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            Abstract
DNA molecules provide what is probably the most iconic example of self-replication—the ability of a system to replicate, or make copies of, itself. In living cells the process is mediated by enzymes and occurs autonomously, with the number of replicas increasing exponentially over time without the need for external manipulation. Self-replication has also been implemented with synthetic systems, including RNA enzymes designed to undergo self-sustained exponential amplification1,2,3,4,5. An exciting next step would be to use self-replication in materials fabrication, which requires robust and general systems capable of copying and amplifying functional materials or structures. Here we report a first development in this direction, using DNA tile motifs that can recognize and bind complementary tiles in a pre-programmed fashion. We first design tile motifs so they form a seven-tile seed sequence; then use the seeds to instruct the formation of a first generation of complementary seven-tile daughter sequences; and finally use the daughters to instruct the formation of seven-tile granddaughter sequences that are identical to the initial seed sequences. Considering that DNA is a functional material that can organize itself and other molecules into useful structures6,7,8,9,10,11,12,13, our findings raise the tantalizing prospect that we may one day be able to realize self-replicating materials with various patterns or useful functions.
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                    Figure 1: 
                        DNA tile sequences and structures.
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Figure 2: 
                        DNA seeds.
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Figure 3: 
                        DNA generations.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Meta-DNA structures
                                        
                                    

                                    
                                        Article
                                        
                                         07 September 2020
                                    

                                

                                Guangbao Yao, Fei Zhang, … Hao Yan

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        RNA origami design tools enable cotranscriptional folding of kilobase-sized nanoscaffolds
                                        
                                    

                                    
                                        Article
                                        
                                         10 May 2021
                                    

                                

                                Cody Geary, Guido Grossi, … Ebbe S. Andersen

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Building machines with DNA molecules
                                        
                                    

                                    
                                        Article
                                        
                                         21 October 2019
                                    

                                

                                Hamid Ramezani & Hendrik Dietz

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Lincoln, T. A. & Joyce, G. F. Self-sustained replication of an RNA enzyme. Science 323, 1229–1232 (2009)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Wintner, E. A., Conn, M. M. & Rebek, J., Jr Studies in molecular replication. Acc. Chem. Res. 27, 198–203 (1994)
Article 
    CAS 
    
                    Google Scholar 
                

	Schulman, R. & Winfree, E. Synthesis of crystals with a programmable kinetic barrier to nucleation. Proc. Natl Acad. Sci. USA 104, 15236–15241 (2007)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lin, C. et al. In vivo cloning of artificial DNA nanostructures. Proc. Natl Acad. Sci. USA 105, 17626–17631 (2008)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lee, D. H., Severin, K., Yokobayashi, Y. & Ghadiri, M. R. Emergence of symbiosis in peptide self-replication through a peptide hypercyclic network. Nature 390, 591–594 (1997)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Seeman, N. C. DNA in a material world. Nature 421, 427–431 (2003)
Article 
    ADS 
    MathSciNet 
    
                    Google Scholar 
                

	Zhu, L., Lukeman, P. S., Canary, J. W. & Seeman, N. C. Nylon/DNA: single-stranded DNA with covalently stitched nylon lining. J. Am. Chem. Soc. 125, 10178–10179 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Zheng, J. et al. 2D nanoparticle arrays show the organizational power of robust DNA motifs. Nano Lett. 6, 1502–1504 (2006)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Nykypanchuk, D., Maye, M. M., van der Lelie, D. & Gang, O. DNA-guided crystallization of colloidal nanoparticles. Nature 451, 549–552 (2008)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Park, S. Y. et al. DNA-programmable nanoparticle crystallization. Nature 451, 553–556 (2008)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kim, A. J., Biancaniello, P. L. & Crocker, J. C. Engineering DNA-mediated colloidal crystallization. Langmuir 22, 1991–2001 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Valignat, M. P., Theodoly, O., Crocker, J. C., Russel, W. B. & Chaikin, P. M. Reversible self-assembly and directed assembly of DNA-linked micrometer-sized colloids. Proc. Natl Acad. Sci. USA 102, 4225–4229 (2005)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Leunissen, M. E. et al. Towards self-replicating materials of DNA-functionalized colloids. Soft Matter 5, 2422–2430 (2009)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Watson, J. D. & Crick, F. H. C. The genetical implications of the structure of deoxyribonucleic acid. Nature 171, 964–967 (1953)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lehman, I. R., Bessman, M. J., Simms, E. S. & Kornberg, A. Enzymatic synthesis of deoxyribonucleic acids 1. J. Biol. Chem. 233, 163–170 (1958)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Watson, J. D. & Crick, F. H. C. The molecular structure of nucleic acids: a structure for deoxyribose nucleic acid. Nature 171, 737–738 (1953)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kuzuya, A., Wang, R., Sha, R. & Seeman, N. C. Six-helix and eight-helix DNA nanotubes assembled from half-tubes. Nano Lett. 7, 1757–1763 (2007)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Wang, R., Kuzuya, A., Liu, W. & Seeman, N. C. Blunt-ended DNA stacking interactions in a 3-helix motif. Chem. Commun. 46, 4905–4907 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Zhong, H. & Seeman, N. C. RNA used to control a DNA rotary machine. Nano Lett. 6, 2899–2903 (2006)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Leunissen, M. E. et al. Switchable self-protected attractions in DNA-functionalized colloids. Nature Mater. 8, 590–595 (2009)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Zhang, Z. & Glotzer, S. C. Self-assembly of patchy particles. Nano Lett. 4, 1407–1413 (2004)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Sacanna, S., Irvine, W. T. M., Chaikin, P. M. & Pine, D. J. Lock and key colloids. Nature 464, 575–578 (2010)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Seeman, N. C. De novo design of sequences for nucleic acid structure engineering. J. Biomol. Struct. Dyn. 8, 573–581 (1990)
Article 
    CAS 
    
                    Google Scholar 
                

	Birac, J. J., Sherman, W. B., Kopatsch, J., Constantinou, P. E. & Seeman, N. C. GIDEON, A program for design in structural DNA nanotechnology. J. Mol. Graph. Model. 25, 470–480 (2006)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
This work was partially supported by the W.M. Keck Foundation (P.M.C., D.J.P., N.C.S.), the National Science Foundation (MRSEC Program award DMR-0820341, P.M.C., D.J.P. and grants CTS-0608889 and CCF-0726378, to N.C.S.), NASA (NNX08AK04G, to P.M.C.), the National Institute of General Medical Sciences (grant GM-29554, to N.C.S.), the Army Research Office (grants 48681-EL and W911NF-07-1-0439, to N.C.S.), the Office of Naval Research (grants N000140910181 and N000140911118, to N.C.S.), the Netherlands Organization for Scientific Research (Rubicon grant, to M.E.L.) and DAAD (post-doctoral grant, to C.M.).


Author information
Author notes	Rémi Dreyfus & Mirjam E. Leunissen
Present address: Present addresses: Complex Assemblies of Soft Matter, CNRS-Rhodia-UPenn UMI 3254, Bristol, Pennsylvania 19007, USA (R.D.); FOM Institute AMOLF, Sciencepark 104, 1098 XG Amsterdam, The Netherlands (M.E.L.)., 


Authors and Affiliations
	Department of Chemistry, New York University, New York, 10003, New York, USA
Tong Wang, Ruojie Sha & Nadrian C. Seeman

	Center for Soft Matter Research, New York University, New York, 10003, New York, USA
Rémi Dreyfus, Mirjam E. Leunissen, Corinna Maass, David J. Pine & Paul M. Chaikin


Authors	Tong WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ruojie ShaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rémi DreyfusView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mirjam E. LeunissenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Corinna MaassView author publications
You can also search for this author in
                        PubMed Google Scholar



	David J. PineView author publications
You can also search for this author in
                        PubMed Google Scholar



	Paul M. ChaikinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nadrian C. SeemanView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
T.W., R.S. and C.M. designed experiments, performed experiments, analysed data and wrote the paper; R.D. analysed data and wrote the paper; M.E.L. initiated the project, analysed data and wrote the paper; D.J.P. and P.M.C. initiated and directed the project, analysed data and wrote the paper; N.C.S. initiated and directed the project, designed experiments, analysed data and wrote the paper.
Corresponding authors
Correspondence to
                Paul M. Chaikin or Nadrian C. Seeman.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Information 1-5 comprising (1) Sequences of bases for BTX Tiles; (2) Non-denaturing PAGE gels of BTX tiles; (3) Ferguson Plots, mobility vs gel concentration, for BTX tiles; (4) Protocol to produce the granddaughter molecule. (5) Statistics for producing seeds, daughters and granddaughters (see Contents for more details). (PDF 6729 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Rights and permissions
Reprints and permissions


About this article
Cite this article
Wang, T., Sha, R., Dreyfus, R. et al. Self-replication of information-bearing nanoscale patterns.
                    Nature 478, 225–228 (2011). https://doi.org/10.1038/nature10500
Download citation
	Received: 21 October 2010

	Accepted: 18 August 2011

	Published: 12 October 2011

	Issue Date: 13 October 2011

	DOI: https://doi.org/10.1038/nature10500


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

                
                    	
                            
                                
                                    
                                        The nonequilibrium cost of accurate information processing
                                    
                                

                            
                                
                                    	Giulio Chiribella
	Fei Meng
	Man-Hong Yung


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        A model of artificial biological time series generation
                                    
                                

                            
                                
                                    	Hyung-Rae Kim


                                
                                Journal of the Korean Physical Society (2021)

                            
	
                            
                                
                                    
                                        Hidden geometries in networks arising from cooperative self-assembly
                                    
                                

                            
                                
                                    	Milovan Šuvakov
	Miroslav Andjelković
	Bosiljka Tadić


                                
                                Scientific Reports (2018)

                            
	
                            
                                
                                    
                                        DNA nanotechnology
                                    
                                

                            
                                
                                    	Nadrian C. Seeman
	Hanadi F. Sleiman


                                
                                Nature Reviews Materials (2017)

                            
	
                            
                                
                                    
                                        Exponential growth and selection in self-replicating materials from DNA origami rafts
                                    
                                

                            
                                
                                    	Xiaojin He
	Ruojie Sha
	Nadrian C. Seeman


                                
                                Nature Materials (2017)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Nanomaterials: a self-made world
Self-replication is ubiquitous in living systems, but few artificial systems are able to copy themselves. It would be a very useful property in the world of materials fabrication, however, and Wang et al. now report a first step towards self-replication in that field. Using DNA tile motifs that can recognize and bind complementary tiles in a pre-programmed fashion, they first design tile motifs that form a seven-tile seed sequence, and then use the seeds to instruct the formation of a first generation of complementary seven-tile daughter sequences. Finally, the daughter sequences instruct the formation of seven-tile granddaughters that are identical to the initial seeds. As DNA can organize inorganic matter, this technique has the potential to lead to multiplicative copying of nanoscale structures and devices that are built from complex materials.
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