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            Abstract
Successful development of ultra-sensitive molecular imaging nanoprobes for the detection of targeted biological objects is a challenging task. Although magnetic nanoprobes have the potential to perform such a role, the results from probes that are currently available have been far from optimal. Here we used artificial engineering approaches to develop innovative magnetic nanoprobes, through a process that involved the systematic evaluation of the magnetic spin, size and type of spinel metal ferrites. These magnetism-engineered iron oxide (MEIO) nanoprobes, when conjugated with antibodies, showed enhanced magnetic resonance imaging (MRI) sensitivity for the detection of cancer markers compared with probes currently available. Also, we successfully visualized small tumors implanted in a mouse. Such high-performance, nanotechnology-based molecular probes could enhance the ability to visualize other biological events critical to diagnostics and therapeutics.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Magnetism-engineered iron oxide (MEIO) nanoparticles and effects of their magnetic spin on MRI.[image: ]


Figure 2: Size-dependent MR contrast effect of MnMEIO and MEIO nanoparticles.[image: ]


Figure 3: Cytotoxicity test of MnMEIO nanoparticles and MnMEIO-Herceptin conjugates.[image: ]


Figure 4: Evaluation of the MR sensitivity of MnMEIO-Herceptin conjugates for detection of the HER2/neu cancer marker, in comparison to that of CLIO-Herceptin conjugates and MEIO-Herceptin conjugates.[image: ]


Figure 5: In vivo MR detection of cancer using magnetic nanoparticleâ€“Herceptin conjugates.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Fluorescence resonance energy transfer at the single-molecule level
                                        
                                    

                                    
                                        Article
                                        
                                         28 March 2024
                                    

                                

                                Taekjip Ha, Jingyi Fei, â€¦ Sanghun Yeou

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Starfysh integrates spatial transcriptomic and histologic data to reveal heterogeneous tumorâ€“immune hubs
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 March 2024
                                    

                                

                                Siyu He, Yinuo Jin, â€¦ Elham Azizi

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Best practices for single-cell analysis across modalities
                                        
                                    

                                    
                                        Article
                                        
                                         31 March 2023
                                    

                                

                                Lukas Heumos, Anna C. Schaar, â€¦ Fabian J. Theis

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Graves, E.E., Weissleder, R. & Ntziachristos, V. Fluorescence molecular imaging of small animal tumor models. Curr. Mol. Med. 4, 419â€“430 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Larson, D.R. et al. Water-soluble quantum dots for multiphoton fluorescence imaging in vivo. Science 300, 1434â€“1436 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gao, X., Cui, Y., Levenson, R.M., Chung, L.W.K. & Nie, S. In vivo cancer targeting and imaging with semiconductor quantum dots. Nat. Biotechnol. 22, 969â€“976 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, S. et al. Near-infrared fluorescent type II quantum dots for sentinel lymph node mapping. Nat. Biotechnol. 22, 93â€“97 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Czernin, J. & Phelps, M.E. Positron emission tomography scanning: current and future applications. Annu. Rev. Med. 53, 89â€“112 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McDonald, D.M. & Choyke, P.L. Imaging of angiogenesis: from microscope to clinic. Nat. Med. 9, 713â€“725 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Josephson, L., Tung, C.H., Moore, A. & Weissleder, R. High-efficiency intracellular magnetic labelling with novel superparamagnetic-tat peptide conjugates. Bioconjug. Chem. 10, 186â€“191 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bulte, J.W. et al. Magnetodendrimers allow endosomal magnetic labelling and in vivo tracking of stem cells. Nat. Biotechnol. 19, 1141â€“1147 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Weissleder, R. et al. In vivo magnetic resonance imaging of transgene expression. Nat. Med. 6, 351â€“355 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kang, H.W., Josephson, L., Petrovsky, A., Weissleder, R. & Bogdanov, A., Jr. Magnetic resonance imaging of inducible E-selectin expression in human endothelial cell culture. Bioconjug. Chem. 13, 122â€“127 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhao, M., Beauregard, D.A., Loizou, L., Davletov, B. & Brindle, K.M. Non-invasive detection of apoptosis using magnetic resonance imaging and a targeted contrast agent. Nat. Med. 7, 1241â€“1244 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jun, Y-w. et al. Nanoscale size effect of magnetic nanocrystals and their utilization for cancer diagnosis via magnetic resonance imaging. J. Am. Chem. Soc. 127, 5732â€“5733 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huh, Y.-M. et al. In vivo magnetic resonance detection of cancer by using multifunctional magnetic nanocrystals. J. Am. Chem. Soc. 127, 12387â€“12391 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Artemov, D., Mori, N., Okollie, B. & Bhujwalla, A.M. MR molecular imaging of the HER-2/neu receptor in breast cancer cells using targeted iron oxide nanoparticles. Magn. Reson. Med. 49, 403â€“408 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Allen, M.J. & Meade, T.J. Magnetic resonance contrast agents for medical and molecular imaging. Met. Ions Biol. Syst. 42, 1â€“38 (2004).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Benaron, D.A. The future of cancer imaging. Cancer Metastasis Rev. 21, 45â€“78 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Marks, V. Molecular imaging. Chem. Eng. News 83, 25â€“34 (2005).

                    Google ScholarÂ 
                

	Bulte, J.W. & Kraitchman, D.L. Iron oxide MR contrast agents for molecular and cellular imaging. NMR Biomed. 17, 484â€“499 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cheon, J., Seo, J.-w. & Lee, J.-H. Preparation method of magnetic and metal oxide nanoparticles. Korea Patent PCT WO2006/052042 (2004).

	McCurrie, R.A. Ferrimagnetic materials. in Ferromagnetic Materials 1st edn. Ch. 4, 123â€“134 (Academic Press, New York, 1994).

                    Google ScholarÂ 
                

	Koenig, S.H. & Kellar, K.E. Theory of 1/T1 and 1/T2 NMRD profiles of solutions of magnetic nanoparticles. Magn. Reson. Med. 34, 227â€“233 (1995).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hermanson, G.T. Heterobifunctional cross-linkers. in Bioconjugate Techniques 1st edn. Ch. 5, 235â€“237 (Academic Press, New York, 1996).

                    Google ScholarÂ 
                

	Hudziak, R.M. et al. p185HER2 monoclonal antibody has antiproliferative effects in vitro and sensitizes human breast tumor cells to tumor necrosis factor. Mol. Cell. Biol. 9, 1165â€“1172 (1989).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vernimmen, D., Gueders, M., Pisvin, S., Delvenne, P. & Winkler, R. Different mechanisms are implicated in ERBB2 gene overexpression in breast and in other cancers. Br. J. Cancer 89, 899â€“906 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sharkey, R.M. et al. Signal amplification in molecular imaging by pretargeting a multivalent, bispecific antibody. Nat. Med. 11, 1250â€“1255 (2005).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We would like to thank J.-S. Shin and K.-S. Kim for discussions, Y.-J. Kim for MR imaging, E.-S. Lee (Yonsei) and H.-J. Ko (Yonsei) for cell culture, J.-M. Oh (Chuncheon-Korea Basic Science Institute) for transmission electron microscopy (TEM), J.-g. Kim for high-voltage electron microscopic analyses, H.C. Kim for superconducting quantum interference device (SQUID) analyses, K.G. Cho for CLIO synthesis and J.D. Lee for the biodistribution study. This work was supported in part by the National Research Laboratory (M10600000255), National Cancer Institute Center for Cancer Nanotechnology Excellence, National Core Research Center (R15-2004-024-02002-0), the National R&D Program for Cancer Control of the Ministry of Health & Welfare (0320250-2), and the Korea Research Foundation (2004-003-E00171) and Second Stage of Brain Korea 21 of Chemistry and Medicine.


Author information
Author notes	Jae-Hyun Lee and Yong-Min Huh: These authors contributed equally to this work.


Authors and Affiliations
	Department of Chemistry and Nanomedical National Core Research Center, Yonsei University, Seoul, 120-749, Korea
Jae-Hyun Lee,Â Young-wook Jun,Â Jung-wook Seo,Â Jung-tak JangÂ &Â Jinwoo Cheon

	Department of Radiology and Research Institute of Radiological Science, College of Medicine, Yonsei University, Seoul, 120-752, Korea
Yong-Min Huh,Â Ho-Taek Song,Â Sungjun Kim,Â Eun-Jin ChoÂ &Â Jin-Suck Suh

	Department of Biochemistry and Molecular Biology, College of Medicine, Yonsei University, Seoul, 120-752, Korea
Ho-Geun Yoon


Authors	Jae-Hyun LeeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yong-Min HuhView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Young-wook JunView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jung-wook SeoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jung-tak JangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ho-Taek SongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sungjun KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Eun-Jin ChoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ho-Geun YoonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jin-Suck SuhView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jinwoo CheonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
J.C., Y.-M.H. and J.-S.S. designed research. J.-H.L., J.-w.S., J.-t.J., H.-T.S., S.K. and E.-J.C. performed the experimental research. H.-G.Y. performed the receptor expression level analyses. Y.-w.J. and J.C. wrote the paper.
Corresponding authors
Correspondence to
                Jin-Suck Suh or Jinwoo Cheon.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Fig. 1
Colloidal stability, structural characterization and size-dependent magnetism of MnMEIO nanoparticles. (PDF 586 kb)


Supplementary Fig. 2
Determination of HER2/neu expression levels of various cell lines by qRT-PCR analyses. (PDF 63 kb)


Supplementary Fig. 3
Determination of target-specificity of MnMEIO-Herceptin and CLIO-Herceptin conjugates. (PDF 99 kb)


Supplementary Fig. 4
Examination of passive targeting effects on MR signal. (PDF 418 kb)


Supplementary Fig. 5
Comparison of various nanoparticle-Herceptin conjugates in their in vivo MR cancer detection capability. (PDF 227 kb)


Supplementary Fig. 6
Column chromatography results of MnMEIO-Herceptin conjugates. (PDF 87 kb)


Supplementary Methods (PDF 91 kb)

Supplementary Note (PDF 131 kb)




Rights and permissions
Reprints and permissions


About this article
Cite this article
Lee, JH., Huh, YM., Jun, Yw. et al. Artificially engineered magnetic nanoparticles for ultra-sensitive molecular imaging.
                    Nat Med 13, 95â€“99 (2007). https://doi.org/10.1038/nm1467
Download citation
	Received: 31 May 2006

	Accepted: 19 July 2006

	Published: 24 December 2006

	Issue Date: 01 January 2007

	DOI: https://doi.org/10.1038/nm1467


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Synthesis and Characterization of Manganese Doped Zinc Ferrite for its Structural and Magnetic Properties
                                    
                                

                            
                                
                                    	Avinash Chand Yadav
	Prabhat Ranjan Tiwari
	Santosh Kumar


                                
                                Iranian Journal of Science (2024)

                            
	
                            
                                
                                    
                                        Preparation, characterization, and magnetic resonance imaging of Fe nanowires
                                    
                                

                            
                                
                                    	Xiaoming Cao
	Shike Hu
	Liyuan Gu


                                
                                Discover Nano (2023)

                            
	
                            
                                
                                    
                                        Safety evaluation of PEGylated MNPs and p-PEGylated MNPs in SD rats
                                    
                                

                            
                                
                                    	Hairuo Wen
	Guitao Huo
	Shujie Liu


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Using optimal controlled singlet spin order to accurately target molecular signal in MRI and MRS
                                    
                                

                            
                                
                                    	Jia-Xiang Xin
	Guang Yang
	Ye-Feng Yao


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Advances in magnetic nanoparticle-based magnetic resonance imaging contrast agents
                                    
                                

                            
                                
                                    	Huan Zhang
	Xiao Li Liu
	Hai Ming Fan


                                
                                Nano Research (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    A magnetic resonance tuning sensor for the MRI detection of biological targets
                

                
	Tae-Hyun Shin
	Sunghwi Kang
	Jinwoo Cheon



                
    
        
            Nature Protocols
        
        Protocol
        
        
            22 Oct 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Nature Medicine Classic Collection
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Medicine (Nat Med)
                
                
    
    
        ISSN 1546-170X (online)
    
    


                
    
    
        ISSN 1078-8956 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
