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            Abstract
Particles with directional interactions are promising building blocks for new functional materials and may serve as models for biological structures1,2,3. Mutually attractive nanoparticles that are deformable owing to flexible surface groups, for example, may spontaneously order themselves into strings, sheets and large vesicles4,5,6. Furthermore, anisotropic colloids with attractive patches can self-assemble into open lattices and the colloidal equivalents of molecules and micelles7,8,9. However, model systems that combine mutual attraction, anisotropy and deformability have not yet been realized. Here we synthesize colloidal particles that combine these three characteristics and obtain self-assembled microcapsules. We propose that mutual attraction and deformability induce directional interactions via colloidal bond hybridization. Our particles contain both mutually attractive and repulsive surface groups that are flexible. Analogously to the simplest chemical bondâ€”in which two isotropic orbitals hybridize into the molecular orbital of H2â€”these flexible groups redistribute on binding. Via colloidal bond hybridization, isotropic spheres self-assemble into planar monolayers, whereas anisotropic snowman-shaped particles self-assemble into hollow monolayer microcapsules. A modest change in the building blocks thus results in much greater complexity of the self-assembled structures. In other words, these relatively simple building blocks self-assemble into markedly more complex structures than do similar particles that are isotropic or non-deformable.
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                    Figure 1: Self-assembled planar monolayers.[image: ]


Figure 2: Self-assembled monolayer microcapsules.[image: ]


Figure 3: Cavity formation on densification.[image: ]


Figure 4: Monte Carlo simulations.[image: ]
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Extended data figures and tables

Extended Data Figure 1 pH-induced structural rearrangements.
a, For poly(styrene-co-acrylic acid) spheres with a TEM diameter dâ€‰=â€‰0.530â€‰Â±â€‰0.014â€‰Î¼m, the apparent hydrodynamic diameter, dhd, is measured using dynamic light scattering. At ionic strength Iâ€‰â‰ˆâ€‰1â€‰mM, dhd equals 0.79â€‰Î¼m at pH 10, but decreases to 0.57â€‰Î¼m at pH 3 (blue). On screening electrostatic interactions at Iâ€‰â‰ˆâ€‰10â€‰mM (red), or for polystyrene spheres without acrylic acid (green), however, the measured diameter remains almost constant with pH. We conclude that at high pH, the electrostatic repulsion between acrylic acid groups triggers the poly(acrylic acid)-rich brush to expand by about 0.1â€‰Î¼m into the solution. b, The measured polydispersity index, PdI, stays constant, indicating that changing the pH does not induce aggregation.

                          Source data
                        


Extended Data Figure 2 Synthesis.
aâ€“g, Schematic outline (a) and microscopy images (bâ€“g) of the synthesis of mutually attractive, anisotropic, deformable particles. Poly(styrene-co-acrylic acid) spheres (b, c, TEM) with a hydrophobic core (red in a) and a deformable brush (blue in a) are swollen with monomer, heated, and polymerized, resulting in snowman-like particles (d, e, TEM) with a deformable lobe and a rigid protrusion (green in a). Hydrophobic molecules (yellow in a) are covalently linked to the acrylic acid groups, resulting in fluorescent particles when fluoresceinamine is used (f, g, fluorescence microscopy).


Extended Data Figure 3 SEM images of self-assembled microcapsules.
To prevent disintegration upon drying, microcapsules are studied after sintering (aâ€“e) or freeze-drying (fâ€“j). During sintering, the solvent (light blue) is heated in order to partly merge the particles (red) (a, b). During freeze-drying, vitrified water (dark blue) is sublimated under vacuum (f, g). Particles in the microcapsules have six (blue asterisks) or five (green squares) neighbours, and both protrusions that point slightly inwards (red circles) and outwards (light red triangles) are found (d, i). Besides microcapsules, also planar monolayers (j) are observed.


Extended Data Figure 4 Formation of microcapsules and cavities on varying the complexity of the particles.
aâ€“d, The complexity of particles (a) that are deformable (blue), anisotropic (green) and functionalized with mutually attractive groups (yellow) is varied, resulting in non-functionalized particles (b), isotropic particles (c) and non-deformable particles (d). Microcapsules are only found in the first case. eâ€“v, All particles are studied using bright field microscopy at the edge of an evaporating droplet (eâ€“h), in a sediment after centrifugation (iâ€“p), and upon diluting the sediment (qâ€“v). The entire images of eâ€“h can be found in Extended Data Fig. 6 and magnifications of iâ€“k can be found in Extended Data Fig. 7bâ€“d. The arrows indicate the directions of the particle flow, [image: ], or the gravitational field, [image: ].


Extended Data Figure 5 Monolayer sheets.
For mutually attractive, anisotropic, deformable particles with varying sizes (aâ€“c), not only hollow microcapsules (Fig. 2), but also two-dimensional hexagonal planar monolayers (eâ€“g) are observed using bright field microscopy. Both fluoresceinamine (aâ€“c, eâ€“g) and tert-butylamine (d, h) are used as hydrophobic moieties and for both moieties monolayers are observed.


Extended Data Figure 6 Formation of cavities at the contact line.
The complexity of mutually attractive, anisotropic, deformable particles (aâ€“d) is varied resulting in non-functionalized particles (eâ€“h), isotropic particles (iâ€“l) and non-deformable particles (m, n). For each particle type, part of the contact line of an evaporating droplet is studied four times (twice for non-deformable particles). Many cavities are found for mutually attractive, anisotropic, deformable particles (red arrows), whereas for isotropic particles many fewer cavities are found and the other particles did not show any cavities. Crops of these images can be found in Extended Data Fig. 4. The white arrows indicate the direction [image: ].


Extended Data Figure 7 Centrifuged sediments.
Magnifications of the bright field microscopy images in Fig. 3r (a) and Extended Data Fig. 4iâ€“k (bâ€“d). aâ€“d, For mutually attractive, anisotropic, deformable particles, spherical cavities are observed in the sediment (a, b), whereas the sediments of similar non-functionalized and isotropic particles show no (c) and fewer (d) cavities.


Extended Data Figure 8 Clusters of isotropic particles.
a, b, Morphology diagrams of mutually attractive, isotropic, deformable particles as a function of the dimensionless diameter of the satellite spheres, q, and the number of satellite spheres, f. câ€“k, Representative snapshots with cores (red) and satellite spheres (blue). a, When unbound particles are used as the initial configuration and q and f are increased, compact (c, open circles), cylindrical (d, open triangles), flattened (e, filled circles), rod-like (f, asterisks) and finite-size (g, open squares) clusters as well as unbound particles (h, filled triangles) are found. b, When the initial configuration is a hexagonal monolayer, compact clusters (i, open circles), bilayers (j, open diamonds) and monolayers (k, crosses) are observed. The transitions between different morphologies are parallel to isolines for the covered surface fraction, Qâ€‰=â€‰0.1 to 0.5 (dashed lines in a and b).

                          Source data
                        


Extended Data Figure 9 Clusters of anisotropic particles.
a, b, Morphology diagrams of clusters of mutually attractive, anisotropic, deformable particles as a function of the dimensionless diameter of the satellite spheres, q, and the number of satellite spheres, f. câ€“n, Representative snapshots with cores (red), protrusions (green) and satellite spheres (blue). a, When unbound particles are used as the initial configuration, increasing f and q results in compact (c, open circles), cylindrical (d, open triangles), rod-like (e, asterisks), flattened (f, filled circles) and finite-size (g, open squares) clusters as well as unbound particles (h, filled triangles). b, When the initial configuration is a hexagonal monolayer, compact clusters (i, open circles), bilayers (j, open diamonds), planar monolayers (k, crosses), curved monolayers with in-plane protrusions (l, bisected circles) and curved monolayers with out-of-plane protrusions (mâ€“n, filled squares) are found. The transitions between different morphologies are parallel to isolines for the covered surface fraction, Qâ€‰=â€‰0.1 to 0.7 (dashed lines in a and b).

                          Source data
                        


Extended Data Figure 10 Functionalized CPSAA spheres.
aâ€“d, Fluorescence microscopy images for variations on the fluoresceinamine coupling method. e, f, Normalized fluorescence intensity, I/Imax, as a function of the distance, x, on the horizontal line through the fluorescence maximum. Poly(styrene-co-acrylic acid) spheres were activated and functionalized as described in Methods (a, e, f, blue asterisks). Polystyrene spheres were similarly activated and functionalized (b, e, f, red circles). CPSAA was similarly treated without adding N-(3-dimethylaminopropyl)-Nâ€²-ethylcarbodiimide hydrochloride (c, e, f, green squares). CPSAA was similarly treated without adding fluoresceinamine (dâ€“f, light red triangles). The vertical bars indicate the image level thresholds.

                          Source data
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Planar monolayer
A self-assembled sheet of mutually attractive, isotropic, deformable particles freely moves and rotates in the solution showing its hexagonal ordering and its monolayer thickness. (MP4 2828 kb)


Microcapsule. Mutually attractive, anisotropic, deformable particles self-assemble into monolayer microcapsules
 This microcapsule translates and rotates close to the glass slide, showing particles with both six and five nearest neighbours. The structure moves also with respect to the focal plane. Particles just below the focal plane are dark, and those just above the focal plane are bright. (MP4 992 kb)


Height series through a microcapsule
The position of the focal plane, rz, is increased from the glass slide to 5.3 Î¼m above the glass slide, showing the bottom layer, the hollow interior, and the top layer of a microcapsule. (MP4 361 kb)


Cavity formation near the contact line
Mutually attractive, anisotropic, deformable particles flow towards the contact line forming a dense monolayer on the glass slide with a stable cavity. Note that particles at the edge of the dense phase form non-lasting bonds. (MP4 1551 kb)


Cavity phase. At particle volume fractions of about 0.2, a highly fluctuating cavity phase is observed
Mutually attractive, anisotropic, deformable particles form non-lasting bonds, and we observe coexisting regions on the order of 1-10 Î¼m with either high particle concentrations or virtually no particles, i.e. dense curved structures around cavities. (MP4 6559 kb)


Cavity formation upon diluting a sediment
Mutually attractive, anisotropic, deformable particles are centrifuged in a thin cell and subsequently the cell is turned upside down. In the diluting sediment, cavities are observed. (MP4 11566 kb)


Curved monolayer
Simulation snapshot of mutually attractive, anisotropic, deformable particles that form a curved monolayer with in plane protrusions. Each particle has eight satellite spheres of 0.6 times the size of its central sphere. (MP4 1840 kb)
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        Editorial Summary
Self-assembly of conformationally changeable microcapsules
This paper reports on the self-assembly of colloidal particles into hollow virus-like shells or microcapsules without using a template. The method combines anisotropic particle morphology (each colloid is shaped like a snowman in this demonstration), deformable surface ligands that redistribute upon binding, and mutual attraction between particles. The authors draw parallels to atomic bond hybridization, where electrons redistribute upon binding, so they refer to their self-assembly approach as 'colloidal bond hybridization'.
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