatives
of C82 fullerenes have been synthesized in our laboratory.
Gd@C82 is one of the most important molecules in the metal-
lofullerene family [17]. Gadolinium endohedral metallofullerenol
(e.g., Gd@C82(OH)22) is a functionalized fullerene with gadoli-
nium, a transition metal in the lanthanide family, trapped inside
the C82 fullerene cage. We have previously reported that the
chemical and physical properties of gadolinium endohedral
metallofullerenols are dependent on the number and position of
the hydroxyl groups on the fullerene cage [17]. These results
demonstrated that modifying the outer cage of Gd@C82 with
a number of hydroxyl groups tunes the electronic properties of
the inner metal atom as well as the electron density and
polarizability of the electrons at the fullerene’s surface.

Gadolinium endohedral metallofullerenols were originally
designed as magnetic resonance imaging (MRI) contrast agents for
biomedical imaging [18]. These materials have additionally attrac-
ted attention due to their potential use in chemotherapy [18,19].We
have recently reported that aggregates of Gd@C82(OH)22, i.e.
Gd@C82(OH)22 nanoparticles, inhibited the proliferation of tumors
and decreased the induction of antioxidant defenses in vivo [18,19].
We have also determined that intraperitoneally injected
[Gd@C82(OH)22]n nanoparticles efficiently inhibited the growth of
hepatoma cells implanted into the legs of mice and that inhibition
of tumor growth involved reduction in tumor-induced oxidative
stress rather than direct cytotoxicity to tumor cells [19]. However,
the molecular mechanisms underlying these protective effects are
still unclear.

It has been shown that a number of fullerenes, fullerenols, and
endohedral metallofullerenols are capable of reacting with and/or
scavenging free radicals [15,16,20]. However, much less is known
about the protective role of Gd@C82(OH)22 nanoparticles. It has
not been determined if the ROS-scavenging capability of
[Gd@C82(OH)22]n nanoparticles is higher than the other function-
alized fullerenes (e.g., functionalized C60-fullerenols and C60-car-
boxyfullerenes). In this study we employ the electron spin
resonance (ESR) spin trap technique to provide direct in vitro
evidence that Gd@C82(OH)22, a fullerenol (C60(OH)22), and a car-
boxyfullerene (C60(C(COOH)2)2), can efficiently scavenge different
types of free radicals and inhibit lipid peroxidation. Both ROS, i.e.
superoxide radical anion (O2

��), hydroxyl radical (HO�) and singlet
oxygen (1O2), and the stable, nitrogen-centered free radical, DPPH�

were intercepted by these fullerene derivatives. Using human lung
adenocarcinoma A549 cells or rat brain capillary endothelial cells
(rBCECs), we further demonstrate that these fullerene derivatives
reduce H2O2-induced cytotoxicity, free radical formation and
mitochondrial damage.

2. Materials and methods

2.1. Preparation and characterization of water-soluble fullerene derivatives

Highly purified hydroxylated and malonic acid-substituted derivatives of C60
were prepared by previously published methods [21,22]. Although the diameter of
an isolated C60 molecule is about 0.7 nm, fullerene derivatives readily aggregate and
form nanoparticles in aqueous solution. Additional physical and chemical properties
of C60(OH)22 and C60(C(COOH)2)2 can be found in the previous reports [21,22]. The
synthesis and characterization of Gd@C82(OH)22 have been previously described
[18]. The nanoparticles’ sizes were characterized in water using a field emission
scanning electron microscope (FE-SEM, Hitachi S-4800, Japan). To investigate their
particle sizes in the matrix used for ESR studies, we additionally measured their
particle size distribution in phosphate buffered saline (PBS, 20 mM phosphate, 0.8%
NaCl, pH 7.4) using dynamic light scattering (DLS) (Nano ZS90, Malvern). The DLS
data were in agreement with those obtained by SEM (data not shown).

The fullerene derivatives used for ESR detection were prepared according to the
experimental requirements (see materials and methods below). For cell experi-
ments, nanoparticles of fullerene derivatives were diluted as needed with PBS prior
to use.We further compared the spectra of different fullerenes, whichwere recorded
between 200 nm and 600 nm using a UV–Vis spectrophotometer (CARY 100 Bio,
Varian, Inc., USA) at room temperature of 20–25 �C.

2.2. Reagents

Hydrogen peroxide (H2O2), xanthine, diethylenetriaminepentaacetic acid (DTPA),
1,1-diphenyl-2-picrylhydrazyl radical (DPPH�) and 2,2,6,6-tetramethyl-4-piperidone
(TEMP) were purchased from Sigma Aldrich (St. Louis, MO) 5-tert-Butoxycarbonyl-5-
methyl-1-pyrroline-N-oxide (BMPO) and 5-diethoxyphosphoryl-5-methyl-I-pyrro-
line N-oxide (DEPMPO) were supplied by Oxis International (Portland, OR). Basic
endothelial cell growth factor (bECGF) and xanthine oxidase were obtained from
Roche Applied Science (Indianapolis, IN). Egg phosphatidylcholinewas obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL). 2,20-Azobis(2-amidinopropane) dihydro-
chloride (AAPH) was purchased from Wako Chemicals (Richmond, VA). All reagents
used in cell culture were obtained from HyClone Co. (Logan, UT) unless otherwise
stated. Fluorescent probes JC-1 (5,50 ,6,60-tetrachloro-1,10,3,30-tetraethylbenzimida-
zolylcarbocyanine iodide) and CM-H2DCFDA (5-(and-6)-chloromethyl-20 ,7’-dichloro-
dihydrofluorescein diacetate, acetyl ester) were purchased from Invitrogen Co.
(Molecular Probes, Eugene, OR). All other reagents used were at least of analytical
grade.

2.3. Cell cultures

rBCECs were prepared following a modified protocol of Deli et al. [23]. In brief,
four Wistar rats (85–90 g) were sacrificed by cervical dislocation, the forebrains
were collected, meninges were removed and the grey matter was minced and
digested with type II collagenase. The cell pellets were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) and centrifuged at 1500 rpm for 5 min. After
three cycles of suspension and centrifugation, the pellet containing capillary
endothelial cells was collected and cultured in DMEMmediumwith 20% fetal bovine
serum (FBS), supplemented with 10 U/mL heparin (Sigma–Aldrich Co., St. Louis,
MO), 100 U/mL penicillin–streptomycin solution and 150 mg/mL endothelial cell
growth factor (bECGF). All experiments used rBCECs cells in the third passage. A549
cells from the American Type Culture Collection (ATCC) (Manassas, VA) were
maintained in DMEM supplemented with 10% FBS and antibiotics (100 U/mL,
penicillin–streptomycin) at 37 �C in 5% CO2. Experiments were performed at least 3
times.

2.4. Cell viability assessment

The activity of mitochondrial dehydrogenase, a critical measure of mitochon-
drial function, and cellular toxicity, was determined according to a protocol previ-
ously described. Briefly, rBCECs or A549 cells at 90% confluence were cultured with
different concentrations of fullerene derivative nanoparticles (10, 50, 100 mM) for
24 h. The medium was then replaced with fresh medium containing 50 mM H2O2

(Chemical Reagents Co., Beijing). After treatment with H2O2 for 2 h, cells were
washed three times with PBS. The mitochondria’s ability to reduce a tetrazolium salt
to a formazan dye was used to assess mitochondrial dehydrogenase activity. Briefly,
a certain volume of solution containing tetrazolium salt (available in the CCK-8 Kit
from Dojindo Laboratories, Japan) was added to the culture medium. After incuba-
tion for 1.5 h at 37 �C, the absorbance at 450 nm was read using a Bio-Rad 680
microplate reader (Bio-Rad, Hercules, CA). Measurement for each treatment was
repeated in triplicate.

2.5. Measurement of mitochondrial membrane potential

The fluorescent potentiometric dye JC-1 is a cationic carbocyanine compound
that accumulates in mitochondria and can be used to measure the mitochondrial
membrane potential (DJm). In intact cells, JC-1 accumulates in the mitochondria as
aggregates and exhibits a fluorescence emission shift from green (w525 nm), the
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monomeric form, to red (w600 nm), the aggregate. When viewed under a fluores-
cence microscope, JC-1 is seen as a green monomer in the cytosol and as a red
aggregate in respiring mitochondria. Mitochondrial damage is measured as
a reduction in DJm, i.e. a decrease in the red/green fluorescence ratio.

A549 or rBCECs cells (1.0�105 cells/ml), treated with fullerene derivative
nanoparticles and H2O2 as described above, were labeled with 3 mM JC-1 for 20 min
in a 37 �C incubator (5% CO2). After cells were washed three times with PBS, the
fluorescence was detected using a laser confocal scanning microscope (Olympus FV
500). The JC-1 monomer was detected at a 530-nm emission wavelength. The
fluorescence of the JC-1 aggregate was measured at 590 nm emission. The cells were
also stained with Hoechst 33258 to show the nuclei as blue. Cells treated with H2O2

only were used as the positive control.

2.6. Measurement of intracellular ROS concentration

CM-H2DCFDA was used to measure intracellular ROS production as previously
reported [24]. A549 or rBCECs cells were treated with fullerene derivative nano-
particles and H2O2 as described above for measurement of mitochondrial dehy-
drogenase activity. After treatment, the samples were incubated with 5 mM
CM-H2DCFDA at 37 �C for 30 min in the dark, washed three times with PBS, and then
analyzed using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA). The
488-nm excitation and 515-nm emission wavelengths were used to measure the
fluorescence intensity of CM-H2DCFDA. Negative controls (without 50 mM H2O2 and
100 mM nanoparticles) and positive controls (with 50 mM H2O2 and without nano-
particles) were included in the treatment groups with 100 mM nanoparticles. Data
are representative of three experiments.

2.7. Electron spin resonance (ESR) spectroscopic measurements

All ESR measurements were carried out at ambient temperature (27 �C) using
a Varian E-109 X-Band ESR Spectrometer (Varian Inc., Palo Alto, CA). To analyze the
free radical-scavenging capability of fullerene derivatives, cell-free radical producing
systems were used for measurement of DPPH�, superoxide radical anion, hydroxyl
radical and singlet oxygen. In addition, lipid peroxidationwas measured using a cell-
free, in vitro system. The concentration of fullerene derivatives nanoparticles was
varied in order to determine the maximal scavenging efficacy for each radical
studied. Each experiment was repeated at least three times.

2.8. DPPH� scavenging activity

DPPH� is a stable, nitrogen-centered free radical. While DPPH� has no involve-
ment in physiological processes, attenuation of the ESR signal for DPPH� is one of the
methods widely used to demonstrate a chemical’s ability to scavenge free radicals
through donation of a hydrogen atom or, in some cases, electron transfer [25]. The
effect of each fullerene derivative on the ESR spectrum of DPPH� was examined. All
samples contained 100 mM DPPH� in a mixture of 20% ethanol in PBS. To examine
scavenging of DPPH�, samples also contained 100 mM of the selected fullerene
derivative. ESR spectra were recorded 5 min after addition of the fullerene deriva-
tive. Spectra were obtained using 15 mW incident microwave power and 100 kHz
field modulation of 2 G. The scavenging effect was determined by comparison with
a control group lacking nanoparticles.

2.9. Superoxide radical anion (O2
��) scavenging activity

BMPO was used to trap and detect O2
�� by ESR spectroscopy. Superoxide radical

anion was generated using the xanthine/xanthine oxidase system. The scavenger-
radical reaction was initiated by addition of xanthine oxidase solution (XOD). The
reaction contained 100 mM xanthine, 20 mM BMPO, 50 mM DTPA, 0.1 U/mL XOD and
150 mM of a fullerene derivative. The ESR spectra were recorded at 1.5 min after
initiating the generation of O2

�� by addition of XOD. The following instrument
settings were used for collecting ESR spectra: microwave power of 10 mW, field
modulation frequency of 100 kHz, and modulation amplitude of 1 G.

2.10. Hydroxyl radical (HO�) scavenging activity

Interception of hydroxyl radicals by each fullerene derivativewas determined by
the ESR spin-trapping technique [26]. The ESR assay was based on the competition
between the trapping agent, DEPMPO, and the fullerene derivative nanoparticles for
HO�. Hydroxyl radicals were generated by the classical Fenton reaction with the
reaction mixture containing freshly prepared 500 mM DEPMPO, 20 mM FeSO4

(1000 mM stock solution, freshly made) and 200 mM H2O2 with or without 100 mM of
a fullerene derivative. The ESR data were collected at ambient temperature, 2 min
after initiating the formation of HO� by addition of FeSO4. Spectra were recorded
using the same spectrometer settings as those used for detecting O2

��.

2.11. Singlet oxygen (1O2) scavenging activity

The spin trap TEMP was used to determine the three nanoparticles’ abilities to
scavenge 1O2. Singlet oxygen was generated by photoexcitation of Rose Bengal at
560 nm. ESR data were collected for samples containing 10 mM TEMP and 0.1 mM

Rose Bengal with or without fullerene nanoparticles (0.2 mM). Samples were irra-
diated at ambient temperature in the ESR microwave cavity using a 1-kW xenon
lamp (Schoeffel, Kratos Inc., Westwood, NJ) with a single monochromator (GM 252,
Shoeffel, Kratos Inc., Westwood, NJ) set at 560 nm. The instrument settings for
obtaining ESR spectra of the TEMP-1O2 adduct were: 15 mW microwave power and
1 G field modulation. The time dependence of the ESR signal for the formation of the
TEMP-1O2 adduct was measured using the time dependent intensity of the center
line of the ESR spectrum during irradiation of the sample (typically 30 min).

2.12. Inhibition of lipid peroxidation

The effects of fullerene derivatives on peroxidation of lipids in liposomes were
measured using ESR oximetry. The ESR oximetry measurement is based on changes
in the relaxation time of the spin probe due to the bimolecular collision of O2 with
the spin probe. Because O2 is paramagnetic, this collision results in spin exchange
betweenO2 and the spin probe, resulting in shorter relaxation times (both T1 and T2).
Consequently, at higher concentrations of dissolved O2, broader ESR signals are
observed for the spin probe [27,28]. Since the integrated area of the ESR signal over
the scanning range is unaffected by these effects on the relaxation times, broadening
of the spin probe’s ESR signal is necessarily accompanied by a decrease in the peak
height of the ESR signal. This can be readily seen for the ESR signal measured for 15N-
Tempone (15N-PDT) under N2 and O2 atmospheres (Fig. 7A). When the ESR signal is
measured under a N2 atmosphere, a narrower, line width and higher peak intensity
is observed compared to measurement of the ESR signal under an O2 atmosphere.
Under conditions where the levels of dissolved O2 vary, a time dependent decrease
in line width and increase in the peak intensity of the ESR signal indicate continuous
O2 consumption.

Liposomes were prepared as previously described [27]. Briefly, a suspension
of 30 mg/mL egg PC liposomes, 0.1 mM

15N-Tempone (15N-PDT) with or without full-
erene derivatives (0.2 mMGd@C82(OH)22, 0.2 mM C60(OH)22 or 0.3 mM C60(C(COOH)2)2)
was added to a capillary tube. The lipid peroxidation was initiated by adding 25 mM

AAPH, which is known to strongly induce lipid peroxidation in cellular and recon-
stitutedmembranes [26]. The capillary tubewas then sealed and positioned in the ESR
instrument. ESR spectrawere then recorded at 4 min intervals for 24 min. Signals were
obtained with a 1 G scanning width, 1 mW incident microwave power and with
100 kHz field modulation. All ESR spectra were recorded at the low field line of
15N-Tempone (15N-PDT) and at 37 �C.

2.13. Statistical analysis

All data are expressed as the mean� S.D. For analysis of results from studies on
cultured cells, the unpaired Student’s t test was applied to identify significant
differences between the groups treated with fullerene derivatives and non-treated
as controls. For the ESR experiments, a one-way analysis of variance (ANOVA) fol-
lowed by a post hoc Fisher protected least-significant-difference test was applied.
P< 0.05 was considered to be a significant difference.

3. Results

3.1. Characterizations

Prior to studies on the scavenging of ROS, field emission scan-
ning electron microscopy (FE-SEM) was employed for character-
ization of Gd@C82(OH)22, C60(OH)22, and C60(C(COOH)2)2 in PBS
solution (Fig. 1). These fullerene derivatives readily aggregate and
form nanoparticles in aqueous solution. To further investigate their
particle sizes in the matrix used for biological experiments and ESR
studies, we measured their size distribution in physiological saline
using dynamic light scattering (DLS). The DLS data closely match
with those obtained by SEM. The average diameter of
Gd@C82(OH)22, C60(OH)22, and C60(C(COOH)2)2 nanoparticles
determined by DLS are 78� 5.3, 123�14.2, and 170�14.7 nm,
respectively. Thus, nanoparticles formed from fullerenol encapsu-
lating Gd (i.e. Gd@C82(OH)22) are significantly smaller than nano-
particles from metal-free fullerenes (i.e. C60(OH)22, and
C60(C(COOH)2)2). As seen in Fig. 1, the UV–Vis spectra of hydroxy-
lated fullerenes (Gd@C82(OH)22 and C60(OH)22) differ significantly
from the spectra of Gd@C82 and C60. C60 exhibit a marked absorp-
tion band with a maximum at 340 nm, while Gd@C82 shows an
obvious shoulder at 310–330 nm. Concentration dependent
changes in the DLS data (data not shown) and UV spectroscopy of
aqueous solutions of these water-soluble fullerenes revealed
evidence of the formation of aggregates or clusters at the concen-
tration of 200 mM.
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3.2. Protective effect against cellular oxidative stress

The protective effects of water-soluble fullerene derivatives
were investigated using two cellular systems. Treatment of A549
cells or rBCECs with 50 mM H2O2 for 2 h resulted in significant
cellular toxicity, measured as loss of mitochondrial dehydrogenase
activity (Fig. 2). Pretreatment with fullerene derivatives, 24 h prior
to addition of H2O2, resulted in protection against cellular toxicity
(Fig. 2). Concentration dependent protection against cytotoxicity
was observed following treatment with each of the fullerene
derivatives. The protective effects of the fullerenes against cyto-
toxicity are further summarized in Table 1. As shown in Fig. 2 and
summarized in Table 1, Gd@C82(OH)22 nanoparticles exhibit the
greatest protective effects against H2O2-induced cytototoxicity,
followed by C60(OH)22 nanoparticles, with C60(C(COOH)2)2 nano-
particles the least protective.

The fullerene derivatives were also evaluated for their ability to
protect against H2O2-induced mitochondrial damage measured as
a reduction in the mitochondrial membrane potential (DJm). In
cells untreated with H2O2, the JC-1 probe was seen primarily as red
aggregates, indicating substantial uptake by respiringmitochondria

(Fig. 3A). For both rBCECs and A549 cells, treatment with 50 mM
H2O2 for 2 h resulted in a decrease in red aggregates of the JC-1
probe in mitochondria and an increase in green monomers of the
JC-1 probe in the cytoplasm (Fig. 3B). This result demonstrates
H2O2-induced mitochondrial damage and a reduction in DJm.
Samples pre-treated with 100 mmol/L C60(C(COOH)2)2, C60(OH)22,
and Gd@C82(OH)22 demonstrate an increase in red fluorescence
compared to the untreated. Pretreating cells with Gd@C82(OH)22
nanoparticles (Fig. 3E) resulted in partial restoration of mitochon-
drial uptake of the JC-1. The restoration of mitochondrial uptake
observed following pretreatment with Gd@C82(OH)22 was higher
than that observed following pretreatment with C60(C(COOH)2)2
(Fig. 3C) or C60(OH)22 (Fig. 3D). This result indicates that
Gd@C82(OH)22 protects against oxidative injury to cellular mito-
chondria better than C60(C(COOH)2)2 and C60(OH)22 fullerene
derivatives.

The total intracellular levels of ROS, resulting from treatment of
cells with 50 mM H2O2 for 2 h, was measured by flow cytometry in
A549 cells and rBCECs cells labeled with CM-H2DCFDA. Fig. 4 shows
the effects of C60(C(COOH)2)2, C60(OH)22, and Gd@C82(OH)22
nanoparticles on the levels of H2O2-induced intracellular ROS.
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Fig. 1. Structures and FE-SEM images of the three fullerenes: (a) Gd@C82(OH)22, (b) C60(OH)22, (c) C60(C(COOH)2)2, and (d) UV–Vis absorption spectra of water-soluble fullerenes:
(Gd@C82(OH)22, C60(OH)22, and C60(C(COOH)2)2 at 200 mM in PBS solution and (e) UV–Vis absorption spectra of Gd@C82(OH)22, C60(OH)22, C60(C(COOH)2)2, Gd@C82, and C60. Gd@C82

and C60 were prepared at 1 mM in toluene solutions.
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Treatment of rBCECs or A549 cells with H2O2 resulted in a signifi-
cant increase in intracellular ROS. Pretreatment with nanoparticles

of fullerene derivatives significantly reduced the levels of H2O2-
induced ROS in both cell types. Pretreatment with Gd@C82(OH)22 or
C60(OH)22 nanoparticles resulted in greater reduction of H2O2-
induced intracellular ROS levels than pretreatment with
C60(C(COOH)2)2 nanoparticles (Fig. 4 and Table 1). The effects of
three fullerene derivatives on levels of intracellular ROS are further
summarized in Table 1. The results shown in Table 1 demonstrate
a correlation between the cellular protective effects of fullerene
derivatives and their ability to scavenge intracellular ROS.
Hydroxylated fullerenols were stronger ROS scavenger than
malonic acid derivatives.

3.3. DPPH� radical-scavenging activities

To determine whether or not these fullerene derivatives can
scavenge nitrogen-centered radicals, experiments were performed
using the stable, nitrogen-centered free radical, DPPH�. The effects
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Fig. 2. Protective effects of three fullerene derivatives: Gd@C82(OH)22, C60(OH)22, and C60(C(COOH)2)2 against H2O2-induced damage in A549 cells and rBCECs cells. The cells were
treated with 10–100 mM fullerene derivatives before incubation with 50 mM H2O2. *P< 0.05 and **P< 0.01 vs. H2O2-treated control.

Table 1
Comparison of protective effects of three fullerene derivatives Gd@C82(OH)22,
C60(OH)22, and C60(C(COOH)2)2 on H2O2-induced cytotoxcity and intracellular ROS
generation in A549 cells or rBCEC cells.

Percentage of inhibition (%) Cell viability Total ROS Level

A549 rBCECs A549 rBCECs

Gd@C82(OH)22 59.1� 3.3 54.1� 1.9 94.6� 2.6 93. 5� 3.4
C60(OH)22 37.1� 3.5 35.5� 3.3 74.1� 3.5 72.7� 2.9
C60(C(COOH)2)2 17.2� 3.8 27.8� 1.9 47.2� 2.2 20.4� 1.8

Note: For measuring effects on cell viability, the cells were treated with 100 mmol/ml
fullerene derivatives before incubation with 50 mM H2O2. Cell viability was assessed
by measurement of mitochondrial dehydrogenase activity. For measurement of
intracellular ROS, the same conditions for incubationwith H2O2 were used. Levels of
intracellular ROS were determined by flow cytometry.
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of the three water-soluble fullerene derivatives on the ESR spectra
of DPPH� are shown in Fig. 5A. A characteristic one-line spectrum
was obtained for solutions of 100 mM DPPH� in 20% ethanol. A
reduction in signal intensity was associated with the addition of
any of the three fullerene derivatives. However, the radical-scav-
enging activity of the fullerene derivatives differed. Gd@C82(OH)22
was significantlymore efficient in quenching DPPH� than C60(OH)22.
C60(C(COOH)2)2 had the weakest ability in scavenging DPPH�. All
fullerenes were present at a concentration of 100 mM. The inhibitory
effects of three fullerene derivatives are further summarized in
Table 2. As shown in Fig. 5 and summarized in Table 2,
Gd@C82(OH)22 nanoparticles exhibit the highest capability to
eliminate DPPH� radical, followed by C60(OH)22 nanoparticles, with
C60(C(COOH)2)2 nanoparticles the least effective (P< 0.05).

3.4. Superoxide radical anion (O2
��) scavenging capability

The relative scavenging abilities of the fullerene derivatives for
O2

��, generated by the xanthine/xanthine oxidase system, are seen
in Fig. 5B. The typical ESR spectrum for the spin adduct between
O2

��and the spin trap, BMPO, was observed. All of the fullerene
derivatives, at a final concentration of 150 mM, reduced the spin
adduct’s signal intensity. The relative scavenging abilities of the
fullerenes for O2

�� were similar to those observed for scavenging of
DPPH�, i.e. Gd@C82(OH)22z C60(OH)22> C60(C(COOH)2)2. The
inhibitory effects of three fullerene derivatives are further
summarized in Table 2.

3.5. Hydroxyl radical (HO�) scavenging capability

Hydroxyl radicals were generated by the classical Fenton reac-
tion involving the reaction of FeSO4 and H2O2 [29]. The Fenton
reaction was started by the addition of Fe(II) (200 mM final
concentration), 200 mM H2O2 and 500 mM DEPMPO. The signal
intensity of the spin adduct was reduced by addition of each
fullerene derivative at a final concentration of 100 mM (Fig. 5C). The
relative efficiencies for quenching the HO� were similar to those
observed for quenching DPPH� and O2

��. Reductions in signal
intensities were approximately 55%, 67% and 88% for
C60(C(COOH)2)2, C60(OH)22 and Gd@C82(OH)22, respectively. The
inhibitory effects of three fullerene derivatives are further
summarized in Table 2.

3.6. Singlet oxygen (1O2) scavenging activity

The spin trap TEMP was used to demonstrate the ability of
Gd@C82(OH)22, C60(OH)22, and C60(C(COOH)2)2 to scavenge 1O2.
These three fullerene derivatives exhibit UV–Visible spectral
absorption in the range of 200–350 nm (Fig. 1D). To avoid photo-
excitation of these compounds, singlet oxygen was generated by
irradiation of Rose Bengal at 560 nm for 30 min. In the presence of
TEMP, the ESR signal of TEMPO adduct was observed (Fig. 6). The
ESR signal of TEMPO adduct intensity was reduced by addition of
each of the fullerene derivatives (Fig. 6). Again, Gd@C82(OH)22
showed the strongest inhibition and C60(C(COOH)2)2 exhibited the
least. The efficiencies of C60(C(COOH)2)2, C60(OH)22 and
Gd@C82(OH)22 in inhibiting formation of TEMPO are 9.1%, 38.2%,
and 58.2%, respectively (Table 2).

3.7. Inhibition of lipid peroxidation in liposomes

2,20-Azobis(2-amidinopropane) dihydrochloride (AAPH) is
a strong inducer of lipid peroxidation [27]. The impact of radical-
scavenging activity by the fullerene nanoparticles was further
examined by measuring the ability of fullerene nanoparticles to
inhibit lipid peroxidation induced by AAPH. Free radicals,
generated through the decomposition of AAPH, produce a time
dependent peroxidation of polyunsaturated lipids in liposomes.
Using ESR oximetry, the consumption of oxygen accompanying
lipid peroxidation is measured as a time dependent narrowing of
the ESR signal for the spin probe, 15N-Tempone. Since the area
beneath the signal intensity vs. magnetic field curve remains
constant, this narrowing of the ESR signal is necessarily accom-
panied by an increase in the peak height of the ESR signal within
the scanning range (Fig. 7A). 25,000 mM AAPH was added to
initiate the lipid peroxidation. The control sample, with egg PC
alone, showed a sharp spectral peak for 15N-Tempone, while
addition of fullerene derivatives resulted in lower consumption
rates of oxygen seen as smaller peak heights in the ESR signal
due to lower rates of line narrowing of the spin probe. Addition
of Gd@C82(OH)22 (Fig. 7B) resulted in strongest inhibition of lipid
peroxidation measured as retardation of line narrowing, and
corresponding retardation in the growth of the ESR signal’s
intensity, compared to C60(C(COOH)2)2 and C60(OH)22 (Fig. 7B).
The inhibitory effects of three fullerene derivatives on lipid
peroxidation are further summarized in Table 2.

Fig. 3. The protective effects three fullerene derivatives Gd@C82(OH)22, C60(OH)22, and C60(C(COOH)2)2 against H2O2-induced mitochondrial damage in A549 cells, and rBCEC cells.
The cells were treated with 100 mM fullerene derivatives before incubation with 50 mM H2O2. Aggregation of the dye, JC-1, seen as red fluorescence, indicates integrity of the
mitochondrial membrane.
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4. Discussion

In this study we employ ESR techniques to systematically
provide direct evidence that Gd@C82(OH)22, C60(OH)22, and
C60(C(COOH)2)2 nanoparticles can effectively scavenge different
types of free radicals/ROS. This represents the first report that
several different types of fullerene derivatives can scavenge all
physiologically relevant ROS. Consistent with these results, we also
determined that these fullerene derivatives can inhibit lipid per-
oxidation. Our study also shows that these nanoparticles protect
A549 cells and normal rBCECs against H2O2-induced cytotoxicity
(Figs. 2–4).

In contrast to water-soluble C60 derivatives, nanoparticles of
underivatized C60 appear to lack significant cytoprotective prop-
erties. Indeed, investigators have shown that underivatized C60 can
elicit cytotoxicity, the formation of ROS and lipid peroxidation

[30–34]. Sayes et al. have reported that aqueous suspensions con-
taining nanoparticles of underivatized C60 are cytotoxic to human
dermal fibroblasts at low levels (LC50¼ 20 ppb) and can generate
ROS such as O2

$ [33]. Sayes et al. have also observed that the cyto-
toxicity of underivatized C60 is associated with lipid peroxidation
[33]. It is noteworthy that derivatization of the fullerene cage with
carboxyl and hydroxyl groups results in a dramatic decrease in the
cytotoxicity and generation of ROS [33,34].

We have demonstrated that Gd-encaged fullerenes are much
stronger ROS scavenger than hollow fullerenes, though they all can
intercept all of the major physiologically relevant ROS. These
radical-scavenging abilities of fullerenes may be attributed to
several molecular properties. Foremost is the large electron
affinity of fullerenes. The electron affinity of C60 has been reported
to be 2.7 eV while the larger fullerene, C82, has an electron affinity
of 3.14 eV [35,36]. Insertion of Gd into the C82 fullerene further
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increases the electron affinity. Boltalina et al. have measured the
electron affinity of Gd@C82 to be 3.3� 0.1 eV [36]. Differences in
electron affinities may contribute to the relative efficiencies
(Gd@C82(OH)22> C60(OH)22> C60(C(COOH)2)2) which we observe
for radical scavenging and cytoprotection. Adding to the effects of
electron affinity is the large polarizability of fullerenes, which
further facilitates attachment of electrons and radicals to the
nanosurface of fullerenes [37]. A second factor contributing to
broad-based radical-scavenging activity is derivatization of the
fullerene’s nanosurface. Ali et al. have demonstrated that deriva-
tizing a C60 fullerene with tris-malonic acid results in electron
deficient areas on the fullerene’s surface which facilitates binding
of O2

�� [38]. Binding of a second O2
�� to an adjacent electron defi-

cient area results in destruction of O2
��, production of H2O2, and

regeneration of the fullerene in a reaction similar to that catalyzed
by superoxide dismutase. Derivatizing with hydroxyl groups
similarly induces electron deficient areas on the fullerene’s surface
and may lead to similar catalytic activity for polyhydroxylated
fullerenes such as [Gd@C82(OH)22]n. Indeed, the potent scavenging
of O2

�� that we and other investigators have observed strongly
suggests that polyhydroxylated fullerenes posses a superoxide
dismutase activity [16,38]. A similar catalytic sequence of events
appears to result in scavenging of 1O2 by fullerenes. Although
fullerenes are not good substrates for oxidation by 1O2, we and
others have observed that they are efficient quenchers of 1O2

[39,40]. While the mechanism is not yet completely elucidated, it
appears that association of O2 with the fullerene surface, which
has been reported by several investigators, is the initial step in

deactivation of 1O2 by fullerenes [41,42]. Binding of 1O2 is
accompanied by formation of a charge-transfer complex leading to
deactivation of 1O2. It has been reported that the rate of deacti-
vation of 1O2 by endohedral metallofullerenes, such as Ce@C82, is
similar to the diffusion controlled rate for quenching 1O2 in
benzene [40]. The scavenging of more reactive radicals, such as
HO$, is expected to be mechanistically simpler, involving
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contained 100 mM fullerenes, and 0.1 mM DPPH in 20% ethanol; and ESR spectra were recorded 5 min after sample mixing at room temperature. For superoxide radical anions (B),
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Table 2
Scavenging of DPPH� radical, superoxide radical anion, singlet oxygen, hydroxyl
radical, and inhibition of lipid peroxidation by three fullerene derivatives,
C60(C(COOH)2)2, C60(OH)22, and Gd@C82(OH)22.

Percentage of
Scavenging or Inhibition (%)

DPPH� O2
�� 1O2 OH� Lipid

peroxidation

Gd@C82(OH)22 75 65.8 58.2 88.1 56.1
C60(OH)22 45.5 65.8 38.2 66.7 44.6
C60(C(COOH)2)2 13.6 31.6 9.1 54.8 39.2
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stochiometric addition of the radical to the fullerene [43]. Analo-
gous scavenging of highly reactive radicals has been observed by
Krusic et al. [44]. These investigators determined that one C60

molecule may scavenge as many as 15 benzyl radicals. This ability
of certain water-soluble fullerenes to efficiently scavenge a wide
range of reactive species has led to them being called ‘‘radical
sponges’’ [45].

In addition to the mentioned molecular properties, supramo-
lecular properties involving aggregation into nanoparticles/nano-
structure may also contribute to the radical-scavenging capacity of
water-soluble fullerenes. It is well established that the size and
structure of nanoparticles of endohedral metallofullerenes, such as
Gd@C82(OH)22, affect their performance as MRI contrast agents
[46]. This effect derives from the relationship between nanoparticle
size, nanoparticle rotation rate in biological media and spin inter-
actions resulting in MRI contrast enhancement [47]. However, little
is known about the effects of nanoparticle size on the antioxidant
and radical quenching activities of fullerenes. We determined that
nanoparticles of Gd@C82(OH)22, C82(OH)22, and C60(C(COOH)2)2
differed in average size (78 nm, 123 nm and 170 nm, respectively).
A suspension of larger nanoparticles would provide smaller total
surface area for interaction with the biological environment,
namely, provide less reactive sites for the ROS, thus reducing the
efficiency of scavenging reactive species. This factor may contribute
to the relative efficiencies (i.e., Gd@C82(OH)22� C82(OH)22>
C60(C(COOH)2)2) we note in their cytoprotection, radical scavenging
and inhibition of lipid peroxidation. In addition, size may influence
the distribution of nanoparticles in cells and in tissues.

We have demonstrated the biological significance of fuller-
enes’ antioxidant and radical-scavenging activities by showing
their ability to protect against oxidant-induced cytotoxicity and
mitochondrial damage in vitro. The role of oxidative stress and
damage in the etiology and progression of many diseases
suggests that fullerenes may be valuable in vivo protective and
therapeutic agents. Indeed, it has been shown that intraperito-
neally injected nanoparticles of Gd@C82(OH)22 are extremely
effective in shrinking tumors induced by implantation of
hepatoma cells in mice [18]. This therapeutic effect was corre-
lated with lowering markers of tumor-induced oxidative stress
[19]. Gharbi et al. have reported that intraperitoneally pre-
treating mice with C60 resulted in reduced acute liver toxicity
induced by CCl4 [48]. This protective effect was attributed to
antioxidant protection against CCl4-induced oxidative damage.
Recently, Quick et al. have found that an orally administered
carboxyfullerene derivative protected transgenic mice, which
were deficient in superoxide dismutase [49]. Protective effects
included increases in lifespan, learning, and memory. Bioche-
mical measurements demonstrated a correlation between these
observed protective effects and antioxidant protection. These
studies, and others, demonstrate that the antioxidant activities
of fullerenes are linked to protective and therapeutic effects. In
vitro antioxidant and radical-scavenging activities, such as those
reported here, may be viewed as easily measured surrogate
markers for therapeutic effects. These profiles of a fullerene’s
antioxidant activity should be valuable for developing highly
effective fullerene derivatives for use in biomedicine.
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Fig. 7. Effect of fullerene derivatives on lipid peroxidation in liposomes. A. Oxygen consumption is measured in a closed chamber using liposome suspensions and the spin label 15N-
Tempone mixed with a free radical initiator such as AAPH. The left panel shows ESR spectra of the scans of the low field line of 15N-Tempone in a nitrogen atmosphere (solid line) or
air-saturated (broken line) aqueous solutions. The presence of oxygen results in a broader and less intense ESR signal for the spin probe. Lipid peroxidation was measured in the
control experiment (left panel) with saturated lipid, DMPC, where there is no oxygen consumption because no lipid peroxidation involved. Spectra were recorded at 37 �C; 0.5 mW
microwave power, 0.05 G modulation amplitude, and 1 G scanning range. B. Lipid peroxidation was inhibited by fullerene nanoparticles. Lipid peroxidation was assessed using ESR
oximetry. The samples contained liposomes (30 mg/mL egg phosphatidylcholine) and 0.1 mM

15N-Tempone (PD) spin label. Fullerene nanoparticles were also added to some
samples (Panel a, no fullerene; Panel b, 300 mM C60(C(COOH)2)2; Panel c, 200 mM C60(OH)20; Panel d 200 mM Gd@C82(OH)22). Lipid peroxidation was initiated by adding 25 mM AAPH.
After the sample was sealed in a capillary, the ESR spectrum was recorded 7 times at 4 min intervals with a Varian E-109 X-band spectrometer with a variable temperature
controller accessory as described in the Experimental Section. Signals were obtained with 0.5 mW incident microwave power and with 0.05 G field modulation at 37 �C. The
progressive increases in peak to peak signal intensity (and accompanying progressive narrowing of line width) in each panel are due to time-dependent oxygen consumption
resulting from lipid peroxidation. The inhibitory effects of fullerene nanoparticles on lipid peroxidation may be seen as smaller changes in peak to peak signal intensities seen in
panels b, c and d compared to panel a.
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5. Conclusion

We investigated the protective effects of three fullerene nano-
materials as the inhibitors of reactive oxygen species (antioxidants
and free radical scavengers). The ESR spin trap technique provided
direct in vitro evidence that the three fullerene derivatives, gado-
linium endohedral metallofullerenol (Gd@C82(OH)22), fullerenol
(C60(OH)22), and carboxyfullerene (C60(C(COOH)2)2), can efficiently
scavenge different types of free radicals and inhibit lipid perox-
idation. Both of the reactive oxygen species and the nitrogen-
centered free radical were intercepted by these fullerene materials.
We demonstrated in vitro by using human lung adenocarcinoma
cell line A549 or rat brain capillary endothelial cell line (rBCECs)

that they could reduce H2O2-induced cytotoxicity, free radical
formation and mitochondrial damage. These nanomaterials have
great potential in biomedical applications, for examples,
gadolinium endohedral metallofullerenols can be used for both of
MRI imaging and chemotherapy. The present findings provide
a molecular basis of the diseases for which oxidative stress may
play a key role.
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Introduction

In recent years, growing numbers of nanomaterials and
nanotechnology applications have been used as novel imaging,
diagnostic, and therapeutic agents in the treatment of cancer and
other diseases. The safe and effective development and use of these
new nanotechnologies will require coordinated effort among
diverse groups of international experts including basic scientists,
toxicologists, clinical researchers, policymakers, and others. The
first Joint China-U.S. Symposium on Nanobiotechnology and
Nanomedicine was convened October 21 to 23, 2008, in Beijing,
China, to address these and other emerging issues and opportu-
nities (Supplementary Fig. S1). The goal of the symposium was to
share experiences and exchange information pertaining to the
development of nanotechnology for medical use including the
prevention, detection, and treatment of disease, and ensuring the
safety of the general public and of personnel working in the field.
The symposium also provided a platform for exploring the
development of new research collaborations among top Chinese
and American scientists.
This symposium was organized in response to recent major

investments in nanobiology and nanomedicine both in China and
in the United States, respectively. Discussions focused on
nanotechnology applications for cancer diagnostics and therapeu-
tics, given the substantial advances in this field. The organization of
the meeting was collaboratively developed by the National Center
for Nanoscience and Technology of China, a leading nanotechnol-
ogy research institution, and by the Chinese Academy of Sciences
and Ministry of Science and Technology of China, as well as by the
National Cancer Institute of the NIH and its Alliance for
Nanotechnology in Cancer, and by the NIH’s National Institute of
Environmental Health Sciences. Additional key supporters included
the NIH Office of the Director, and the Trans-NIH Nanotechnology
Task Force. The meeting was initiated under the auspices of an
agreement cosigned by Executive President, Dr. Chunli Bai

(Chinese Academy of Sciences, Beijing, China); Former Director,
Dr. Elias A. Zerhouni (NIH, Bethesda, MD); Director, Dr. John E.
Niederhuber (National Cancer Institute, Bethesda, MD); and by
Former Acting Director, Dr. Samuel Wilson (National Institute of
Environmental Health Services, Research Triangle Park, NC). The
Symposium Organizing Committee included Dr. Yuliang Zhao
(Institute of High Energy, Beijing, China), Dr. Xing-Jie Liang
(National Center for Nanoscience and Technology of China, Beijing,
China), Dr. Robert Blumenthal (National Cancer Institute,
Bethesda, MD), Dr. Michael M. Gottesman (National Cancer
Institute, Bethesda, MD), and Dr. Piotr Grodzinski (National
Cancer Institute, Bethesda, MD), Dr. Sally Tinkle (National Institute
of Environmental Health Services, Research Triangle Park, NC), Dr.
Kuan Wang (National Institute of Arthritis and Musculoskeletal
and Skin Diseases, Bethesda, MD), and Dr. Nancy E. Miller
(National Cancer Institute, Bethesda, MD). Eighty scientists and
research physicians attended the meeting. The U.S. delegation,
composed of 30 invited leading scientists and policy experts, was
led by Dr. Michael M. Gottesman, Chief, Laboratory of Cell Biology,
National Cancer Institute (NCI), NIH, and Deputy Director for
Intramural Research, NIH (Supplementary Fig. S2). Chinese
attendees included participants from 30 universities and research
institutes.

Report

Six sessions of the symposium covered topics ranging from
molecular investigations of nanoparticles for medical applications,
the effect of engineered nanomaterials on human health and on the
environment, to the development of nanoparticles for targeted
delivery in cancer therapy and imaging, and the promises and
challenges of using nanomaterials in clinical applications (Supple-
mentary Table S1). The opening session reviewed nanomedicine
programs and activities in China and the U.S. Dr. Yuliang Zhao
(Institute of High Energy, Beijing, China) welcomed symposium
attendees and provided a brief introduction and background
regarding the meeting. Dr. Chen Wang (National Center for
Nanoscience and Technology of China, Beijing, China) presented an
overview of nanoscience and nanotechnology research in China,
touching upon the current research framework, policy concerns,
progress in nanostandardization, and potential societal effects of
nanotechnology. He was followed by Dr. Xiaohan Liao (Ministry of
Science and Technology of China, Beijing, China) and by Drs.
Minghua Liu (Chinese Academy of Sciences, Beijing, China) and

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Zhifang Chai (Institute of High Energy, Beijing, China), who voiced
the support of these important Chinese scientific organizations
regarding the value of promoting new discoveries in nanobiology
and nanomedicine.
The first session presented an overview of key NIH-supported

nanomedicine activities and highlighted national and international
nano policy concerns. NCI Alliance for Nanotechnology in Cancer
was introduced as a major NCI program that supports extramural
investigators and a Nanotechnology Characterization Laboratory at
NCI-Frederick. Research themes and team-building strategies were
described in eight NIH Nanomedicine Development Centers on
behalf of the NIH Roadmap Nanomedicine Implementation Team.
In addition, a talk on multidrug resistance in cancer highlighted the
potential for nanotechnology to accelerate progress in this area.
How metallofullerenes used as nanochemotherapeutics can
potently inhibit tumor growth was also illustrated. These
presentations were followed by a panel discussion addressing
similarities and differences between the U.S. and China both in the
structure of the field and in the conceptual approach to research.
The second session focused on the molecular basis of nano-

medicine, which included examples of both basic and mechanistic
studies using nanomaterials in therapeutics and diagnostics. Key
topics discussed in this session included results of investigations of
cell processes at the nanoscale, and recent work in applying
knowledge of molecular and cell biology to design and fabricate
nanoparticles that are effective for biomedical applications.
The third session addressed the molecular basis for engineered

nanomaterial interactions with human health and the environ-
ment. Some of the presenters in this session described specific
studies of the safety and environmental effect of specific types of
nanomaterials; however, an important overarching theme
addressed in this session was the need to develop novel systematic
approaches for evaluating and predicting potential toxic effects of
large numbers of different nanomaterials.
The fourth session focused on the development of ‘‘smart’’

nanoparticles for cancer therapy and imaging. Presenters reviewed
recent studies of specific nanoparticles in cancer imaging and
therapy, including fluorescent semiconductor quantum dots,
ferromagnetic nanoparticles, and integrin-targeted liquid perfluor-
ocarbon nanoparticles. Other presenters described overall design
criteria for developing new multifunctional nanoparticles, recent
advances in the use of lithography for nanoparticle fabrication, and
investigations of potential toxicologic adverse effects of nano-
particles of different sizes at the genomic and proteomic level.
The fifth session addressed biomarkers and targeted delivery.

Several of the presentations in this session focused on studies that
targeted different types of nanoparticles to tumor cells, including
conjugation with ligands to improve targeting and performance. In
addition, the importance of nanoparticle standardization and
characterization was discussed.
The sixth session focused on the promise and hurdles of

applying nanotechnology in the clinic. Several presenters reviewed
studies of different types of nanoparticles such as nano C-60,
carbon nanotubes, and polymeric micelles to improve drug delivery
to cancer cells. Other talks focused on developing a detailed
understanding of key cell processes and pathways that influence
the uptake of different types of nanoparticles.

Future Interactions

In addition to scientific presentations, members of the
Symposium Steering Committee participated in two administra-
tive meetings with representatives from the National Natural
Science Foundation of China, a key Chinese scientific funding
organization, and Chinese Academy of Sciences, to discuss
mechanisms for encouraging future cooperation in nanobiology,
nanomedicine, and other fields of biomedical research (Supple-
mentary Fig. S3). Meeting participants discussed possible
mechanisms for expanding China-U.S. cooperation, including
the following: (a) developing joint research programs and grant
solicitations, cooperative research agreements, and/or joint
laboratories; (b) promoting additional training and exchange
through predoctoral and postdoctoral fellowships, and short-term
travel and training grants; and (c) supporting future joint
workshops and conferences. In both administrative meetings,
Chinese and U.S. representatives expressed a strong interest in
developing new opportunities for cooperation, and agreed to
identify research areas of mutual scientific interest based on the
outcomes of the symposium.

Prospects

During a discussion at the conclusion of the symposium,
participants recommended developing a web or working site or
other mechanisms to facilitate sharing of key resources and
contacts to enable joint progress and collaboration. Such resources
and contacts could include the following: specialized equipment,
databases, tools, reagents and specimens, and clinical trial
participation. The importance of recognizing intellectual property
and export control issues in developing mechanisms for sharing
information and resources between China and the U.S. in the field
of nanobiology and nanomedicine was noted.
Additional key themes identified for future research included

shared interests in implementing safe design for multifunctional
nanoparticles; developing cost effective, nanotechnology-based
diagnostics and interventions; and exploring cross-national coop-
eration in nanotechnology-related clinical trials. In addition to
showcasing recent scientific progress in nanobiology and nano-
medicine, the symposium helped build mutual understanding
regarding one another’s research enterprise. In coming months,
symposium participants will actively explore the possibility in
nanobiology and nanomedicine research and research training, to
advance scientific discovery, enhance health and optimally identify,
diagnose, and treat disease.
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