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INTRODUCTION

Self-assembly starts from a simple and attractive idea: to build
complex structures from simple components, without requiring
fine-tuned control of their motion by external forces or fields. The
assembled objects might include functional materials, nano-scale
devices, or biologically-active structures. The great advantage of self-
assembly is that it can occur without any input of energy, which
is achievable (at least in principle) by designing the components in
such a way that the assembled structure minimizes the free energy.

Classical examples of self-assembly span a range of length
scales. They include viral capsids, which assemble reliably and
with molecular precision, forming nanoscale geometrical structures.
Micron-sized colloidal particles can be synthesized with anisotropic
(“patchy”) interactions and assemble exotic crystals with long-
ranged order. Meanwhile, amphiphilic molecules can assemble into
diverse structures including vesicles and bilayers. While all these

complex structures can be built from a few types of simple compo-
nents, another route to self-assembly exploits DNA sequences within
the components themselves, which can be used to program even
more complicated large-scale structures.

Within this broad context, we summarize here a few ongo-
ing research directions. First, there is an ongoing effort to identify
and synthesize molecular or colloidal building blocks with control-
lable interactions, thereby expanding the range of structures that can
be assembled via equilibrium or nonequilibrium routes. Comple-
mentary to this, it seems that even simple building blocks can still
surprise us in the range of objects that can assemble, with spheri-
cal (isotropically-interacting) particles being a prominent example.
Whichever route is taken, a central challenge is to understand
the link between the local interactions of the components and the
resulting ordered structure.

Second, even if interactions can be designed to stabilize
an assembled structure, the kinetics of self-assembly may still
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frustrate the yield of the resulting process; design of optimal
assembly kinetics remains a challenging problem. Third, while self-
assembly has traditionally been regarded as a passive route to
ordered structures, ideas from non-equilibrium physics are increas-
ingly being employed, allowing access to new kinds of assembly, and
offering control over their dynamics. Finally, there is the question
of how best to exploit self-assembly in practice, either in biological
applications, or elsewhere.

This Special Topic includes 30 articles that samples progress
in these directions, including a wide range of systems, including
amphiphiles, colloids, viral capsids, and many more.

SUMMARY OF AREAS COVERED

Supramolecular self-assembly — In molecular systems, self-
assembly is often linked to phase transitions at which long-ranged
order appears and to the emergence of mesophases. Therefore,
established statistical mechanical methods can be brought to bear
on the self-assembly problem. In this Special Topic, Yi et al.! studied
a mixture of diblock copolymers via self-consistent theory, showing
that the phase diagram supports a range of ordered states, includ-
ing inverted structures where majority blocks assemble into discrete
domains. A study by Chen et al.” shows how numerical methods
for characterizing such states can be accelerated by machine learn-
ing. Work by Ansary et al.” used classical density functional theory
to study transitions between liquid-crystalline phases of a model
lipid, including assembly into nematic and smectic phases. Silva
et al.* used atomistic simulations to understand the self-assembly
of hemimicelles by diblock copolymers (perfluoroalkylalkanes) and
rationalized their findings with a geometrical model that describes
the molecular packing.

Such diverse ordered phases are also not limited to macro-
molecular systems. Experiments by Ijaz et al.” show a range of
ordered structures that are self-assembled from a simple molecule
(hexahydroxybenzene) on a gold surface, their results include trans-
formation between different phases by thermal annealing. The com-
plexity of assembly by single molecules is also seen in the work of
Allison et al.,° who show that the folding dynamics of a single alkane
molecule is controlled by its energy landscape, which contains thou-
sands of minima and saddle points, whose interplay determines the
structure of folded states and the dynamics of folding.

Colloidal self-assembly — Understanding colloidal self-assembly
offers both fundamental insight into the spontaneous organization
of matter and inspiration for the design of novel materials through
bottom-up assembly. The articles in this Special Topic include a rich
collection of experimental and simulation studies that provide new
insights into self-assembly processes.

A key to controlling self-assembly starts at the very begin-
ning of self-assembly - the crystalline nucleus. This Special Topic
explores aspects of nucleation, ranging from nucleation pathways
as well as how to control nucleation. Royall” examined the nucle-
ation of charged colloids via molecular dynamics simulations and
demonstrated that highly supersaturated systems first form a hexag-
onally ordered precursor state before turning into the stable crystal
polymorph, regardless of whether the final phase is BCC or FCC.
Rayavarapu et al.® showed that the formation of the H2 phase in
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a binary hard disk model involved an intricate interplay between
the systems kinetics and thermodynamics through the use of event-
driven molecular dynamics simulations with swap moves. In the
direction of controlling nucleation, Sun and Manoharan’ explored a
new technique for seeding colloidal crystallization based on focused
ion beam (FIB) deposition which is effective on both flat and curved
surfaces, highlighting new opportunities for directing crystallization
in geometrically complex environments.

Following advances in understanding and controlling nucle-
ation pathways, a complementary set of studies in this Special
Topic focuses on structural characterization, model systems and
the influence of particle shape and interactions in complex fluids.
Varela-Rosales and Engel'” propose an extension of the solid angle
nearest neighbor algorithm to identify neighbors in polydisperse sys-
tems. Biswas, Kahl, and Shrivastav'' examined the properties of a
binary, symmetric mixture of ultrasoft particles at both supercritical
and subcritical temperatures. Cinacchi'” explored the structures that
form in 2D systems of hard major circular arcs.

Biological self-assembly - Understanding biological self-
assembly offers both fundamental insight into living systems and
inspiration for the design of novel materials through biomimicry.
Modeling approaches at varying levels of fidelity provide com-
plementary insights into biological self-assembly, from atomistic
simulations that investigate specific interactions to minimal models
that elucidate the physics principles governing collective behavior.
At the atomistic scale, Chakraborty and co-workers'’ performed
all-atom simulations of a self-assembling peptide to investigate
how point mutations alter oligomer formation. At an intermedi-
ate level of description, Cappa et al.'* studied the phase behavior
of coarse-grained DNA nanostars with both theory and simulation,
where the coarse-grained models are constructed based on realistic
DNA sequences. Minimal models that display intriguing biological
phenomena have been developed in several works. Roy and co-
workers'” investigated thermoresponsive phenomena by developing
an extensible lattice-gas model with a ground state and an excited
state that represent native and misfolded protein states, respectively.
Bores et al.'® performed extensive simulations of one- and two-
component systems with competing interactions as minimal models
to interpret biological assembly and aggregation.

Several works focus on simplified models for viral capsid
assembly, a particularly rich phenomenon where thermodynam-
ics, kinetics, and polymorphism all influence the final structures.
van der Schoot and co-workers'” developed a mass-action model
for nanoparticle-coat protein assembly to rationalize experimen-
tally observed sensitivities to relative sizes and composition of
the constituent particles. Pefia et al.'® formulated a framework
to describe capsid particles assembling around a scaffold particle
based on classical nucleation theory, identifying regions of design
space that are particularly prone (or not) to capsid formation.
Yang and co-workers'” examined the origins of observed struc-
tural polymorphism in viral capsid formation under different salt
concentrations.

Programmable Self-Assembly — Programmable self-assembly
seeks to encode structural information directly into the interac-
tions between building blocks, so that prescribed structures emerge
autonomously. The articles in this Special Topic show how this
paradigm is expanding beyond the design of equilibrium targets,
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toward a broader control of complexity, pathways, kinetics, and
reconfigurability.

A first question is how to describe the increasing complexity
of programmable materials. Tkachenko? introduced a hypergraph-
based framework for hierarchical self-assembly, providing measures
of structural and compositional complexity that can be applied to
molecular systems, DNA-origami lattices, and crystalline assem-
blies. As programmable architectures become increasingly hier-
archical and multifunctional, quantitative measures of structural
complexity may become as important as free energy or order
parameters in characterizing assembled matter. A recurring theme
is the growing recognition that kinetics is not a constraint on
assembly, but a design parameter. Controlling nucleation, pathway
selection, and transition rates increasingly complements the tradi-
tional focus on thermodynamic stability. Liu, Videbaek, and Rogers®’
showed how templated growth can suppress polymorphism in
DNA-origami tubules, while Hiibl and Goodrich”* demonstrated
that optimizing binding energies and component concentrations can
greatly accelerate assembly without reducing the yield of the target
structure.

Programmability also enables the same set of components to
encode more than one structure. Metson, Osat, and Golestanian®’
used continuous-time simulations to characterize the parameter
regimes in which multifarious self-assembly is reliable, and then
extended this framework to non-reciprocal interactions, showing
how they can drive autonomous transitions between assembled
states.”* Finally, Tosti Guerra et al.”> showed that all-DNA associa-
tive polymers provide an experimentally realistic platform in which
the topology of programmable binding sites controls entropy-driven
phase behavior. More broadly, these studies reflect a shift in pro-
grammable self-assembly from the design of static target structures
toward the encoding of information-processing capabilities in mat-
ter. The interaction network no longer specifies only a final geome-
try, but also assembly pathways, error-correction mechanisms, state
transitions, and adaptive responses.

An important challenge for the coming years will be translating
increasingly sophisticated design principles from highly controlled
DNA-based platforms to broader classes of colloidal, molecular, and
hybrid materials while preserving programmability and robustness.
The long-term vision is not only to assemble materials, but to pro-
vide them with behaviors that can be programmed, modified, and
potentially learned.

Active and non-equilibrium self-assembly — Another popular
direction is the use of active particles or other non-equilibrium
forms of driving to aid self-assembly of structures that are diffi-
cult or impossible to produce by conventional methods. Plati et al.”®
present experiments in which a vibrated granular system assembles
into an unusual two-dimensional crystal, which is also reproduced in
computer simulations. Estanislau et al.”” analyze the effective inter-
actions between soft particles under alternating electric fields and
combine these with computer simulations, showing assembly into
both chains and planar aggregates. Kundu et al.”® simulate two-
component mixtures of colloidal particles in drying 2D films, using a
surrogate model to find conditions leading to a desired stratification
of species in the final (assembled) structure.

Turning from externally-driven systems to those with intrin-
sically active particles, Rosenberg and Lowen” analyze two-
dimensional dumbbell-shaped active particles equipped with
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quadrupolar interactions, finding assembly into spinning clus-
ters, reminiscent of windmills. Chen and Cacciuto’ analyze two-
dimensional vesicles with active particles inside them; this causes
them to adopt non-circular shapes, so that they assemble into
liquid-crystalline phases. These systems demonstrate the increas-
ingly exotic phases that can assemble when activity and driving
forces are introduced.

CONCLUSION

Taken together, the articles in this Special Topic highlight the
breadth of current self-assembly research across soft matter and
biological systems. They span advances in building-block design,
insights into kinetic and thermodynamic control, and emerg-
ing nonequilibrium approaches that expand the range of accessi-
ble structures and functions. While significant progress has been
made, important challenges remain in developing predictive frame-
works that connect microscopic interactions to emergent order and
in translating design principles into robust experimental control.
Looking forward, the field continues to open new directions for
understanding and harnessing self-assembly.
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