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Nanoscale objects are the focus of much attention not only as 
critical components in the emergence of cellular life1, but as 
small-scale materials with advanced functions and proper-

ties that can be isolated or assimilated into numerous applications, 
such as in bioelectronics, sensing, drug delivery, catalysis and nano-
composites2–6. In this review, we focus on hybrid nano-objects that 
are constructed by using organic components to coordinate the 
nucleation, growth, organization and transformation of inorganic 
nanophases to produce discrete integrated objects or higher-order 
structures under equilibrium or non-equilibrium conditions. Using 
illustrative examples, we systematize the concepts that underpin 
these assembly processes, and discuss theoretical considerations.

integrative self-assembly
We begin by surveying present strategies used to coordinate the 
structure and organization of discrete hybrid nano-objects under 
equilibrium conditions5,7. These materials consist of inorganic nano-
components, such as metals (Au, Ag), metal-ion salts (Ca3(PO4)2, 
CaCO3), quantum dots (CdS), magnetic (Fe3O4) and photo active 
(TiO2) oxides, and glassy solids (SiO2), which are chemically integrated 
with discrete organic nano structures. We classify the construction 
processes leading to single nano-objects as ‘inte grative self-assembly’, 
and identify three systematic approaches: nano scale incarceration, 
supramolecular wrapping and nano structure templating (Fig. 1a–d).

Nanoscale incarceration. In general, hybrid nano-objects com-
prising entrapped inorganic components necessitate the pre-
organization of persistent self-assembled organic architectures with 
hollow accessible interiors. An important archetype of this approach 
is the use and application of the capsid-like protein, apoferritin, 
for the controlled nucleation and confinement of inorganic nano-
particles8. Addition of various inorganic reaction mixtures under 
appropriate conditions (such as low concentrations, slow reaction 
rates, substoichiometric ratios and so on) has led to the synthetic 
construction of a wide range of novel protein-encapsulated core–
shell hybrid nano-objects; most recently, these include ferritins 
with incarcerated nanoparticles of CaCO3 (ref. 9), PbS (ref. 10), Ag 
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(ref. 11) and In (ref. 12), as well as Pd (ref. 13) or CoPt (ref. 14) for 
use in catalytic hydrogenation and magnetic storage, respectively. 
Similar approaches have been developed using viral capsids15–17. In 
both systems, inorganic reactants permeate the polypeptide shell 
through molecular channels within the self-assembled architec-
ture, and nucleation occurs specifically within the internal cavity. 
Although molecular diffusion into the ferritin cage is passive, pH-
induced swelling of the shell of cowpea chlorotic mottle virus can be 
used to access the internal environment16. Interestingly, under cer-
tain conditions, the above protocols can be run in reverse such that 
preformed inorganic nanoparticles of appropriate size, shape and 
surface functionality can be used as platforms for the self-assembly 
of viral coat proteins15 or apoferritin subunits10. For example, coat 
proteins assemble spontaneously around gold nanoparticles func-
tionalized with anionic moieties, specific nucleic-acid packaging 
signals, or a monolayer of carboxy-terminated polyethylene gly-
col18–20 (Fig. 2a).

Nanoscale incarceration of inorganic components within inte-
grated hybrid objects can also occur under special conditions by 
confinement within lyotropic organic mesophases that are con-
strained in particle size. Although less common than cage-mediated 
entrapment, this process is intriguing as the hybrid nano-objects do 
not adopt core–shell architectures but instead have unusual meso-
structured interiors. For example, quenching of synthesis mixtures 
of cationic amphiphiles and silicon alkoxides by rapid aerosol 
drying gives rise to the spontaneous co-assembly of spherical silica–
surfactant nanoparticles with ‘onion-like’ internal architecture, in 
which the inorganic phase is incarcerated within a concentrically 
arranged lamellar mesostructure21 (Fig. 2b). In contrast, rapid dilu-
tion and neutralization of analogous reaction mixtures produces 
oblate ellipsoidal nanoparticles of the hexagonally ordered silica–
surfactant mesophase MCM-41, which have a highly unusual 
modulated mesostructure owing to structure-induced shape 
transformations during nucleation22 (Fig. 2c).

Supramolecular wrapping. In this approach, supramolecular 
assemblies or macromolecules with well-defined persistent 
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three-dimensional architectures are enveloped in a continuous 
inorganic coating under near-equilibrium conditions to produce 
discrete core–shell hybrid nano particles23. This approach is related 
to templating strategies (see below), but is differentiated by the con-
tinuous nature of the inorganic component and general absence of 
surface patterning. Sol–gel reactions, particularly those involving 
the hydrolysis and condensation of silica precursors, seem to be 
very compatible with high-fidelity wrapping. For example, organo-
gel nanostructures have been successfully transcribed into silicified 
hybrids with cylindrical24 or helical morphology25, and similar pro-
cedures have been used to prepare silica-coated porphyrin-based 
nanotapes26,27 and collagen fibrils28.

Increasing attention is being placed on maintaining the func-
tionality of the organic architectures after silica-shell wrapping to 
produce core–shell hybrids with integrated properties. Ideally, the 
organic functionality should be retained after assimilation of the 
inorganic component, and remain accessible to external stimuli 
such as changes in pH or optical excitation27. In practice, these 

triggers are transmitted to the embedded organic nanostructure 
through nanopores in the ultrathin silica envelope, thereby enabling 
collective functions to operate within a single hybrid nano-object. 
Significantly, these experimental protocols have been extended to 
the silica/organoclay wrapping of single molecules of polysaccha-
rides29,30, proteins30–32, enzymes31,33 and DNA32 (Fig. 2d). In each case, 
the wrapped biomolecules remain structurally intact and maintain 
their functionality even under adverse conditions.

Nanostructure templating. A wide range of self-assembled organic 
architectures have been used as supramolecular templates for the 
construction of original hybrid nano-objects under equilibrium 
conditions. In general, slow reaction rates — aided by, for exam-
ple, low levels of supersaturation and reactant concentrations — are 
used to facilitate favourable inter actions specifically at the organic 
surface so that nanoscale inorganic deposition occurs preferen-
tially along the accessible surfaces of the template (Fig. 2e). This 
site selectivity is improved in many cases by sequential exposure of 
the preorganized organic nanostructure to the individual inorganic 
reactants34. In practice, this often involves the substoichiometric 
binding of metal cations to the template surface, followed by adding 
ions/molecules that trigger inorganic deposition or crystallization. 
These procedures are particularly effective for the templating of 
metal or semiconductor nano particles within spherical objects such 
as dendrimer nano particles35, or on the surface of highly anisotropic 
biological nanostructures such as DNA36 and self-assembled micro-
tubules37. Similarly, arrays of Au, Ag or Pt nanoparticles have been 
prepared by in situ deposition on the external or internal surface 
of rod-shaped tobacco mosaic virus particles34,38,39. As these hybrids 
are uniform in length and width, mechanically robust and accessible 
to physical manipulation, they may have important technological 
uses as components of digital memory devices39 or as electrically 
conducting nanowires40.

A diverse range of synthetic organic molecules has been used 
to prepare anisotropic nanostructures (such as filaments, tubes, 
helicoids and so on) that promote the template-directed assembly 
of integrated hybrid nanoscale objects under equilibrium condi-
tions. Some representative examples include chiral lipids41,42, pep-
tide-based surfactants43,44, block copolymers45,46, dendron rod–coil 
triblocks47,48 and T-shaped dendro-calixarene amphiphiles49 (Fig. 3). 
Self-assembling peptides with sequences programmed to have 
appropriate polar or charged surface amino acid residues50,51 that 
induce β-sheet (amyloid) formation52,53, or initiate coiled-coil inter-
molecular interactions54, have also been investigated. In many cases, 
these molecules self-assemble in water into nanostructured objects 
by enthalpic and entropic processes, and adopt highly anisotropic 
architectures because of the intricacies of molecular shape and size, 
and specificity of the intermolecular interactions.

In general, the above amphiphiles and peptides show certain 
key characteristics that are designed into the molecular structure 
to facilitate their use as effective templates for nanoscale inorganic 
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Figure 1 | Present approaches to the construction and organization of discrete hybrid nano-objects under equilibrium conditions. a–d, Integrative 
assembly. Nanoscale incarceration by confinement of inorganic reactions within preformed supramolecular organic containers (a), or by self‑assembly of 
organic subunits around preformed inorganic nanoparticles (b). Wrapping of supramolecular organic nano‑objects with ultrathin inorganic shells  
(c). Site‑directed templating of inorganic components on organic nanostructures (d). e,f, Higher‑order assembly of unitary nano‑object constructs by 
programmed aggregation (e), and extended nanostructures by multicomponent reconstitution (f).

Figure 2 | transmission electron microscopy (tem) images of hybrid 
nano-objects produced by integrative self-assembly. a, Nanoscale 
incarceration of a single preformed gold particle by self‑assembly of viral 
coat proteins20. b,c, Incarceration of SiO2 within nanoparticles of ordered 
lyotropic surfactant mesophases showing interiors with concentric 
lamellae (b)21, and a modulated hexagonal structure (c)22, viewed 
side‑on. d, Supramolecular wrapping of a single‑plasmid DNA molecule 
in a continuous ultrathin shell of condensed organoclay oligomers32. 
e, Template‑directed deposition of gold nanoparticles on the surface 
of a nanostructured tobacco mosaic virus rod‑like particle to produce 
metallized biostructures with high shape anisotropy34. Figures reproduced 
with permission: a, © 2006 ACS; b, © 1999 NPG; c, © 2002 Wiley‑VCH;  
d, © 2007 ACS; e, © 2008 RSC. 
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deposition. For example, although phospholipid (1) (Fig. 3a) has a 
molecular structure closely related to that of conventional lipids, 
there are three features that make this amphiphile particularly 
useful as a template with programmed structure and embedded 
functionality. First, the zwitterionic headgroup provides flexibility 
in interfacial binding, such that anions (silicate)41 or metal cations42 
can be sequestered preferentially at the headgroup surface. Second, 
the chiral centre positioned at the junction between the phospho-
choline headgroup and acyl chains drives the molecular packing 
into a highly anisotropic twisted tubular architecture55, which is 
retained in the hybrid counterparts (Fig. 3f). And third, position-
ing of the diacetylenic groups between C8 and C9 atoms promotes 
strong interchain interactions that structurally stabilize the bilayer 
motif, as well as facilitate UV-induced ene–yne chain polymeriza-
tion to produce hybrid nano-objects with solvatochromic, thermo-
chromic and mechanochromic properties41.

Similar considerations have been applied in the design of the 
dendron rod–coil molecule (2) (Fig. 3b), which assembles into 
helical nanotapes by hydrogen bonding between the hydroxyl and 
carbonyl groups in the dendron segment and π-π stacking interac-
tions of the aromatic rod domain47. Incubation of the twisted rib-
bons with Cd(NO3)2 in tetrahydrofuran, followed by reaction with 
H2S, promotes nucleation of CdS nanocrystals specifically around 
the organic nanostructure to produce helically shaped nano-objects 

(Fig. 3g). Significantly, detailed investigations indicate that the 
CdS component is located on only one side of the twisted template 
(Fig. 3h), possibly because helicoids with a slightly coiled axis would 
have one face more exposed to the reactant molecules present in 
the solvent48. In other studies, nanoscale hybrid objects with desired 
biocompatibility are being developed by using peptide-based nanos-
tructured templates in combination with inorganic components — 
such as Ca3(PO4)2 and CaCO3 — that mimic natural biominerals. 
For example, the peptide-alkyl-chain surfactant (3) (Fig.  3c) con-
sists of three key engineered features in the headgroup region44: (i) 
four consecutive cysteine amino acids are included in the peptide 
sequence to generate disulphide bonds between adjacent molecules 
when self-assembled to produce robust nanofibres; (ii) a phospho-
serine residue is included to promote binding of Ca2+ and subse-
quent site-directed nucleation of calcium phosphate; and (iii) the 
cell-binding motif Arg-Gly-Asp (RGD) is sited at the end of the 
headgroup to facilitate cell adhesion.

Complementary strategies based on block copolymer self- 
assembly are being developed for the template-directed construction 
of hybrid nano-objects with high shape anisotropy. For instance, 
cylindrical micelles prepared from poly(acrylic acid)-containing 
block copolymers have been used as organic templates for the for-
mation of constructs comprising linear arrays of metallic, metal 
oxide or metal sulphide nanoparticles56,57. In a recent development, 
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Figure 3 | Nanostructure templating of hybrid nano-objects. a–e, Examples of template molecules. a, Chiral phospholipid (1). b, Dendron rod‑coil (2).  
c, Peptide‑alkyl‑chain surfactant (3). d, Diblock copolymer (4). e, T‑shaped dendro‑calix[4]arene (5) (see text for details). f, SiO2 helicoid based on (1)41. 
g,h, CdS helicoid (g) based on (2), and corresponding graphic (h) showing templating of CdS on one surface of helicoid (2)47. i,j, Co‑micelle of (4) with 
quaternized P2VP central region and unfunctionalized P2VP ends (i), and corresponding TEM image (j) showing patterned deposition of TiO2 in the 
middle domain46. k, Graphic showing cut‑away structure of a persistent cylindrical micelle formed from (5) with ordered surface corrugations of high 
negative charge49. Figures reproduced with permission: a,b,g,h, © 2002 Wiley‑VCH; d,j, © 2009 Wiley‑VCH; e, © 2007 Wiley‑VCH.
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the diblock copolymer, poly(ferrocenyldimethylsilane)-b-poly 
(2-vinylpyridine) (PFS17-b‑P2VP170, (4) (Fig. 3d) has been used 
to prepare discrete cylindrical co-micelles that consist of a posi-
tively charged central region with a quaternized P2VP corona, 
along with un-functionalized end segments (Fig. 3i). The spatially 
defined coronal chemistries have been exploited for the localized 
nucleation of titania specifically across the central segment of each 
co-micelle46 (Fig. 3j).

Although the above studies clearly demonstrate the success of 
nanostructure templating for the integrative self-assembly of hybrid 
nano-objects, the fidelity of transcription is usually low when viewed 
at sub-10-nm dimensions. This is because the surface charge distri-
bution associated with packing of the amphiphilic molecules is gen-
erally homogeneous at this length scale, so there are no distinctive 
regions for site-specific inorganic nucleation or spatial confinement 
of the primary growth clusters. As a consequence, the inorganic 
components are nucleated randomly across the organic surface, and 
subsequently grow along the interface until they come into contact 
with each other. In principle, these limitations can be circumvented 
by using a sterically constrained bulky amphiphile with a sufficiently 
rigid molecular geometry to produce packing arrangements that 
impose structurally persistent binding domains across the surface of 
the template. A possible archetype of this system is the self-assembly 
of the T-shaped dendro-calix[4]arene amphiphile (5) (Fig. 3e) into 
structurally rigid micelles with regularly arranged 2.5-nm-wide sur-
face corrugations lined with several carboxylate ligands58 (Fig. 3k). 
In this case, the high negative charge density within these surface 
domains is sufficient to restrict the nucleation and growth of CdS 
clusters to the corrugated regions, such that quantum dots are organ-
ized as discrete components along the cylindrical micelle49.

higher-order equilibrium self-assembly
The considerable difficulties associated with achieving high- 
resolution spatial separation and organization of individual com-
ponents within single nano-objects prepared by in situ deposition 
(integrative assembly) can be alleviated to some extent by using 
preformed nanostructured components that undergo spontaneous 
higher-order assembly under equilibrium conditions to produce 
unitary nano-objects or extended nanostructutures (Fig. 1e,f). In 
each case, the extent of constructional ordering and component 
placement is dependent on the level of interparticle specificity 
encoded into the individual building blocks.

Unitary nano-objects. Co-organization of two or more types 
of particles within the same nanoscale object is attracting much 
attention as a route to preparing dispersed nano-objects with 
multifunctionality. Typically, this involves conjugation of spheri-
cally shaped particles of different size and composition, with the 
larger component acting as a central platform to control the cou-
pling of the smaller constituents to produce a unitary nano-object 
with satellite-like organization59 (Fig. 4a). Interparticle specificity 
is often achieved by ligation of complementary organic molecules 
to the different nanoparticle surfaces, such that the components 
are assembled into persistent arrangements by molecular recog-
nition. This strategy of ‘programmed aggregation’ often involves 
biomolecular-induced interparticle coupling, and is related to pio-
neering work on the DNA-induced assembly of gold nanoparticles 
into disordered networks60. Similar approaches using high-affinity 
non-covalent recognition between streptavidin/biotin or antibody/
antigen conjugates have been developed to construct a range of 
multicomponent, biologically active nanoscale hybrid objects61. 
As the coupling interactions are reversible and highly selective, 
the encoded nano-objects can be assembled and disassembled by 
changes in temperature and ligand concentrations.

The programmed assembly of nanoscale objects from compo-
nents of different size and shape seems to be a promising approach 

to a range of new multifunctional nanostructures with ordered 
constituents. Several approaches have been investigated based on the 
use of biomolecular, covalent or electrostatic binding. For example, 
oligonucleotide-capped gold nanoparticles and protein-coated iron 
oxide nanoparticles (ferritin) have been assembled on the surface 
of individual carbon nanotubes (CNT) to produce constructs with 
optical, superparamagnetic and metallic/semi-conductive proper-
ties62. As the coupling interactions between the gold and protein 
molecules are dependent on biotin/streptavidin linkages and dupl-
exation, addition of excess biotin or thermal treatment results in 
disassembly specifically of the gold nano particles (Fig. 4b), as well 
as subsequent changes in function that might be exploited in bio-
electrochemical and biosensing applications. An intriguing example 
of reversible assembly triggered by conformational changes, rather 
than by biomolecular decoupling, is the stabilization and release of 
a single CdS guest nanoparticle from the open-ended cylindrical 
cavity of a barrel-shaped chaperonin protein complex63 (Fig. 4c).

Other studies have used covalent coupling to addressable 
amino acids to prepare biologically derived hybrid nano-objects 
from nanostructured components of different size and shape. For 
example, gold nanoparticles have been assembled onto amyloid-like 
fibres genetically engineered with surface-accessible cysteine resi-
dues64, tagged with surface Ni-NTA groups (NTA = nitrilo-triacetic 
acid) and positioned specifically within the 11 nm ring of the heat-
shock protein complex, SP1, by high-affinity binding to six localized 
histidines65, or functionalized with hydroxyl–succimido ligands for 
assembly onto collagen-like peptide fibres containing a designed 
sequence of lysine residues66. Significantly, high levels of definition 
in the placement of gold nanoparticles can be achieved by exploit-
ing the underlying spatial arrangement of the coat proteins of viral 
capsids. For example, preformed gold nanoparticles are assembled 
at specific locations around the external surfaces of cowpea mosaic 
viral particles by genetically engineering cysteine residues at sym-
metry-related positions in the icosa hedral cage67. Although this level 
of fidelity is difficult to emulate in non-biological nanoscale objects, 
recent studies have indicated that synthetically derived nano-objects 
can be patterned by electrostatic interactions during co-assembly of 
the constituent units. For example, the addition of carboxylate-func-
tionalized gold nano particles to poly(ferrocenyldimethylsilane)-b-
poly(2-vinylpyridine) (4) (Fig. 3d) co-micelles, which consist of a 
central positively charged segment, results in spatially patterned 
hybrid nanocylinders due to charge matching between the nano-
scale components45 (Fig. 4d).

Finally in this section, we note that unitary nano-objects can be 
produced spontaneously by the self-assembly of a single nanoscale 
component with a composite hybrid substructure. For example, 
2-nm-sized gold nanoparticles functionalized with reactive male-
imido groups have been coupled specifically to an exposed cysteine 
residue of the engineered β-subunit of the chaperonin HSP60, 
and the hybrid construct used for the spontaneous self-assembly 
of a hollow double-ring nanostructure with spatially ordered gold 
nanoparticles68 (Fig. 4e). This approach is facilitated by strong 
subunit–subunit interactions that drive the system enthalpically 
and entropically towards the higher-order structure. Clearly, the 
nanoparticles have to be small enough to be physically accommo-
dated within the integrated architecture, so consideration of the 
size ratio of the components is an important criterion. A similar 
strategy has been demonstrated by attaching gold nanoparticles 
to F-actin subunits before self-assembly of spatially patterned 
Au/actin nanofibres69.

Extended nanostructures. The formation of extended networks 
by interparticle conjugation between fluid-dispersed hybrid 
nanoparticle building blocks is facilitated by electrostatic, steric, 
van der Waals, hydrophobic and dipole–dipole interactions70. The 
simplest situation involves the spontaneous assembly of weakly 
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or non-interacting spherical nanoparticles, which produces 
close-packed, high-symmetry arrangements, typical of many col-
loidal nano crystals prepared by evaporation-induced assembly 
from organic solvents containing hydrophobically functionalized 
inorganic nanoparticles2,3. The hydrophobic and near-contact 
van der Waals attractive energies are proportional to e–d/λ and 
1/d respectively (d = distance between surfaces, λ = 1–2 nm)70. 
Moreover, high perfection in lattice ordering demands stringent 
levels of uniformity in particle size and shape, which are often 
difficult to achieve synthetically. Interestingly, incarceration of 
inorganic nanoparticles in spherical capsid-like architectures (for 
example, ferritin, cowpea brome mosaic virus) can circumvent 
problems associated with polydispersity of the inorganic phase, 
as well-defined molecular interactions between the protein shells 

override the imperfections to produce very accurate placement of 
the hybrid nanoparticles71.

Deviations from close packing of spherical nanoparticles can be 
accomplished under certain conditions — for example, low-density 
diamond-like lattices have been assembled from strongly electrostat-
ically interacting spherical nanoparticles in the presence of counter-
ion screening effects72, where the attractive/repulsive energies scale 
proportionally with eκ/r (r = distance between ions, κ–1 = screen-
ing length)70. However, it is generally true that increased levels of 
organization in nanoparticle-based higher-level structures require 
interparticle specificity and directionality. Specificity is increased 
considerably in systems comprising spherical nano-objects by pro-
grammed aggregation using DNA-based coupling with appropriate 
design of biomolecular linkers and thermal pathways73,74.
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Figure 4 | Higher-order assembly of nanoscale hybrid objects. a–e, Self‑assembly of unitary nano‑objects. a, Programmed aggregation based on 
DNA‑directed attachment of gold‑nanoparticle satellites to single nanoparticles of mesoporous silica59. b, Coupling of oligonuceotide‑functionalized gold 
nanoparticles to ferritin molecules adsorbed onto the surface of a CNT through a streptavidin linker62. The TEM image shows the specific disassembly of 
the gold nanoparticles (imaged as larger dark dots) by heat‑induced dehybridization of the DNA linkages. The iron oxide cores of ferritin (smaller, less‑
dense spots) remain firmly attached to the CNT platform. c, Scheme showing triggered release of a single semiconductor nanoparticle from a chaperonin–
CdS nanoconstruct63. d, Patterned electrostatic assembly of gold nanoparticles on individual block‑copolymer cylindrical co‑micelles of (4). e, Scheme 
showing self‑assembly of a gold/chaperonin ring‑shaped architecture from gold‑nanoparticle‑tagged protein subunits68. f,g, Higher‑order extended 
structures. f, TEM image showing spontaneous assembly of linear chain of spherical gold nanoparticles with branching bifurcations77. The graphic 
illustrates dipolar interactions associated with ligand partitioning on the gold nanoparticle surfaces. g, Mesocrystal of BaCO3 showing helical stacking of 
iso‑oriented crystals produced by selective adsorption of a phosphonated double hydrophilic poly(ethylene oxide‑oxabutylacrylate ester) block copolymer 
onto the (110) face of the nanocrystals during aqueous precipitation91. Figures reproduced with permission: a, © 2005 Wiley‑VCH; b, © 2005 RSC; 
c, © 2003 NPG; d, © 2007 ACS; e, © 2002 NPG; g, © 2005 NPG. 
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Alternatively, higher-order arrays of hybrid nano-objects with 
considerable spatial directionality can be constructed by exploiting 
interparticle dipole–dipole interactions. Significantly, when these 
interactions are dominant over competing interparticle forces — 
for example, for particles with considerable intrinsic magnetic75 
or electric dipoles76 — then one-dimensional linear chains of iso-
metric nanoparticles self-assemble spontaneously in the dispersed 
medium. Chain assembly can be facilitated also by modifications 
in the hybrid nature of the nanoparticles. For example, reducing 
the screening effect of the organic stabilization layer that surrounds 
spherical CdTe semiconductor nanoparticles promotes linear 
chain aggregation owing to increases in the interparticle electric 
dipole–dipole interactions76. Unlike semiconductor quantum dots, 
face-centred-cubic metallic nanoparticles show no intrinsic electric 
dipole, yet gold nano particles spontaneously assemble into linear 
arrays when conjugated with several types of surface-attached 
ligands77,78 (Fig. 4f). Clustering of the organic molecules into discrete 
domains on the inorganic surface produces an extrinsic electric 
dipole that is sufficient to align the nanoparticles through cumu-
lative dipolar interactions to produce linear chains and networks 
showing plasmonic coupling6,77.

In contrast to spherical nano-objects, the construction of 
spatially aligned higher-level superstructures from components 
with considerable shape anisotropy, such as nano-sheets and nano-
rods, is inherently directional owing to entropic ordering79. As a 
consequence, nanoparticles such as hydrophobically stabilized Au 
(ref. 80), Co (ref. 81) or BaCrO4 (ref. 82) nanorods will sponta-
neously self-assemble into linear chains by side-on ordering. The 
ordering process is further enhanced by enthalpic processes related 
to intermolecular interactions between the surface-adsorbed sur-
factant molecules on the side faces of neighbouring nanoparticles. 
These can result, for example, in the formation of an interdigitated 
bilayer between adjacent particles in the assembled superstructure, 
particularly if the nanorods have well-defined crystal faces82. Recent 
studies have developed this concept by attaching polystyrene mol-
ecules specifically to the end faces of surfactant-coated gold nano-
rods83. Similarly, enthalpy-driven interactions are often used for the 
spontaneous assembly of ordered mesolamellar structures from 
dispersions of hybrid nanosheets. For example, electrostatic inter-
actions between dispersed polymer-stabilized graphene sheets have 
been used to promote the assembly of novel nanostructures in the 
form of electrically conductive thin films84 and DNA-intercalated 
bio-nanocomposites85.

Mesocrystals. The above examples consider systems of higher-order 
equilibrium assembly of spherical or anisotropic hybrid nano-objects, 
in which the inorganic-based building components are intrinsically 
stable with respect to structural transformation and interparticle 
fusion. There are however, a growing number of reports of non-
classical crystallization processes involving the oriented attachment 
and partial fusion of nanoscale hybrid units86, which result in the 
formation of mesocrystals that are crystallographically continu-
ous and morphologically well-defined in three dimensions87. These 
crystals consist of an iso-oriented higher-order superstructure of 
coherently interconnected nanoscale inorganic domains with inter-
calated organic constituents — usually in the form of water-soluble 
polymers — that together significantly influence both the texture and 
mechanical properties. Mechanistically, binding of the organic mac-
romolecules to crystal faces of the primary inorganic nano particles 
produces hybrid conjugates with shape and surface modifications 
that promote coordinated aggregation of the superstructure with high 
levels of orientational, but not positional, order87–90. Remarkably, the 
latter can be strongly influenced by macro molecular encoding of a 
subset of the crystal faces of the primary nanoparticles, with the con-
sequence that non-geometric forms such as helical microstructures 
are spontaneously propagated by vectorial aggregation91 (Fig. 4g).

How the nanocrystalline subunits attain such high levels of 
alignment is not known. However, it seems likely that the interplay 
between the minimization of the nanoparticle surface energy by 
fusion and coherent extension of the crystal lattice, and the steric-
repulsion energy associated with the adsorbed polymers in the 
confined medium, is an important factor in this coordinated proc-
ess of alignment. As the steric-repulsion energy is proportional to 
e−d/R (R = radius of gyration)70, both polymer structure and packing 
density within the aggregates at the early stages of their formation 
must be important considerations. Furthermore, polarization forces 
and dipole fields have been proposed as mechanisms for mediating 
the alignment process92,93. As these competing forces are operating 
under near-equilibrium conditions, the perturbations caused by 
the ordering process are minimal and locally confined. In contrast, 
major structural modifications might be expected if the aggregated 
nanoparticle subunits and organic constituents are metastable and 
coupled through in situ phase transformations. This and other 
examples of non-equilibrium self-assembly involving nanoscale 
hybrid building blocks are discussed in the following sections.

transformative self-assembly
The prescriptive nature of equilibrium-based strategies of integrative 
self-assembly limits the versatility to which multiple length scales 
and higher-order complexity can be embedded within the result-
ing hybrid constructs. In contrast, divergent pathways of construc-
tion involving nano-objects that undergo spontaneous ordering or 
transformation across several length scales can result in complex 
hierarchical states88. We classify these processes as ‘transforma-
tive self-assembly’ to distinguish their nonlinearity and emergent 
behaviour from mechanisms of higher-order self-assembly oper-
ating under equilibrium conditions. Three systematic approaches 
involving self-organizing media, reaction–diffusion systems or cou-
pled-mesophase transformations, are highlighted below.

Nanoscale ordering in self-organizing media. Many non-
equilibrium systems spontaneously transform into complex patterns 
and forms because of instability thresholds associated with spatio–
temporal gradients in temperature, pressure, viscosity and chemi-
cal potential94. Some of these processes, such as viscous fingering, 
diffusion-limited aggregation, myelination, vortexation and foam 
generation, produce self-organized media that in principle could 
be exploited for the non-equilibrium self-assembly of inorganic 
nano-objects into materials with spatial patterns and complex mor-
phologies. For example, sol–gel reactions have been coupled with 
the spontaneous formation of myelin-like tubular structures of the 
diblock copolymer amphiphile, poly(ethylene oxide)-b-poly(1,2-
butylene oxide)95. The myelin outgrowths, which are metastable 
intermediates between the gel-like lamellar phase and dispersed 
multilamellar vesicles, are trapped in the form of highly anisotropic 
silica–polymer hybrid nanotubes by the addition of tetraethoxysi-
lane to the polymer gel before immersion in water (Fig. 5a). As a con-
sequence, chaotic outgrowth of the multilamellar myelin filaments 
is concurrent with silica deposition at the polymer/water interface 
to produce mineralized replicas of the emergent nanostructures.

Other studies have exploited microphase partitioning to enforce 
the spatial confinement and organization of nanoscale objects. For 
example, a wide range of hierarchically organized monolithic mate-
rials (for example, SiO2, V2O5 and TiO2) have been produced using 
air–liquid foams in association with sol–gel chemistry96,97. In many 
cases, the scaffold walls consist of coherently packed inorganic 
nanoparticles and are often porous across a range of length scales. 
Significantly, changing the drainage properties of the foams by alter-
ing the their liquid fraction results in modifications in the curvature 
and dimensions of the plateau border, which in turn influence the 
shape and size of the self-organized polygonal framework. A similar 
approach, in which viscous dextran gels containing metal salts or 
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inorganic nano particles are decomposed into foams under slow 
thermal processing has been recently reported98 (Fig. 5b).

Reaction–diffusion systems. Diffusion-limited reaction fronts 
comprising spatially and temporally coupled chemical gradients 
have been reported for a wide range of non-equilibrium phenom-
ena99. In general, pattern formation depends on the competition 
and delicate balance between reaction and diffusion, and can be 
described mathematically by a set of partial differential equations 
that account for the spatio–temporal distribution of concentrations 
in open and closed nonlinear systems100. Significantly, the resulting 
concentration patterns may become fixed in time and space to pro-
duce persistent structures with complex organization101–105. Thus, it 
seems feasible that reaction–diffusion structures could be used in 
numerous systems to organize nanoscale components into patterned 
arrangements not readily accessible by equilibrium processes. For 
example, several studies have demonstrated that patterned arrange-
ments of inter connected inorganic nanoparticles can be spontane-
ously produced by injecting a liquid metal alkoxide into aqueous 
ammonium hydroxide (Fig. 5c)106–108. The studies indicate that the 
ordering process is dependent on the spontaneous formation of a 
thin semi-permeable metal oxide membrane at the alkoxide/water 
interface, followed by subsequent spatio–temporal patterning of 
the nanoparticulate product by microphase separation along the 
diffusion-limited reaction front.

It is well established that time- and spatial-dependent oscillations 
in reactant concentrations and conditions are accentuated when 

supersaturated solutions are contained within viscous media such as 
silica or polymer hydrogels, and that such systems produce macro-
scale precipitation patterns often with banded or periodic organiza-
tion109,110 (Fig. 5d). Grzybowski and colleagues have exploited this 
process to prepare planar materials with spatial gradients, multi-
colour nanopatterns and multilevel surfaces by using agarose stamps 
to transfer a reactant solution into films of dry gelatine doped with 
a co-reactant99. Such materials have been developed as prototypes 
for static sensing, for example to detect changes in molecular con-
figuration by modifications in the mass-transfer properties of thin 
gelatin films111.

Significantly, recent studies have shown that many of the long-
range patterns produced in viscous polymer gels are constructed 
from the hierarchical ordering of nano-sized particles and crystal-
lites112–114. Organization of the nano-objects within the viscous envi-
ronment is dependent to a large extent on the interplay between 
internal forces (crystallization) and external fields associated with 
diffusion–precipitation fronts that propagate through the system. 
The studies indicate that these factors are strongly influenced by the 
morphology and chemical activity of the system. For example, radial 
patterns comprising regular bands of crystallographically ordered 
CaCO3 nanocrystallites are predominant in thin hydrogel films con-
taining poly(acrylic acid) (PAA) owing to the continuous nature of 
the reaction medium112 (Fig. 5e), whereas crystallization of amor-
phous CaCO3 particles in the presence of poly(styrene sulphonate) 
produces hollow microspheres by spontaneous redistribution of 
matter from the interior to the outer surface115 (Fig. 5f). In the latter 
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Figure 5 | Non-equilibrium spontaneous assembly of hybrid nanostructures. a,b, Use of self‑organized media. TEM image showing SiO2–polymer 
nanotubes formed by myelination of poly(ethylene oxide)‑b‑poly(1,2‑butylene oxide)–tetraethoxysilane gel particles in water (a)95, and scanning electron 
microscopy (SEM) image showing a polyhedral framework of zeolite and SiO2 nanoparticles produced by microphase separation and spatial patterning 
within the interstitial voids of a dextran‑derived foam of CO2 gas bubbles (b)98. c–g, Examples of reaction–diffusion systems in higher‑order self‑assembly 
of nanostructures. c, Hierarchically ordered TiO2 produced by non‑equilibrium sol–gel reactions. The SEM image shows the cross‑section of the internal 
structure of a macroscopic TiO2 fibre comprising a de‑mixed arrangement of ordered capillaries and nanostructured walls106. d, Optical image showing 
macroscopic ordering of iron oxide (white rust) in agar gel produced by diffusion–reaction precipitation of Fe(ii)/Fe(iii) under the influence of a pH gradient 
(reproduced with permission from www.damtp.cam.ac.uk/user/gold/research.html). e, SEM image showing periodic patterning of oriented calcium 
carbonate (calcite) nanoscale needle‑like crystals in a spin‑coated hydrogel of cholesterol‑functionalized pullulan containing poly(acrylic acid). The bands 
are about 0.8 μm in width, and the calcite crystals are aligned along the crystallographic c axis112. f, SEM image showing a partially broken CaCO3 hollow 
microsphere prepared by spontaneous self‑transformation at 70 °C and pH 10.5 in the presence of poly(styrene sulphonate). The shell wall consists of 
vaterite nanocrystallites115. g, SEM image of a hierarchically ordered K2SO4 superstructure produced by evaporation‑induced crystallization in the presence 
of poly(acrylic acid). The image shows the macroscopic scaffold constructed from the episodic deposition of plates interspaced with polycrystalline 
columns of K2SO4 crystallites117. Figures reproduced with permission: b, © 2004 Wiley‑VCH; e, © 2003 Wiley‑VCH; g, © 2005 Wiley‑VCH.
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system, construction of the nanostructured polycrystalline shell 
at the expense of the amorphous core occurs by time-dependent 
decreases in supersaturation that allow crystallization of the porous 
outer shell and dissolution of the metastable core to be spatially and 
temporally coupled116.

There is growing evidence that the spontaneous organization of 
nanoscale components into superstructural arrangements is often 
promoted in diffusion-limited reaction media by the addition of 
auxiliary polymers or surfactants to the viscous gel; this suggests that 
polymer–crystal interactions between hybrid nano-objects are of 
significant mechanistic importance in generating divergent pathways 
of construction under non-equilibrium conditions. For example, six 
levels of embedded structural order have been demon strated within 
a complex macroscopic scaffold by controlling the concentration of 
PAA in aqueous solutions of K2SO4 subjected to slow evaporation 
at 25 °C (Fig. 5g)117. The architecture consists of layers of K2SO4 
plates interspaced with columns that are constructed from stacks of 
micrometre-thick sheets, which in turn are built from the iso-oriented 
assembly of K2SO4/PAA hybrid nanocrystals. Each level of organiza-
tion reflects different outcomes of the interplay between cooperative 
and competitive growth processes, which are mediated by oscilla-
tions in the local supersaturation and PAA concentration. Together, 
these determine the nature of the constructed hybrid structures by 
regulating crystallization along either two or three dimensions.

Structural morphogenesis. As well as controlling the aggregation 
behaviour of crystalline nanoparticles, polymers and surfactants 
can have a key role in promoting the nucleation of metastable nano-
particles, as well as mediating their subsequent transformation into 
more stable structures. Typically, this involves transformation of 
amorphous states or metastable polymorphs into crystalline coun-
terparts. Significantly, under non-equilibrium conditions, these 
transformations may become coupled with local fields and gradients 
to produce hybrid nanostructures with hierarchical organization 
and complex form. For example, numerous higher-order structures 
have been reported for inorganic-precipitation reactions in water-
in-oil microemulsions or polymer-containing aqueous solutions, 
and several of the underlying mechanisms have been discussed88.

In general, transitions from the isotropic (amorphous) to 
anisotropic (crystalline) state under local non-equilibrium condi-
tions are critically important as they result in the breaking of the 
symmetry that is necessary for the propagation of divergent con-
structional pathways. These mesoscale transformations occur 
within the confined fields of metastable colloidal aggregates that 
initially consist of loosely packed, amorphous inorganic nanoparti-
cles and relatively high concentrations of surface-adsorbed organic 
molecules118. Dipolar interactions between the metastable nano-
particles, as well as rearrangements in the surface-attached organic 
molecules, mediate the transformation pathways to produce highly 
anisotropic single-crystal nanofilaments or nanoplates. As these 
structures are also highly unstable, they tend to aggregate into co-
aligned stacks119, or become structurally modified. In the latter case, 
the system either reverts to thermodynamic equilibrium, with the 
consequence that the filaments are transformed into geometrically 
shaped nanoparticles or short nanorods with increased crystal-
linity120, or they become interlocked into new non-equilibrium 
emergent architectures in the form of bundles of highly elongated 
crystalline nano filaments118. Initially, the bundles consist of loosely 
packed nanowires, but with time, crystalline contacts are formed 
at local regions between adjacent filaments, such that the nano-
filaments become co-aligned and crystallographically coherent 
(Fig. 6a,b). However, as the interfilament contacts are entropically 
frustrated by the presence of the surface-adsorbed organic mol-
ecules, only localized regions are crystallographically continuous, 
with the consequence that positional disorder and accumulation of 
defects in the bundles produces excessive lateral strain. This leads to 
new types of instability and further symmetry breaking in the con-
struction process. In particular, strain-induced bending and folding 
of the soft hybrid nanostructures result in coiling of the bundles 
into spirals that subsequently propagate into complex, hierarchi-
cally organized micro- and macroscale objects (Fig. 6c).

The above observations indicate that structural morpho genesis 
of nanoscale hybrid objects across several length scales can be 
achieved spontaneously through a series of instability thresholds. 
These thresholds derive initially from chemically based processes of 
kinetically controlled nucleation and disorder-to-order meso scale 
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Figure 6 | structural morphogenesis of hybrid nano-objects into higher-order forms under non-equilibrium conditions. a,b, TEM images of BaWO4 
nanofilaments produced in water‑in‑oil microemulsions (S. M., C. J. Johnson, unpublished results); initial stage of mesoscale aggregation showing loose 
bundle of nanofilaments (a), and later stage displaying rigid bundle with crystallographically co‑aligned nanofilaments (b). Inset shows electron‑diffraction 
pattern from the bundle viewed down the <110> zone, indicating that the nanofilaments are oriented along the [001] axis. c, SEM image of a BaSO4 cone‑
shaped microstructure prepared in water in the presence of a phosphonated poly(ethylene‑methylmethacrylate) hydrophilic block copolymer. The self‑
similar structure is generated from the spontaneous assembly of splayed bundles of BaSO4 nanofilaments118. d, SEM image showing folded SiO2–CaCO3 
coralline‑like biomorph produced in alkaline SiO2 sols114. The folded walls consist of ordered nanocrystallites of CaCO3. e, TEM image showing a single 
helical nanofilament of crystalline BaSO4 produced in water‑in‑oil microemulsions125. Figures reproduced with permission: c, © 2004 RSC; d, © 2008 ACS.
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transformations, followed by collective phenomena related to 
the anisotropic build-up and dissipation of mechanical stresses 
associated, for example, with positional disorder, packing forces, 
dehydration, crystal defects and elasticity. These higher-order 
transformations represent a balance between competing proc-
esses, and seem to be dependent on stochastic fluctuations in shear, 
bending and hydrodynamic forces. Similar processes have been 
implicated in the patterning of microcrystals in hydrogel–polymer 
films121, rolling and folding of supramolecular objects into hierar-
chical objects122, enhanced folding in SiO2–CaCO3 biomorphs114,123 
(Fig. 6d), selection of different pathways in the hierarchical assem-
bly of helical J-aggregate microstructures124, and helical twisting of 
BaSO4 nanofibres125 (Fig. 6e).

towards constructional codes for nanoscale objects
This review has surveyed recent approaches to the synthetic 
construction of discrete nano-objects, and their spontaneous 
ordering and transformation under equilibrium or non-equilibrium 
conditions. In this final section, the key elements associated with 
the constructional codes underpinning these different routes are 
identified with respect to existing theoretical knowledge, and 
offered as a heuristic guideline for the design of such systems. We 
classify these codes according to whether the associated construc-
tion pathways are commensurate (convergent) or incommensu-
rate (divergent) with regard to the length scales of the principal 
building blocks.

Convergent pathways, such as integrative self-assembly, are 
prevalent under equilibrium conditions, although non-equilibrium 
processes can also operate in this mode126. Typically, approaches 
based on nanoscale incarceration, wrapping or templating are 
critically dependent on the interplay of two main engines of 
construction — organic self-assembly and inorganic nucleation — 
both of which are informed by equilibrium-based constructional 
codes with properties that specify various outcomes and processes, 
such as supra molecular pre-organization of the organic nanoscale 
architectures and interfacial complementarity in site-directed inor-
ganic nucleation (Table 1). Pre-organization of organic nanostruc-
tures, such as block-copolymer micelles, polypeptide cages and 
virus capsids, can be described by existing theories of equilibrium 
self-assembly that highlight the importance of both enthalpic and 
entropic processes in attaining free-energy minimization127. In 
this respect, inter actions associated with intermolecular bonding 
(electrostatic, hydrogen bonding, van der Waals, dipole–dipole, 
aromatic π-π and so on)70, as well as contributions from molecular 
packing constraints, interfacial curvature, and matching of surface 

amphi philicity and charge128, are of central importance. These 
interactions have different magnitudes and scalar properties (pro-
portional to 1/r, 1/r2, 1/r3 and 1/r6 for electrostatic, hydrogen bond-
ing, dipole-dipole and van der Waals interactions, respectively70; 
r = intermolecular distance), and are encoded within the design 
of the molecular structure (see ‘Nanostructure templating’ section 
for illustrative examples of amphiphile design). As a consequence, 
organic supramolecular self-assembly is regulated principally by 
internally derived information that is highly prescriptive and per-
sistent, and collectively described by the initial state of the system.

Besides structural codes, there are extra levels of information 
that are required to specify the functional properties of pre-organ-
ized organic architectures as progenitors of hybrid nanoconstructs. 
For the most part, these concern the efficacy of the organic struc-
tures to direct inorganic nucleation and growth specifically within 
or along the supramolecular architecture. This critical dependence 
on interfacial complementarity is analogous to many biomineraliza-
tion processes, in which the activation energy for inorganic nuclea-
tion is lowered through a variety of mechanisms such as metal-ion 
binding and clustering (iontropy), structural matching (epitaxy) 
and stereo chemical correspondence129. Each of these mechanisms 
is dependent on the nature of the ligands exposed at the organic 
surface and their spatial arrangements, which in turn are encoded 
in molecular structure and packing considerations. In many syn-
thetic and bio mimetic systems, the localized accumulation of metal 
cations on the organic surface seems to be the predominant mecha-
nism for lowering the interfacial energy associated with inorganic 
nucleation. For instance, studies on the fabrication of metallized 
protein nanofilaments indicate that histidine residues are promi-
nent sites for Pt(ii) or Pd(ii) binding37, whereas Au and Ag salts are 
sequestered specifically by cysteine residues130. As a consequence, 
there have been several reports on the preparation of hybrid nanos-
tructures using synthetic peptide nanostructures with specifically 
designed binding domains50–52, and incorporation of lysine residues 
into collagen-like peptide fibres has been used to promote gold-
nanoparticle attachment66. Moreover, new types of protein-based 
hybrid nanoscale objects can be designed by introducing appropri-
ate site-directed modifications by genetic engineering. For exam-
ple, nucleation of iron oxide within the internal cavity of cowpea 
chlorotic mottle virus is promoted specifically by replacing lysine 
residues in the capsid interior with glutamic acid side chains that 
sequester Fe(ii) ions from the external medium131. Similarly, geneti-
cally engineered ligation of a Ag-binding/reduction dodecapep-
tide to the C-terminus of the apoferritin subunit has been used to 
prepare protein-encapsulated silver nanoparticles11.

table 1 | Constructional pathways to hybrid nano-objects, networks and extended nanostructures.

Properties encoded processes outcomes
Convergent pathways (equilibrium): integrative self-assembly / higher-order assembly
Prescriptive Supramolecular preorganization Nanometre length scales
Initial‑state dependent Site‑directed inorganic nucleation Intermediate complexity
Scalar equivalence Interfacial complementarity Quasi‑geometric forms
Non‑additive Mesocrystal assembly Unitary nano‑objects
Persistent Biomolecular recognition Reversibility

Interparticle interactions Extended networks
divergent pathways (non-equilibrium): transcriptive self-assembly
Non‑prescriptive Diffusion‑limited reaction fronts Multiple length scales
System‑generated Microphase partitioning High structural complexity
Propagation in time/length Mesoscale transformations Complex forms
Additive Instability thresholds Patterning
Competitive Symmetry breaking Irreversibility

Stress/shear‑induced transitions Hierarchy
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In contrast to the above processes, non-equilibrium processes 
of higher-order nanoscale construction typically involve diver-
gent pathways of assembly. The numerous length scales contained 
within these complex structures necessitate construction pathways 
that are system-generated and cumulative, non-prescriptive with 
regard to the initial state, and highly sensitive to small changes 
in intrinsic and extrinsic factors (Table 1). As we have discussed, 
these systems typically involve temporal- and spatial-dependent 
coupling of several constituents that sustain and propagate the 
spontaneous ordering and transformation of hybrid nano-objects 
without the apparent intervention of any principal organizing factor. 
Unfortunately, such strategies are not readily amenable to system-
atic evaluation because of the inherent complexity associated with 
these emergent systems. Indeed, although progress has been made 
in understanding many aspects of non-equilibrium self-assembly 
across several length scales99,132, there still seems to be no coherent 
theory of these systems.

In general, emergent structures and non-equilibrium pattern 
formation derive from the interplay between competitive and 
cooperative processes, under the imposition of local constraints, 
associated for example with diffusion-limited reaction fields, and 
maintained by energy dissipation99,133. The pathways show no deter-
ministic dependence on the starting conditions or nature of the 
initial reactants and building blocks; instead they are contingent 
on many factors that together influence the type and transforma-
tion of instability thresholds in the free-energy landscape. Typically, 
these include symmetry breaking, microphase separation, selection 
pressures between various intermediates, and the interplay between 
collective correlations and non-equivalence in the size of the com-
ponents94. Such nonlinear factors are highly demanding with regard 
to the information-generating capacity of a system, and are there-
fore dependent on a continuous flux and dissipation of energy to 
maintain complex interactions between many components. These 
attributes are characteristic of living systems, and it is expedient to 
compare the static non-equilibrium hybrid nanostructures we have 
described in this review with the dynamic and adaptive nature of 
biologically assembled materials. The latter are delicately poised in 
metastable states so that they can respond effectively, both structur-
ally and functionally, to external stimuli to generate processes such 
as force transmission, motility, self-healing and self-replication1. 
These non-equilibrium states are maintained through biochemical 
networks that are displaced from equilibrium by coupling chemical 
reactions with diffusion-limited membrane-transport processes. In 
terms of a possible synthetic analogy, this would necessitate that the 
construction and transformation of nanoscale objects are controlled 
and directed by interactive linkages to a non-equilibrium chemical 
network that is capable of adapting to changes in environmental con-
ditions, and feeding these back into correlated modifications in the 
structural and functional states of the hybrid material. For example, 
the coupling of an oscillating chemical reaction with a precipitation–
dissolution process has been recently described134, and Grzybowski 
and colleagues have suggested coupling pH-driven nanoparticle 
assembly with a chemical-clock reaction cycling between acidic 
and alkaline pH values70. The development of many of the processes 
described in this review, as well as the extension of our theoreti-
cal understanding of non-equilibrium self-assembly, will no doubt 
facilitate the realization of such ambitious research goals.
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