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            Abstract
Lipid bilayer membranesâ€”ubiquitous in biological systems and closely associated with cell functionâ€”exhibit rich shape-transition behaviour, including bud formation1 and vesicle fission2. Membranes formed from multiple lipid components can laterally separate into coexisting liquid phases, or domains, with distinct compositions. This process, which may resemble raft formation in cell membranes, has been directly observed in giant unilamellar vesicles3,4. Detailed theoretical frameworks5,6,7,8,9,10,11 link the elasticity of domains and their boundary properties to the shape adopted by membranes and the formation of particular domain patterns, but it has been difficult to experimentally probe and validate these theories. Here we show that high-resolution fluorescence imaging using two dyes preferentially labelling different fluid phases directly provides a correlation between domain composition and local membrane curvature. Using freely suspended membranes of giant unilamellar vesicles, we are able to optically resolve curvature and line tension interactions of circular, stripe and ring domains. We observe long-range domain ordering in the form of locally parallel stripes and hexagonal arrays of circular domains, curvature-dependent domain sorting, and membrane fission into separate vesicles at domain boundaries. By analysing our observations using available membrane theory, we are able to provide experimental estimates of boundary tension between fluid bilayer domains.
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                    Figure 1: Two-photon microscopy images showing equatorial sections of GUVs with Lo + Ld phase coexistence.


Figure 2: Two-photon microscopy images of GUVs with Lo + Ld phase coexistence.



                


                
                    
                
            

            
                References
	KÃ¤s, J. & Sackmann, E. Shape transitions and shape stability of giant phospholipid vesicles in pure water induced by area-to-volume changes. Biophys. J. 60, 825â€“844 (1991)
ArticleÂ 
    
                    Google ScholarÂ 
                

	DÃ¶bereiner, H. G., KÃ¤s, J., Noppl, D., Sprenger, I. & Sackmann, E. Budding and fission of vesicles. Biophys. J. 65, 1396â€“1403 (1993)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dietrich, C. et al. Lipid rafts reconstituted in model membranes. Biophys. J. 80, 1417â€“1428 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Veatch, S. L. & Keller, S. L. Organization in lipid membranes containing cholesterol. Phys. Rev. Lett. 89, 268101 (2002)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Lipowsky, R. Budding of membranes induced by intramembrane domains. J. Phys. II France 2, 1825â€“1840 (1992)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Leibler, S. & Andelman, D. Ordered and curved meso-structures in membranes and amphiphilic films. J. Phys. 48, 2013â€“2018 (1987)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Seul, M. & Andelman, D. Domain shapes and patterns: The phenomenology of modulated phases. Science 267, 476â€“483 (1995)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	JÃ¼licher, F. & Lipowsky, R. Shape transformations of vesicles with intramembrane domains. Phys. Rev. E 53, 2670â€“2683 (1996)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Andelman, D., Kawakatsu, T. & Kawasaki, K. Equilibrium shape of two-component unilamellar membranes and vesicles. Europhys. Lett. 19, 57â€“62 (1992)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jiang, Y., Lookman, T. & Saxena, A. Phase separation and shape deformation of two-phase membranes. Phys. Rev. E 61, R57â€“R60 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kumar, P. B. S., Gompper, G. & Lipowsky, R. Budding dynamics of multicomponent membranes. Phys. Rev. Lett. 86, 3911â€“3914 (2001)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Helfrich, W. Elastic properties of lipid bilayers: Theory and possible experiments. Z. Naturforsch. 28c, 693â€“703 (1973)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Jenkins, J. T. Static equilibrium configurations of a model red blood cell. J. Math. Biol. 4, 149â€“169 (1976)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Seifert, U. Curvature-induced lateral phase separation in two-component vesicles. Phys. Rev. Lett. 70, 1335â€“1338 (1993)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Duwe, H. P. & Sackmann, E. Bending elasticity and thermal excitations of lipid bilayer vesicles: Modulation by solutes. Physica A 163, 410â€“428 (1990)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Benvegnu, D. J. & McConnell, H. M. Line tension between liquid domains in lipid monolayers. J. Phys. Chem. 96, 6820â€“6824 (1992)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schneider, M. B., Jenkins, J. T. & Webb, W. W. Thermal fluctuations of large quasi-spherical bimolecular phospholipid vesicles. J. Phys. 45, 1457â€“1472 (1984)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Helfrich, W. & Servuss, R. M. Undulations, steric interactions and cohesion of fluid membranes. Nuovo Cimento D 3, 137â€“151 (1984)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chen, C.-M., Higgs, P. G. & MacKintosh, F. C. Theory of fission for two-component lipid vesicles. Phys. Rev. Lett. 79, 1579â€“1582 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lipowsky, R. & Dimova, R. Domains in membranes and vesicles. J. Phys. Condens. Matter 15, S31â€“S45 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Samsonov, A. V., Mihalyov, I. & Cohen, F. S. Characterization of cholesterol-sphingomyelin domains and their dynamics in bilayer membranes. Biophys. J. 81, 1486â€“1500 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Debregeas, G., de Gennes, P.-G. & Brochard-Wyart, F. The life and death of â€œbareâ€� viscous bubbles. Science 279, 1704â€“1707 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Andelman, D., Brochard, F. & Joanny, J. F. Phase transitions in Langmuir monolayers of polar molecules. J. Chem. Phys. 86, 3673â€“3681 (1987)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bar-Ziv, R. & Moses, E. Instability and â€œpearlingâ€� states produced in tubular membranes by competition of curvature and tension. Phys. Rev. Lett. 73, 1392â€“1395 (1994)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wintz, W., DÃ¶bereiner, H. G. & Seifert, U. Starfish vesicles. Europhys. Lett. 33, 403â€“408 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mukherjee, S. & Maxfield, F. R. Role of membrane organization and membrane domains in endocytic lipid trafficking. Traffic 1, 203â€“211 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huttner, W. B. & Zimmerberg, J. Implications of lipid microdomains for membrane curvature, budding and fission. Curr. Opin. Cell Biol. 13, 478â€“484 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mathivet, L., Cribier, S. & Devaux, P. F. Shape change and physical properties of giant phospholipid vesicles prepared in the presence of an AC electric field. Biophys. J. 70, 1112â€“1121 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Denk, W., Strickler, J. H. & Webb, W. W. Two-photon laser scanning fluorescence microscopy. Science 248, 73â€“76 (1990)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank G. W. Feigenson, J. T. Jenkins, G. Gompper, J. Zimmerberg, A. K. Smith and A. T. Hammond for discussions. This work was supported in part by a CMBSTD grant of the W.M. Keck Foundation and an NIBIB-NIH grant to the Developmental Resource for Biophysical Imaging Opto-Electronics.


Author information
Authors and Affiliations
	Applied and Engineering Physics, Cornell University, Ithaca, New York, 14853, USA
Tobias BaumgartÂ &Â Watt W. Webb

	Laboratory of Cellular and Molecular Biophysics, National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland, 20892, USA
Samuel T. Hess


Authors	Tobias BaumgartView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Samuel T. HessView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Watt W. WebbView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Watt W. Webb.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Supplementary information

Supplementary Figure 1: showing vesicle tracing and fitting results (PDF 1367 kb)

41586_2003_BFnature02013_MOESM2_ESM.pdf
Supplementary Figure 1': Separate channels referring to the colour merged images of Figure 1 of the main text (PDF 1315 kb)


Supplementary Figure 2: Containing phase diagram information (PDF 670 kb)

41586_2003_BFnature02013_MOESM4_ESM.pdf
Supplementary Figure 2': Separate channels referring to the colour merged images of Figure 2 of the main text (PDF 1351 kb)


Supplementary Movie: Showing line tension induced budding and fission (MOV 4510 kb)

Supplementary Methods, Figure and Movie legends (DOC 93 kb)




Rights and permissions
Reprints and permissions


About this article
Cite this article
Baumgart, T., Hess, S. & Webb, W. Imaging coexisting fluid domains in biomembrane models coupling curvature and line tension.
                    Nature 425, 821â€“824 (2003). https://doi.org/10.1038/nature02013
Download citation
	Received: 25 March 2003

	Accepted: 19 August 2003

	Issue Date: 23 October 2003

	DOI: https://doi.org/10.1038/nature02013


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

                
                    	
                            
                                
                                    
                                        Kinetic control of shape deformations and membrane phase separation inside giant vesicles
                                    
                                

                            
                                
                                    	Wan-Chih Su
	James C. S. Ho
	Atul N. Parikh


                                
                                Nature Chemistry (2024)

                            
	
                            
                                
                                    
                                        Assessing coral reef conservation planning in Wakatobi National Park (Indonesia) from larval connectivity networks
                                    
                                

                            
                                
                                    	Irfana Diah Faryuni
	Antoine Saint-Amand
	Emmanuel Hanert


                                
                                Coral Reefs (2024)

                            
	
                            
                                
                                    
                                        Physicochemical properties of the vacuolar membrane and cellular factors determine formation of vacuolar invaginations
                                    
                                

                            
                                
                                    	Yoko Kimura
	Takuma Tsuji
	Miyuki Higuchi


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Lipid saturation controls nuclear envelope function
                                    
                                

                            
                                
                                    	Anete Romanauska
	Alwin KÃ¶hler


                                
                                Nature Cell Biology (2023)

                            
	
                            
                                
                                    
                                        Resonances for Laplacian perturbed on surface and cell membrane model
                                    
                                

                            
                                
                                    	Igor Y. Popov
	Tatiana S. Yurova


                                
                                BoletÃn de la Sociedad MatemÃ¡tica Mexicana (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








