







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 08 September 2021



                    Transmembrane transport in inorganic colloidal cell-mimics

                    	Zhe XuÂ 
            ORCID: orcid.org/0000-0002-8599-079X1, 
	Theodore Hueckel1, 
	William T. M. IrvineÂ 
            ORCID: orcid.org/0000-0002-4925-20602 & 
	â€¦
	Stefano SacannaÂ 
            ORCID: orcid.org/0000-0002-8399-35241Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 597,Â pages 220â€“224 (2021)Cite this article
                    

                    
        
            	
                        20k Accesses

                    
	
                        29 Citations

                    
	
                            395 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Colloids
	Self-assembly


    


                
    
    

    
    

                
            


        
            Abstract
A key aspect of living cells is their ability to harvest energy from the environment and use it to pump specific atomic and molecular species in and out of their systemâ€”typically against an unfavourable concentration gradient1. Active transport allows cells to store metabolic energy, extract waste and supply organelles with basic building blocks at the submicrometre scale. Unlike living cells, abiotic systems do not have the delicate biochemical machinery that can be specifically activated to precisely control biological matter2,3,4,5. Here we report the creation of microcapsules that can be brought out of equilibrium by simple global variables (illumination and pH), to capture, concentrate, store and deliver generic microscopic payloads. Borrowing no materials from biology, our design uses hollow colloids serving as spherical cell-membrane mimics, with a well-defined single micropore. Precisely tunable monodisperse capsules are the result of a synthetic self-inflation mechanism and can be produced in bulk quantities. Inside the hollow unit, a photoswitchable catalyst6 produces a chemical gradient that propagates to the exterior through the membraneâ€™s micropore and pumps target objects into the cell, acting as a phoretic tractor beam7. An entropic energy barrier8,9 brought about by the microporeâ€™s geometry retains the cargo even when the catalyst is switched off. Delivery is accomplished on demand by reversing the sign of the phoretic interaction. Our findings provide a blueprint for developing the next generation of smart materials, autonomous micromachinery and artificial cell-mimics.
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                    Fig. 1: Self-inflating droplets.[image: ]


Fig. 2: Tunable mechanical properties.[image: ]


Fig. 3: Micropore fabrication.[image: ]


Fig. 4: Active transport.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Functional emulsions.
a, Silsesquioxanes-based emulsions form via hydrolytic condensation of functionalized trialkoxysilane molecules (oil precursor). b, Monodispersed droplets nucleate upon the addition of ammonia and grow over time until the precursor is fully consumed. The cross-linking density of the newly formed oil-phase increases with the emulsion age Ï„, which is defined as the time passed from the addition of ammonia to the sample (nucleation). Ageing manifests with an increase of the oil-air contact angle formed by oil droplets resting on a clean silicon substrate (SEM images, right). c, The droplets can be fully cured by UV polymerization, resulting in a suspension of solid microspheres. Scale bars, 1Â Î¼m.


Extended Data Fig. 2 Self-inflation process.
a, b, Chemically induced osmotic pressure Î i transforms primed emulsion droplets (a) into expanding vesicles (b). The osmotic pressure is generated by charged monomers produced by the reaction between NaOH and the TPM oil phase. c, Expanding vesicles can be fixed via UV polymerization, resulting in solid capsules. Scale bars, 2Â Î¼m.


Extended Data Fig. 3 Full synthetic roadmap to self-inflating microcapsules.
a, b, The schematic shows an overview of the microcapsule fabrication process and highlights key steps. NaOH can be added to the emulsion droplets at any time Ï„ during their ageing process (b). The dropletsâ€™ response, however, depends on both Ï„ and the NaOH concentration, as shown in Fig. 1c. Panels a and b are described in detail in Extended Data Figs. 1 and 2, respectively.


Extended Data Fig. 4 Buckling behaviour.
aâ€“c, SEM images showing the three characteristic responses that we observed during the osmotic stress experiments in Fig. 2e. In Fig. 2, we refer to these responses as (a) intact, (b) mode 2 and (c) mode 1. We studied 11 different capsule geometries each tested against 9 different osmotic pressures. Within each sample, >90% of the capsules responded in the same manner. Scale bars, 2Â Î¼m.


Extended Data Fig. 5 Tunable micropores.
SEM images of cell-mimics displaying micropores in a wide range of sizes. Scale bar, 2Â Î¼m.


Extended Data Fig. 6 Growth and ageing of TPM droplets.
We characterize the emulsions by measuring the diameter of the droplets and the oilâ€“air contact angle Î¸ of the droplets on a silicon substrate. The graph shows a typical emulsion behaviour where Î¸ increases monotonically with the droplet age Ï„, while their diameter reaches a maximum within 1Â h from nucleation. Error bars, Â±1Â s.d.


Extended Data Fig. 7 Quantitative model of self-inflation.
The extent of the inflation for a forming vesicle can be predicted by balancing osmotic pressure and surface tension (solid line). The model is built assuming that the vesicle have a constant volume of oil and a fixed number of molecular species inside contributing to Î i. The experimental points are measurements of the vesicles size at different external osmotic pressures Î e. Radii are measured by SEM after polymerization and corrected for the relative density change (7% increase after polymerization21). Î e is adjusted using NaCl. R0, radius of the oil droplets measured before inflation. Error bars, Â±1Â s.d. Scale bars, 3Â Î¼m.


Extended Data Fig. 8 Ingestion of nanoparticles.
Optical microscopy time-lapse showing cell-mimics ingesting 450Â nm (a) and 300Â nm (b) PS tracers. In both experiments, the cell-mimic has a micropore of 1.1Â Î¼m. Scale bars are 1Â Î¼m.
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41586_2021_3774_MOESM1_ESM.mp4
SI Video 1: Self-inflation of emulsion droplets. Video microscopy illustrating the self-inflation process. TPM emulsion droplets transform into vesicles upon exposure to NaOH


41586_2021_3774_MOESM2_ESM.mp4
SI Video 2: Ingestion of PS spheres. Video microscopy showing cell mimics ingesting, holding and expelling PS tracers. (The video has been sped up by ~2 times)


41586_2021_3774_MOESM3_ESM.mp4
SI Video 3: Ingestion of E.coli. Video microscopy showing cell mimics ingesting E.coli. (The video has been sped up by ~2 times)


41586_2021_3774_MOESM4_ESM.mp4
SI Video 4: Ingestion of silica rods. Video microscopy showing cell mimics ingesting silica rods. (The video has been sped up by ~2 times)
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