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            Abstract
The design of micro- or nanoparticles that can encapsulate sensitive molecules such as drugs, hormones, proteins or peptides is of increasing importance for applications in biotechnology and medicine. Examples are micelles, liposomes and vesicles. The tiny and, in most cases, hollow spheres are used as vehicles for transport and controlled administration of pharmaceutical drugs or nutrients. Here we report a simple strategy to fabricate microspheres by block copolymer self-assembly. The microsphere particles have monodispersed nanopores that can act as pH-responsive gates. They contain a highly porous internal structure, which is analogous to the Schwarz P structure. The internal porosity of the particles contributes to their high sorption capacity and sustained release behaviour. We successfully separated similarly sized proteins using these particles. The ease of particle fabrication by macrophase separation and self-assembly, and the robustness of the particles makes them ideal for sorption, separation, transport and sustained delivery of pharmaceutical substances.
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                    Introduction
Nature uses molecular self-assembly to construct complex functional structures. Each living cell is surrounded by a self-assembled membrane of phospholipids. These membranes prevent molecules generated inside the cell from leaking out and unwanted molecules from diffusing in1. Another typical example of a natural self-assembling system is the viral capsid, which consists of protein subunits that self-assemble into a robust protein coating that protects the viral genome molecules and releases them at the correct moment by a gating mechanism2. Although viral vectors have been extensively investigated as promising drug delivery vehicles, their clinical applications have been limited owing to potential risks such as immune recognition and mutagenesis3. In the past decade, hierarchical self-assembly inspired by nature has evolved into an effective and practical strategy to fabricate supramolecular structures with transfer or delivery functions in medical applications. Lipid vesicles (liposomes) are relatively easy to make from cheap ingredients. However, they are not very robust since their walls are as thin as the walls of soap bubbles. Synthetic polymer vesicle (polymersome) membranes can also be used as bilayers with improved physicochemical and mechanical properties4,5,6 although the level of complexity of such block copolymer (BCP) self-assembled systems is much lower than the level of complexity designed by nature, for example, cell or virus systems (Supplementary Fig. 1). With a few exceptions, the self-assembly of synthetic molecules including BCPs7,8, surfactants9 and synthetic peptides10,11 has yielded closed vesicles with limited functionality, whereas greater complexity is needed to develop truly functional biomimetic materials.
Here we report for the first time a simple strategy to fabricate micrometre-sized spheres with gated nanopores by BCP self-assembly. Capsules with gated pores have been described before12; in contrast to these capsules our particles are not hollow. They have complex but highly ordered structures with regular and highly dense nanometre-sized pores. Their formation by BCP self-assembly takes hours and involves different stages. We trapped intermediate structures at different times to understand their possible formation mechanism. We found that the particles could be separated easily from various aqueous media via centrifugation. A remarkable property of the particles is their stimulus (pH, ion) responsiveness. Indeed, our tunable nanopores can be used as sensitive gates controlled by pH without any modification. We then tested the particles as potential drug-delivery vehicles. The particles exhibit high loading capacity and sustained release behaviour that might be related to their outer and inner porous structures. Moreover, we used our particles to separate similarly sized proteins (bovine haemoglobin (BHb) 65â€‰kDa, bovine serum albumin (BSA) 66â€‰kDa) in an efficient way by controlling the environmental pH. We envision that when carefully designed, these particles will mimic both the structure and function of sophisticated biological systems (Supplementary Fig. 2), and will thus possess attributes useful for applications in biotechnology, medicine, photoelectric materials and catalysis13,14.


Results
Preparation and characterization of nanoporous particles
We used the diblock copolymer polystyrene-b-poly(acrylic acid), PS-b-PAA, as the starting material. Toluene and methanol were chosen as selective solvents for PS and PAA, respectively. Many factors, for example, the composition and concentration of the copolymer, the nature and the content of solvents, and the corresponding blockâ€“block and blockâ€“solvent Ï‡-parameters (the Floryâ€“Huggins parameter15,16), significantly affect the morphology of the material. Ï‡ can be roughly estimated by analysing the difference between the solubility parameters (Î´) of each component. When the values of the solubility parameters for the polymer and the solvent are similar, dissolution of polymer is optimal. As these values diverge, the polymer coils in diluted solutions contract17,18. In BCPs, the differences in the solubility of each block and solvent will determine which block is preferentially exposed to the solvent. Supplementary Table 1 lists the dispersive (Î´d), polar (Î´p) and H-bond (Î´H) contributions of the single solvents, solvent mixtures and copolymer blocks investigated here. (Î´solventâˆ’Î´block)2 gives a good indication of how strong the interaction between the blocks and the solvent is, with larger values indicating poorer interactions, similarly to recently reported pore formation in PS-b-P4VP BCP membranes19. The solubility parameter of a solvent mixture as well as the aggregate morphology can be tuned by changing the solvent composition. To form the porous nanoparticles shown in Fig. 1, ca. 10â€‰mg of PS-b-PAA was added to a mixture of toluene (0.3â€‰ml) and methanol (0.9â€‰ml). The Î´-values of this solvent mixture (1) are also estimated (Supplementary Table 1). Methanol and acrylic acid are much more polar and H-bond forming than is styrene. Differences in the solubility parameters are much larger between styrene blocks and the solvent mixture ((Î´psolvent mix1âˆ’Î´pS)2=67, (Î´hsolvent mix1âˆ’Î´hS)2=156) than they are between acrylic acid and the solvent mixture ((Î´psolvent mix1âˆ’Î´pAA)2=7.8, (Î´hsolvent mix1âˆ’Î´hAA)2=2.9). The styrene blocks tend not to have contact with the solvents.
Figure 1: SEM and TEM images of spherical particles with regular nanometre-sized pores of high density.
(aâ€“c) SEM images of spherical particles at different magnifications. (d,e) Cross-sectional SEM images of the fractured porous particle at different magnifications. (f) Monodispersed nanopores on flat particle surface. (g,h) TEM images of monodispersed nanopores. Scale bars represent 1â€‰Î¼m (aâ€“f) and 200â€‰nm (g,h).


Full size image

Figure 1aâ€“c shows scanning electron microscopy (SEM) images of spherical particles at three different magnifications. We found that the diameter of the obtained particles was around 2â€‰Î¼m and the particles had regular and ordered channels with highly dense and uniform pores perpendicular to the surface. The diameter of the regular pores at the particle surface was âˆ¼27â€‰nm as measured in the SEM images under high magnification. The pore density on the surface, as shown in Fig. 1a, was estimated to be around 2.1 Ã— 1013 pores per square metre. Multilayers with well-ordered nanopores were exposed as the internal structure as shown in the cross-sectional SEM image (Fig. 1d,e). A fracture of the internal layers showed that there were larger pores (the average diameter was around 50â€‰nm) inside the particles than on the surface. Interestingly, a highly ordered pattern of monodispersed nanopores was observed on the flat surfaces of some particles (Fig. 1f), suggesting that flat surfaces might lose their planarity to reduce energetic stretching at the ridges and evolve into curved surfaces, forming spherical particles. The highly ordered multilayer structures with perpendicular channels were further confirmed by transmission electron microscopy (TEM; Fig. 1g,h).
A phase diagram and a possible formation mechanism
A systematic experimental phase diagram of PS144-b-PAA22 in tolueneâ€“methanol mixtures as a function of the copolymer concentration and solvent composition is shown in Fig. 2a. All presented structures were observed after stirring for 8â€‰h. Five regions of interest (dense spheres, vesicles, lamellae, tubes and porous particles) were observed. Representative images of morphologies in each region are shown as inset. The predominance of each morphology is governed by the copolymer concentration and methanol/toluene v/v ratio. The phases have been detected in copolymer concentrations below 5â€‰wt%. The diagram pinpoints a relatively narrow regime of porous particles.
Figure 2: Particle formation as function of time, copolymer concentration and solvent composition.
(a) Morphological phase diagram of PS144-b-PAA22 in tolueneâ€“methanol mixtures as a function of copolymer concentration and solvent composition. Five regions of interest were observedâ€”spheres, vesicles, lamellae, tubes and nanoporous particlesâ€”as shown in the inset images. Scale bars represent 200â€‰nm. (b) Formation of the nanoporous particles and the changes of hydrodynamic diameter measured by DLS. (câ€“g), SEM images showing the morphology evolution with time. The scale bars correspond to 1â€‰Î¼m.


Full size image

Polymer phase diagrams in a binary solvent mixture are characterized by thermodynamic conditions of complete homogeneity (solution), instability and metastability. When the system is brought from homogeneous condition into the instable region, phase separation usually takes place by spinodal decomposition with concentration fluctuations smoothly increasing20. Nucleation and growth is the predominant mechanism in the metastable region. When the macromolecular component is an amphiphilic BCP a more complex diagram is obtained reflecting the structures observed in Fig. 2a. Dense spheres are characteristics of nuclei formed by nucleation and growth in the border between metastable and homogeneous region. Nuclei formation requires crossing a free energy barrier. Infinitesimal fluctuation of parameters like density can lead to molecular arrangements corresponding to the thermodynamic concentrations accordingly to those required for keeping the nuclei in equilibrium with the solution with equal probability to grow or dissolve21. The free energy stabilizing the nuclei has to overcome the surface energy involved in the formation of the new interface. Density fluctuations alone, depending on the compositions, may not be enough to account for nuclei formation with long-lifetime stability. As proposed by Vekilov21, only fluctuations leading to a structure with low enough total final free energy will be stable. Density fluctuation in amphiphilic systems like BCPs can locally favour the formation of mesoscale structures, which could otherwise be found only in homogeneously high concentrated solutions. For PS144-b-PAA22, as demonstrated in Fig. 2a,b, a rich variety of ordered structures thermodynamically stabilizes the system coexisting with the less diluted solution.
The most stable structure is governed by the bend energy, entropic packing restrictions and interaction between blocks and solvent mixtures22,23. The formation of crew-cut micelle-like aggregates of diblock copolymers in aqueous solutions and their morphology change to cylinders, vesicles and lamellae has been explored and revised by Eisenbergâ€™s group24. But the most interesting structures observed in our work are triply periodic continuous minimal surfaces, which can be seen when the porous particle obtained in methanol/toluene solutions are fractured. The morphology is analogous to those theoretically proposed by Schwarz25 and Schoen26 with total mean curvature close to zero27. The structures are known as Schwarz P and Schoen Gyroid, as shown in Fig. 3d,e. Triply periodic structures have been reported for BCPs in bulk28,29 but not in copolymer solutions analogous to what we report here. Formation of a periodic morphology is believed to alleviate the entropic penalty associated with copolymer segment stretching when assembling in ordered microdomains28. Hashimoto et al.29 proposed the preparation of intercontinuous porous structures by obtaining gyroid morphology in BCP bulk followed by selective degradation of one of the block phases. We are able to obtain a regular periodic porous structure in one step without any selective etching or degradation.
Figure 3: SEM images of microparticles.
(a) SEM images of a single nanoporous particle formation. Scale bars represent 500â€‰nm. (bâ€“e) Cross-sectional SEM images of the final porous particle with Schwarz P surface (b) formed after 8â€‰h and the intermediate particle with Schoen gyroid structure (c) formed after 5â€‰h. Graphic representations of the Schwarz P surface (d) and the gyroid structure (e). Scale bars represent 500â€‰nm.


Full size image

We followed the kinetics of porous particle formation by dissolving the copolymer in the target solvent composition and extracting samples after different times. The samples were quenched with pure methanol to kinetically trap the intermediate structures. The evolving process of particle formation is shown in Fig. 2b as well as the change of hydrodynamic particle diameters measured by dynamic light scattering (DLS). Additional images for a single porous particle evolution are presented in Fig. 3a.
The process follows mainly three steps: (1) vesicles and lamella: density fluctuations lead to local concentrations favouring vesicle formation (Fig. 2c). Collapsed vesicle structures similar to â€˜Kippah vesiclesâ€™, described by Eisenberg30 and van Hest31, are seen in this stage. The vesicles fuse to form lamellas, which are energetically favourable because the total interfacial energy between the aggregates and the solvent outside is reduced. Figure 2d shows lamellas coexisting with vesicles. (2) Lamella to Schoen gyroid26 transition (Fig. 2dâ€“f): at this stage, particles with triply continuous gyroid structures (Fig. 2f) were detected. A cross section of the intermediate particle is shown in Fig. 3c, confirming the gyroid morphology. Freestanding lamella can easily lose their morphological stability and exhibit complex configurational changes in response to force, compression, or differential or constrained swelling/shrinkage. No morphological transition happened to the lamellas when stirring was stopped. The transition from lamella to gyroid phases was observed for the first time in self-assembled BCP nanoporous particles. This transition has been mostly previously observed for diblock copolymers in melts32,33,34. (3) Gyroid to Schwarz P structure transition (Fig. 2fâ€“g): gyroid and Schwarz P structures are both examples of triply periodic minimal surfaces, which are minimal surfaces that are periodic in all three coordinate directions35. Because Schwarz P surface has less surface area than gyroid28, the transition from the particles with gyroid surfaces to that with Schwarz P surfaces in the present work is energetically more favourable. The cross section of the porous particle is shown in Figs 1e and 3b.
pH-Responsive properties
We found that the particles could be easily transferred from various aqueous media via centrifugation. Figure 4a indicates how the Î¾ potential changes as the pH of the buffer solution changes. The Î¾ potential was below zero at all pH values tested and decreased as the pH increased. Compared with the pore sizes of particles at low pH, the pore size of particles at high pH obviously decreased (Fig. 4b). The effect of pH on the morphology is mainly due to the change in the swelling and electrostatic repulsion generated by ionization of the PAA blocks. The carboxylic acid units were deprotonated at high pH and the PAA segments stretched to minimize the charge repulsion, transforming the pore into a pH-sensitive gate without affecting the overall spherical shape of the particle. The effect is opposite to that observed in recently reported stimuli-responsive PS-b-P4VP isoporous membranes36,37.
Figure 4: Î¾ Potential and pore size as function of pH.
(a) Î¾ potential of particles versus pH. (b) SEM images of the particles at different pH. With increase of pH, the size of the pores gradually decreases. Scale bars represent 1â€‰Î¼m.


Full size image

It is worth noting that these particles could be lyophilized without adding any cryoprotective agent and the resulting dried powder was easy to redisperse. The morphology of the particles after lyophilization and redispersion (Supplementary Fig. 3) did not change much and remained similar to that of the original particles. This is very favourable for applications in drug delivery and nanoreactors.
Similarly sized protein separation
Size-based separation of proteins can be carried out by ultrafiltration membrane systems when the proteins are significantly different in size38,39. However, separation of similarly sized proteins with the commercially available membranes is not possible40. Here we tested whether our porous particles could separate similarly sized proteins with high selectivity.
To determine whether our porous particles could separate proteins, we chose two proteins with different isoelectric points (pI): BSA (pI=4.7, molecular weight (MW)=67â€‰kDa, diameter=6.8â€‰nm) and immunoglobulin-Î³ (IgG, pI=7.3, MW=150â€‰kDa, diameter=14â€‰nm), fluorescently labelled with Alexa 488 and Alexa 546 (Molecular Probes), respectively. BSA and IgG are too close in size (there is a twofold difference in their MW) to be separated efficiently via conventional dialysis membrane processes41 (dialysis membrane manufacturers recommend that there be at least a 10-fold MW difference between separable proteins). A critical parameter that can influence separation through nanopores is the charge of the protein. When the pH value of a buffer solution is exactly equal to the pI of a protein, the surface charge of the protein is neutral. At a pH above the pI, the protein is negatively charged; at a pH below the pI, the protein is positively charged. Proteins are large biomolecules and can thus be heavily charged (BSAâ€™s net charge is âˆ’13 at pH 7)42. Strong electrostatic interactions between proteins and charged particles were therefore expected. We monitored the separation of fluorescently labelled BSA (denoted as BSA*) and fluorescently labelled IgG (denoted as IgG*) using our porous particles at pH 5.8 simultaneously on two channels of a fluorescence microscope (Supplementary Fig. 4a). The IgG molecules carried positive charges, which caused strong electrostatic attraction and adsorption into the negatively charged particles. Highly efficient separation could be clearly observed in laser scanning confocal microscopy (LSCM) images within 2â€‰min.
Figure 5a,b shows a similar experiment using fluorescently labelled BSA and BHb at pH 5.8. BSA and BHb have nearly identical molecular weights (BHb 65â€‰kDa; BSA 66â€‰kDa), making them more difficult to separate. However, BSA has a lower isoelectric point (pI=4.7) than BHb (pI=7.0). Similar to the experiment with BSA and IgG, positively charged BHb was rapidly adsorbed into our porous particles while negatively charged BSA was electrostatically repelled. The negative charge of the particles increased the selectivity of BHb over BSA. Because the electrostatic interactions between the proteins and the particles occurred throughout the particles, not only at their surfaces, the particles offered sufficient electrostatic interaction space for selective separation.
Figure 5: Selective separation of similarly sized proteins using the nanoporous particles.
(a) LSCM images (taken from the same field of microscope) of spherical particles mixed with two fluorescently labelled proteins (BHb* and BSA*, appear magenta and green in the fluorescence images, respectively). Top left, fluorescence image from channel 1 (magenta) shows BHb*-encapsulated particles; top right, fluorescence image from channel 2 (green) shows that no BSA* was adsorbed into the particles; bottom left, transmission image; bottom right, overlay of the three images, showing that only BHb* was adsorbed into the negatively charged particles. This selective separation of BSA* and BHb* at pH 5.8 was confirmed by simultaneous two-colour imaging of particles. Scale bars represent 10â€‰Î¼m. (b) Schematic of the selective separation process of BSA (green ellipsoid) and BHb (magenta sphere) using the particle at pH 5.8. (c) A single particle was imaged by z-slice imaging. The cross-sectional pictures are shown in series from the top of the particle (top left fluorescence image 1) to the bottom (bottom right fluorescence image 8), clearly indicating the three-dimensional, non-hollow nature of the structure. The imaged particle is about 2â€‰Î¼m in diameter.


Full size image

It is worth noting that BSA could also be loaded into the particles when the pH value is below the pI of BSA (Supplementary Fig. 4b). Figure 5c shows the cross-sectional pictures of a single particle loaded with BSA at pH 4.4. In this case, electrostatic attraction between the BSA molecules and particles occurs as a result of their opposite charges. The images indicate that the circles are solid rather than hollow, suggesting that the positively charged BSA was not only adsorbed onto the surface of the particles but it also was drawn inside the particles through the nanopores.
Separation experiments with fluorescently labelled proteins revealed that our porous particles had enough capacity to load even large protein molecules. Given the hours-long passage times of molecules through thick membranes43, our particles demonstrate significant advantages in effective bioseparation within minutes, even for similarly sized proteins with opposite charges. This is very favourable for applications in high-speed protein chromatography.
Drug loading tests of the particles
Bioactive agents such as proteins or nucleic acids are usually too polar to enter cells directly and hence require carriers for cellular delivery44. A high loading capacity is important to reduce the dose of the carrier in clinical practice. Because of the porous structure and the charged nature of our particles, they may be promising candidates to be drug carriers with high loading capacities. We loaded BHb and IgG molecules into the particles and observed a surprisingly high loading capacity for both proteins. For example, the maximum BHb loading capacity at pH 5.8 is as high as 1,600% after 3 days (that is, a 1-mg particle can load about 16.0â€‰mg of BHb). More remarkably, the loading capacity of IgG at this pH was >3,000%, which is at least 50 times larger than the loading capacity of the protein in polysaccharide colloidal particles45 and about 200 times larger than the loading capacity of the protein in micelles assembled by a BCP46. We attribute the main driving force of this loading process to the strong electrostatic interactions between the charged proteins and the particles. In addition, the high porosity of the particles has crucial effects on the high-capacity adsorption process. First, the highly dense nanopores on the surface and inside the particles become channels for the proteins to enter inside the particles where they can make full use of the internal structure. Second, the size of nanopores is close to that of the protein molecules, which made it difficult for the proteins to leach out once they entered. The Brunauerâ€“Emmettâ€“Teller (BET) surface area and total pore volume were estimated to be 149â€‰m2â€‰gâˆ’1 and 0.46â€‰cm3â€‰gâˆ’1, respectively. The high surface area and volume from BET result is consistent with the high loading capacity of the porous particles. The pore size distribution (Supplementary Fig. 5) was calculated from N2 adsorption isotherm using density functional theory method, and matches well with the SEM images. The pore volume percent is estimated to be about 49.5% in present work.
Sustained drug release behaviour
Besides loading of a drug, release of the drug is another important parameter in determining the efficacy47 of a drug within a therapeutic range48,49. The binding of the proteins in our porous particles is through electrostatic interaction; the release process would have to be a combination of desorption and diffusion, and would be dependent on the pH of the environment. We observed a controlled and constant release of entrapped IgG antibodies by our particles at different pH without physical and chemical stresses over a period of 30 days (Fig. 6a). The release processes taking place in the case of IgG are complex because both the protein charge and the pore size of the particle are sensitive to changes in pH. For instance, IgG is negatively charged at pH 9 and would thus be repelled from negatively charged particles. The release rate of the protein was constant over time irrespective of the concentration of the protein. We interpret this to be a consequence of single-file diffusion50,51, which is known as the best long-term controlled delivery system for protein drugs. When pore sizes are controlled so that two or more diffusing molecules are not allowed to pass through the pores simultaneously, protein-based drugs are released by single-file diffusion through the pores. On the other hand, an increase in pH would strengthen the repulsion between charged IgG and the particles, thus increasing the release rate (Fig. 6a).
Figure 6: Protein drug loading and sustained release.
(a) Concentration of the released protein versus time at different pH. (b) The results of SDSâ€“PAGE analysis of in vitro released IgG up to 30 days and IgG stock solution. Lane 1:5â€‰Î¼l protein molecular weight standards; lane 2: blank; lane 3â€“13: 10â€‰Î¼l released protein samples collected after 0.5, 3, 6, 8, 10, 12, 15, 18, 22, 26 and 30 days, respectively; lane 14: 2.5â€‰Î¼l initial stock solution of IgG.


Full size image

We used one-dimensional SDSâ€“polyacrylamide gel electrophoresis (PAGE) gel electrophoresis analysis to confirm that the released protein was intact without denaturation after days or even months. Released IgG was detected at the same position with its molecular weight intact as shown in Fig. 6b, indicating that IgG retained its original active structure after loading and release.


Discussion
BCP microspheres with stimuli-responsive nanopores and very high specific protein adsorption could be manufactured by macrophase separation and self-assembly. The final spherical particles were obtained after stirring PS-b-PAA in a methanol/toluene mixture for 8â€‰h. By adding a large excess of methanol at different time intervals intermediate structures could be kinetically trapped and isolated. This helped to understand the formation mechanism of the unique superstructure of the porous microspheres. The transitions from lamella to gyroid and then to Schwarz P structure were reported here for the first time in self-assembled BCP particles in solutions. Owing to the internal porous structure with numerous binding sites, the protein loading capacity of the particles is at least two orders of magnitudes higher when compared with BCP micelles. One milligram of particles could adsorb 30â€‰mg of IgG. Depending on the external pH the entrapped protein could be released with a constant rate over a period of 30 days. These particles have also been used for selective separations of similarly sized proteins in the present work. When carefully designed these particles will mimic both the structure and function of more sophisticated biological systems and will thus possess attributes useful for applications in biotechnology, pharmacy and medicine.


Methods
Microparticle preparation
PS-b-PAA BCP P4002-SAA (PS144-b-PAA22, Mn=16,600â€‰gâ€‰molâˆ’1, PDI=1.10) was purchased from Polymer Source, Inc., Canada. Toluene and methanol were supplied by Fisher Scientific. To prepare the nanoporous particles, we added 10â€‰mg PS-b-PAA to a mixture of 0.3â€‰ml toluene and 0.9â€‰ml methanol. The mixture was magnetically stirred (1,000â€‰r.p.m.) at room temperature for 8â€‰h (or for varying times for the kinetic studies). Then, a fivefold larger amount of methanol was added to dilute the resulting solution. The resulting suspension was centrifuged at 14,000â€‰r.p.m. for 15â€‰min. Finally, the sediments of the obtained particles were freeze-dried and redispersed into buffer solutions with different pH. All the buffer solutions were adjusted to desired pH values by mixing different amounts of potassium dihydrogen phosphate (KH2PO4) and disodium hydrogen phosphate (Na2HPO4) (both from Fluka) in Milli-Q water and using these solutions within 3 days of preparation. Phosphate buffer saline solutions maintaining different external pH with low ionic strength (I=0.01â€‰M) were used in the experiments38.
Dynamic light scattering
DLS measurements were performed with a Malvern NanoZS Zetasizer equipped with a 633â€‰nm Heâ€“Ne laser. The Î¾ potential of the samples was obtained with Zetaplus. All DLS measurements were done with a laser wavelength of 658.0â€‰nm and an incident angle of 90Â° at 25â€‰Â°C. For each sample, 15 runs of 10â€‰s were performed, with three repetitions for all the BCP particles.
Electron microscopy
Scanning electron microscopy: To prepare the samples for SEM, a drop of the dilute solution was dropped onto the silicon wafers. Before coating, the silicon substrates were cleaned in a bath of 100â€‰ml of 80% H2SO4, 35â€‰ml of H2O2 and then 20â€‰ml of Milli-Q water for 15â€‰min at 80â€‰Â°C. The silicon surface was then dried with compressed nitrogen gas. The coated substrates were then dried in air and stayed at room temperature for 1 day. To avoid charging problems, the samples were sputter coated with gold for 60â€‰s at 20â€‰mA current in an argon atmosphere. The samples were then transferred to an SEM stage and observed on FEI Quanta 600 and Helios 400â€‰S microscopes at 30â€‰kV.
Transmission electron microscopy: TEM was performed on a JEOL JEM-1011 microscope operating at an acceleration voltage of 100â€‰kV. The dilute samples were deposited on a carbon-coated copper grid. After 10â€‰min, excess solution was removed using a strip of filter paper. The samples were allowed to dry in air at room temperature before observation.
Cryo-field emission SEM (Cryo-FESEM): low-temperature experiments were carried out using a Quorum PP2000T cryo-transfer system (Qurorum Technologies, Newhaven, UK) that was fitted to an FEI Nova Nano630 SEM with a field-emission electron source and through-lens electron detectors. A small amount of BCP solution was dropped on the specimen holder. The sample holder, attached to a transfer rod, was then rapidly plunged into liquid-nitrogen slush, transferred under vacuum to the preparation chamber precooled to âˆ’180â€‰Â°C, and allowed to equilibrate for 10â€‰min. Then sample temperature was raised to âˆ’160â€‰Â°C. To avoid charging problem, the sample temperature was then reduced to âˆ’135â€‰Â°C and the sample was sputter coated with goldâ€“palladium for 90â€‰s at a 5â€‰mA current in an argon atmosphere. The sample was then transferred to an SEM cryo stage, which was held at âˆ’140â€‰Â°C.
Fluorescence labelling and protein separation
Globulin-Î³ (IgG, 150â€‰kDa), BSA (66â€‰kDa) and BHb (65â€‰kDa) are from Sigma Co. They were used as received with no further purification. For the protein separation experiments, BSA, BHb and IgG were labelled with Alexa Fluor 488, 647 and 546 dyes (Molecular Probes), respectively. The dyes react with primary amines, forming stable covalent bonds. Each labelled protein was separated from unincorporated dye with the purification resin packed in the column provided in the labelling kit. Protein concentration and degree of labelling was calculated by measuring absorbances with a NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher Scientific) using extinction coefficients provided by the dye manufacturer. This analysis showed that these proteins were all labelled with five moles of dye per mole of protein. In the microscope, this yielded similar fluorescence intensity for each species at the same concentration. In the mixed protein separation experiments, the initial concentrations of proteins were 2.0â€‰mgâ€‰mlâˆ’1 each. Protein mixture (10â€‰Î¼l) and 10â€‰Î¼l particle solution (1â€‰mgâ€‰mlâˆ’1) were mixed and sandwiched between a glass slide and a cover-glass, and imaged by LSCM. The microscope (Zeiss LSM 710) was equipped with a Ã— 60 or Ã— 100 oil immersion objective. ZEN 2009 software (Carl Zeiss Microscopy, GmbH) was used to collect and orient the imaging data including the z-slices of a single particle loaded with fluorescently labelled proteins.
Measurement of protein loading capacity and protein release
Pure particle (1â€‰mg) was mixed with a protein solution at a known concentration. The mixed solution was stirred gently to allow protein absorption into the particles to reach isothermal equilibrium. The drug loading capacity of particles was determined by separating the particles from the buffer solution containing free protein through centrifugation (10,000â€‰r.p.m., 10â€‰min). The amount of free protein in the supernatant was determined by a NanoDrop 2000/2000c Spectrophotometer. The release of the proteins from purified protein-loaded particles with a known concentration was performed in buffer solutions of different pH. The released protein was sampled at defined time periods and their concentrations were measured using a NanoDrop 2000/2000c Spectrophotometer.
PAGE analysis and gel staining
Laemmli (SDSâ€“PAGE) sample loading buffer, 10 Ã— Tris/glycine/SDS electrophoresis migration buffer, 4â€“20% Mini-PROTEAN TGX Precast Gel, Precision Plus Protein Unstained Standards (10â€“250â€‰kDa) and Bio-Safe colloidal Coomassie brilliant blue G-250 protein staining solution were purchased from Bio-Rad (USA). One part of the sample was diluted with one part of the Laemmli sample buffer. The SDSâ€“PAGE was then carried out on a 4â€“20% precast polyacrylamide gel in a Mini-PROTEAN Tetra Cell (Bio-Rad). The migration of the proteins occurred at constant voltage of 100â€‰V with initial current of 20â€‰mAâ€‰gelâˆ’1 and at 1â€‰W for about 1.5â€‰h in migration buffer. After electrophoresis, the gel was stained with colloidal Coomassie blue G250 for 2â€‰h with gentle agitation and then washed in Milli-Q water until the background was clear.


Additional information
How to cite this article: Yu, H. et al. Biomimetic block copolymer particles with gated nanopores and ultrahigh protein sorption capacity. Nat. Commun. 5:4110 doi: 10.1038/ncomms5110 (2014).



                

            

            
                References
	Lipowsky, R. & Sackmann, E. Structure and Dynamics of Membranes: From Cell to Vesicles Elsevier (1995).

	Douglas, T. & Young, M. Host-guest encapsulation of materials by assembled virus protein cages. Nature 393, 152â€“155 (1998).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Yoo, J. W., Irvine, D., Discher, D. E. & Mitragotri, Samir. Bio-inspired, bioengineered and biomimetic drug delivery carriers. Nat. Rev. 10, 521â€“535 (2011).
CASÂ 
    
                    Google ScholarÂ 
                

	Discher, D. E. & Eisenberg, A. Polymer vesicles. Science 297, 967â€“973 (2002).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Discher, B. M. et al. Polymersomes: Tough vesicles made from diblock copolymers. Science 284, 1143â€“1146 (1999).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	BermÃºdez, H. et al. Molecular weight dependence of polymersome membrane structure, elasticity, and stability. Macromolecules 35, 8203â€“8208 (2002).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Vriezema, D. M. et al. Vesicles and polymerized vesicles from thiophene-containing rod-coil block copolymers. Angew. Chem. Int. Ed. 42, 772â€“776 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Z., Hillmyer, M. A. & Lodge, T. P. Laterally nanostructured vesicles, polygonal bilayer sheets, and segmented wormlike micelles. Nano Lett. 6, 1245â€“1249 (2006).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Liu, S. & Oâ€™Brien, D. F. Stable polymeric nanoballoons: lyophilization and rehydration of cross-linked liposomes. J. Am. Chem. Soc. 124, 6037â€“6042 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Holowka, E. P., Sun, V. Z., Kamei, D. T. & Deming, T. J. Polyarginine segments in block copolypeptides drive both vesicular assembly and intracellular delivery. Nat. Mater. 6, 52â€“57 (2007).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	RodrÃguez-HernÃ¡ndez, J. & Lecommandoux, S. Reversible inside-out micellization of pH-responsive and water-soluble vesicles based on polypeptide diblock copolymers. J. Am. Chem. Soc. 127, 2026â€“2027 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kim, J. K., Lee, E., Lim, Y. B. & Lee, M. Supramolecular capsules with gated pores from an amphiphilic rod assembly. Angew. Chem. Int. Ed. 47, 4662â€“4666 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Alexandridis, P. & Lindman, B. Amphiphilic Block Copolymers: Self-Assembly and Applications Elsevier (2000).

	Riess, G. Micellization of block copolymers. Prog. Polym. Sci. 28, 1107â€“1170 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bates, F. S. Polymer-polymer phase behavior. Science 251, 898â€“905 (1991).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Bates, F. S. & Fredrickson, G. H. Block copolymersâ€”designer soft materials. Phys. Today 52, 32â€“38 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yu, Y., Zhang, L. & Eisenberg, A. Morphogenic effect of solvent on crew-cut aggregates of amphiphilic diblock copolymers. Macromolecules 31, 1144â€“1154 (1998).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Bhargava, P. et al. Self-assembled polystyrene-block-poly(ethylene oxide) micelle morphologies in solution. Macromolecules 39, 4880â€“4888 (2006).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Marques, D. S. et al. Self-assembly in casting solutions of block copolymer membranes. Soft Matter 9, 5557â€“5564 (2013).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cahn, J. W. On spinodal decomposition. Acta Metall. 9, 795â€“801 (1961).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vekilov, P. G. Dense liquid precursor for the nucleation of ordered solid phases from solution. Cryst. Growth Des. 4, 671â€“685 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bates, F. S. & Fredrickson, G. H. Block copolymer thermodynamics: theory and experiment. A. Rev. Phys. Chem. 41, 525â€“557 (1990).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Israelachivilli, J. Intermolecular and Surface Forces 3rd edn Elsevier (2011).

	Mai, Y. & Eisenberg, A. Self-assembly of block copolymers. Chem. Soc. Rev. 41, 5969â€“5985 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schwarz, H. A. Gesammelte Mathematische Abhandlungen Springer (1890).

	Schoen, A. H. NASA Technical Report No. 05541 (1970).

	Andersson, S., Hyde, S. T., Larsson, K. & Lidin, S. Minimal surfaces and structures: from inorganic and metal crystals to cell membranes and biopolymers. Chem. Rev. 88, 221â€“242 (1988).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lambert, C. A., Radzilowski, L. H. & Thomas, E. L. Triply periodic level surfaces as models for cubic tricontinuous block copolymer morphologies. Phil. Trans. R. Soc. Lond. A 354, 2009â€“2023 (1996).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hashimoto, T., Tsutsumi, K. & Funaki, Y. Nanoprocessing based on bicontinuous microdomains of block copolymers: nanochannels coated with metals. Langmuir 13, 6869â€“6872 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Azzam, T. & Eisenberg, A. Fully collapsed (kippah) vesicles: preparation and characterization. Langmuir 26, 10513â€“10523 (2010).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, K. T. et al. Polymersome stomatocytes: controlled shape transformation in polymer vesicles. J. Am. Chem. Soc. 132, 12522â€“12524 (2010).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hamley, I. W., Fairclough, J. P. A., Ryan, A. J., Mai, S.-M. & Booth, C. Lamellar-to-gyroid transition in a poly(oxyethylene)-poly(oxybutylene) diblock copolymer melt. Phys. Chem. Chem. Phys. 1, 2097â€“2101 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hajduk, D. et al. The gyroid: a new equilibrium morphology in weakly segregated diblock copolymers. Macromolecules 27, 4063â€“4075 (1994).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hajduk, D., Ho, R., Hillmyer, M. A. & Bates, F. S. Transition mechanisms for complex ordered phases in block copolymer melts. J. Phys. Chem. B 102, 1356â€“1363 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gevertz, J. & Torquato, S. Mean survival times of absorbing triply periodic minimal surfaces. Phys. Rev. E 80, 011102 (2009).
ArticleÂ 
    ADSÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Nunes, S. P. et al. Switchable pH-responsive polymeric membranes prepared via block copolymer micelle assembly. ACS Nano 5, 3516â€“3522 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Qiu, X. et al. Selective separation of similarly sized proteins with tunable nanoporous block copolymer membranes. ACS Nano 7, 768â€“776 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Torres, M. R., Ramos, A. J. & Soriano, E. Ultrafiltration of blood proteins by experimental polyamide membranes. Bioprocess Eng. 19, 213â€“215 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Koehler, J. A., Ulbricht, M. & Belfort, G. Intermolecular forces between proteins and polymer films with relevance to filtration. Langmuir 13, 4162â€“4171 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Osmanbeyoglu, H. U., Hur, T. B. & Kim, H. K. Thin alumina nanoporous membranes for similar size biomolecule separation. J. Membr. Sci. 343, 1â€“6 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Q. Y., Cui, Z. F. & Pepper, D. S. Fractionation of HSA and IgG by gas sparged ultrafiltration. J. Membr. Sci. 136, 181â€“190 (1997).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pujar, N. S. & Zydney, A. L. Electrostatic effects on protein partitioning in size-exclusion chromatography and membrane ultrafiltration. J. Chromatogr. A 796, 229â€“238 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yamaguchi, A. et al. Self-assembly of a silica-surfactant nanocomposite in a porous alumina membrane. Nat. Mater. 3, 337â€“341 (2004).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Christian, D. A. et al. Polymersome carriers: from self-assembly to siRNA and protein therapeutics. Eur. J. Pharm. Biopharm. 71, 463â€“474 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Janes, K. A., Calvo, P. & Alonso, M. J. Polysaccharide colloidal particles as delivery systems for macromolecules. Adv. Drug Deliv. Rev. 47, 83â€“97 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cai, C. F. et al. Charged nanoparticles as protein delivery systems: A feasibility study using lysozyme as model protein. Eur. J. Pharm. Biopharm. 69, 31â€“42 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Soppimath, K. S., Aminabhavi, T. M., Kulkarni, A. R. & Rudzinski, W. E. Biodegradable polymeric nanoparticles as drug delivery devices. J. Control. Release 70, 1â€“20 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fu, K., Klibanov, A. M. & Langer, R. Protein stability in controlled-release systems. Nat. Biotechnol. 18, 24â€“25 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van de Weert, M., Hennink, W. E. & Jiskoot, W. Protein instability in poly(lactic-co-glycolic acid) microparticles. Pharm. Res. 17, 1159â€“1167 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kukla, V. et al. NMR studies of single-file diffusion in unidimensional channel zeolites. Science 272, 702â€“704 (1996).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wei, Q. H., Bechinger, C. & Leiderer, P. Single-file diffusion of colloids in one-dimensional channels. Science 287, 625â€“627 (2000).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
The authors gratefully acknowledge the financial support from King Abdullah University of Science and Technology (KAUST), and also thank Dr Ali Reza Behzad and Dr Lan Zhao from the Advanced Nanofabrication, Imaging and Characterization Lab at KAUST for help with the Cryo-FESEM and SEM.


Author information
Author notes	Haizhou Yu and Xiaoyan Qiu: These authors contributed equally to this work


Authors and Affiliations
	Advanced Membranes and Porous Materials Center, 4700 King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-6900, Kingdom of Saudi Arabia
Haizhou Yu,Â Xiaoyan QiuÂ &Â Klaus-Viktor Peinemann

	Water Desalination and Reuse Center, 4700 King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-6900, Kingdom of Saudi Arabia
Suzana P. Nunes


Authors	Haizhou YuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Xiaoyan QiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Suzana P. NunesView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Klaus-Viktor PeinemannView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
H.Y. and X.Q. performed the experiments and wrote the manuscript; S.P.N. discussed the particle formation mechanism; K.-V.P. gave conceptual advice and edited the manuscript. All authors discussed the results and commented on the manuscript at all stages.
Corresponding author
Correspondence to
                Klaus-Viktor Peinemann.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
Supplementary Figures 1-5, Supplementary Table 1 and Supplementary References (PDF 541 kb)





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Yu, H., Qiu, X., Nunes, S. et al. Biomimetic block copolymer particles with gated nanopores and ultrahigh protein sorption capacity.
                    Nat Commun 5, 4110 (2014). https://doi.org/10.1038/ncomms5110
Download citation
	Received: 09 December 2013

	Accepted: 14 May 2014

	Published: 17 June 2014

	DOI: https://doi.org/10.1038/ncomms5110


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

                
                    	
                            
                                
                                    
                                        Double diamond structured bicontinuous mesoporous titania templated by a block copolymer for anode material of lithium-ion battery
                                    
                                

                            
                                
                                    	Qingqing Sheng
	Qian Li
	Lu Han


                                
                                Nano Research (2021)

                            
	
                            
                                
                                    
                                        3D Analysis of Ordered Porous Polymeric Particles using Complementary Electron Microscopy Methods
                                    
                                

                            
                                
                                    	Juan Alvarez
	Giovanni Saudino
	Suzana P. Nunes


                                
                                Scientific Reports (2019)

                            
	
                            
                                
                                    
                                        Scalable preparation of alternating block copolymer particles with inverse bicontinuous mesophases
                                    
                                

                            
                                
                                    	Fei Lv
	Zesheng An
	Peiyi Wu


                                
                                Nature Communications (2019)

                            
	
                            
                                
                                    
                                        Block Copolymer Colloidal Particles with Unique Structures through Three-dimensional Confined Assembly and Disassembly
                                    
                                

                            
                                
                                    	Jiang-Ping Xu
	Jin-Tao Zhu


                                
                                Chinese Journal of Polymer Science (2019)

                            
	
                            
                                
                                    
                                        Metal-organic framework patterns and membranes with heterogeneous pores for flow-assisted switchable separations
                                    
                                

                            
                                
                                    	Guan-Young Jeong
	Ajay K. Singh
	Dong-Pyo Kim


                                
                                Nature Communications (2018)

                            


                

            

        
    

            
                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.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
        You have full access to this article via your institution.

        
    
        
            
                Download PDF
                
            
        

    

        
    



            

            
                

    
        

        
        
            
    
        
            
                Download PDF
                
            
        

    

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Open Access Fees and Funding
                                
                            
	
                                
                                    Calls for Papers
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Editors' Highlights
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Top Articles
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For authors
                                
                            
	
                                
                                    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 Communications (Nat Commun)
                
                
    
    
        ISSN 2041-1723 (online)
    
    


                
    

            

        

    




    
        
    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
            
        


    









    








