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EQUILIBRIUM

Bas G. P. van Ravensteijn and Ilja K. Voets

The fuel-driven assembly of colloids has opened a
route to new, biologically inspired active materials.

pontaneous ordering and formation of superstructures
in nature have long inspired physicists, chemists, and
materials scientists. The intricate ordering of atomic and
molecular building blocks allows for the realization of a
seemingly infinite number of different materials, each
with its own properties and functions. From hard rocks and gem-
stones to squishy cells and tissues, all result from a hierarchical or-

ganization of their elementary constituents.

That library of structures can be expanded even further by
considering not only atoms and molecules but also colloids as
building blocks. Colloids—or more correctly speaking col-
loidal particles—are relatively small entities, with characteris-
tic dimensions of 10-1000 nm, that are dispersed in a continu-
ous medium.! Examples of colloidal systems from our daily
lives include milk (liquid fat droplets in water), paint (solid
particles in water), and smoke (solid particles in air). Despite
being significantly larger than atoms and typical molecules,
colloidal particles are also subject to Brownian motion that
originates from thermal fluctuations of the surrounding

medium.? They can be considered,
therefore, as atoms’ and molecules’
larger analogues.

Facilitated by their continuous and
autonomous movements, colloids can
self-assemble like atoms and mole-
cules into larger superstructures. The
presence of mesoscopic length scales
endows such supracolloidal materials
with unique and tunable optical and
mechanical properties. For example,
adjusting the distribution of colloidal
filler particles is a powerful way to increase the strength of oth-
erwise weak organic materials such as plastics.* Natural supra-
colloidal materials include opals and the wings of certain but-
terflies, in which the periodic arrangement of submicron
features generates bright colors (see figure 1; also see “Bio-
mimetics: Lessons on optics from nature’s school” by Ross
McPhedran and Andrew Parker, PHYSICS TODAY, June 2015,
page 32).

Inspired by the analogy between colloids and atoms or mol-
ecules and by the prospect of fabricating materials with new
properties, condensed-matter physicists and chemists have
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started focusing on the controlled self-assembly of colloidal
particles. Procedures for synthesizing highly uniform and
well-defined building blocks have opened a path to myriad new
superstructures. They range from close-packed crystals to low-
density ordered arrays and finite-sized clusters* (see figure 1).

From opals to cells

Although the progress made in the field of colloidal self-
assembly is impressive, the functionalities of the resulting ma-
terials remain rather limited. That state of affairs becomes more
apparent when compared with an average living cell that is
able to dynamically reconfigure, adapt, amplify signals, self-
replicate, and self-heal (see figure 2). What underlies the mis-
match in attainable complexity and functionality? In the case
of coarse-grained soft condensed matter, the answer lies in the
distinction between thermodynamics and kinetics.

That systems of self-assembling colloids are typically de-
signed based on thermodynamic principles implies that the
targeted superstructure exists in or near the global minimum
of the free-energy landscape (see figure 3a). In its initial, disas-
sembled state, the system occupies a high-energy state. As the
individual particles assemble, the free energy of the system de-
creases. According to thermodynamics, the structure-forming
process is spontaneous.

Because the final structures exist in a deep free-energy min-
imum, they are stable. The stability is manifested by the absence
of major structural rearrangements in response to small exter-
nal fluctuations. Hence, from the perspective of structural dynam-
ics, typical colloidal self-assembled materials resemble rocks
and gemstones rather than self-regulating and adaptive cells.

Luckily, there is more to life than thermodynamic equilib-
rium. In fact, all living beings rely on self-assembled structures
that form or operate far from their thermodynamic ground
state. To function, such systems rely on the continuous net ex-
change of energy or matter with the environment. They are
therefore termed dissipative.’ The dependence on an influx of
energy endows the materials with a direct way of interacting
with their environment and leads to the fascinating behavior
that underlies the transport, motility, and proliferation of cells.®

Inspired by that functional richness, the colloidal science
community is venturing into the rela-
tively unexplored territories of out-of-
equilibrium systems. To imprint active
behavior onto colloids, one can follow
multiple strategies. For example, exter-
nal magnetic or electric fields can be
used to induce a polarization or magne-
tization of the particles that triggers
their assembly. As soon as the field is re-
moved, the driving force for structura-
tion vanishes and the assemblies disin-
tegrate. Fascinating dynamic structures
have been obtained through the tempo-
ral control over the strength and direc-
tion of the applied fields and over the
field susceptibility of the particles.”

Alternatively, one can rely on parti-
cles that actively propel themselves (see
“Microswimmers with no moving
parts” by Jeffrey Moran and Jonathan
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FIGURE 1. MICROSTRUCTURAL ELEMENTS
of colloidal length scales give opals (top left) and
certain butterflies (top right) their vivid colors.
(Adapted from H. Inan et al., Chem. Soc. Rev. 46,
366, 2017.) Synthetic colloidal building blocks of
various shapes can also be prepared and
assembled. (Adapted from L. Rossi et al., Soft
Matter 7,4139, 2011 [left], and C. Ferndndez Rico
et al.,, Adv. Mater. 31, 1807514, 2019 [right].)

Posner, PHYSICS TODAY, May 2019, page 44). Those so-called ac-
tive swimmers are the colloidal analog of rockets that thrust
themselves forward in a certain direction. Active swimmers
display strongly directional motions that dominate the ran-
dom, Brownian movements in equilibrium and are typically
determined by chemical or thermal gradients in the surround-
ing medium. Analogous to the flocking of birds and fish, active
swimmers can assemble into dynamic superstructures.

In this article we focus instead on a new and different class
of out-of-equilibrium colloidal systems. Akin to examples from
the biological world, such systems rely on molecular fuels or
light to drive their assembly.®

Microtubules

To illustrate the hallmarks of fuel-driven systems, we take micro-
tubules as an archetypal example.” Microtubules are a key struc-
tural element of the cytoskeleton, and they are able to reshape
and remodel themselves in response to triggers from the outside
world. They make highly complex cellular behavior possible.

The tubular structures are formed via the assembly of tubu-
lin dimers. Each tubulin dimer comprises an « tubulin segment
and a f tubulin segment, both of which can bind to guanosine
triphosphate (GTP). The molecule is an energy-rich fuel, which
promotes the tubulin dimers into a self-assembling state (see
figure 2). Tubular structures are formed when the a segment
of a free dimer binds to the f segment of an adjacent dimer al-
ready in the structure. But the chemical stability of the GTP-§-
tubulin complex is modest when incorporated in the micro-
tubular structure. That’s because while bound, GTP converts to
a lower-energy waste product, guanosine diphosphate (GDP).
The resulting GDP-g-tubulin would destabilize the tubular
assembly. But so long as the tubular end caps are decorated
with the higher energy GTP-g-tubulin complexes, structural
integrity can be maintained. Conversely, if the tubulin com-
plexes in the active end cap cannot be kept in the activated GTP
form, the end cap will act as an initiation site for the sponta-
neous and catastrophic disintegration of the microtubules.

In essence, the disassembly of microtubules is driven by the
conversion of GTP (fuel) to GDP (waste). Only if the addition
of activated tubulin outcompetes the fuel-to-waste conversion
in the end caps can fibers be formed. Be-
cause the structures’ formation is gov-
erned by the kinetics of both tubulin
attachment and fuel-to-waste conver-
sion, microtubules are extremely dy-
namic structures that are able to respond
to small fluctuations in the local fuel
concentration.

The complete biomolecular machin-
ery involved in regulating the behavior
of microtubules is even more delicate
and complex than outlined here. Never-
theless, one can discern the basic require-
ments to imprint its dynamic features on
synthetic colloidal materials. Of partic-
ular importance is the need to establish
a direct link between energy-consuming
networks and the assembly process.®

The link is depicted in figure 3b. In
the equilibrium ground state, the build-



ing blocks are in a precursor state; they do
not feel a driving force that could arrange
them into higher-order structures. The sup-
ply of fuel, however, promotes the building
blocks to an activated state that makes them
mutually attractive. While activated, the
building blocks can assemble.

The crucial contrast with the self-
assembled structures in equilibrium is that
assemblies formed after activation occupy
energy states far from the global free-
energy minimum. When the fuel runs out,
the rate of particle deactivation outcompetes
the rate of activation and inactive, non-
assembling particles accumulate. Eventu-
ally, the assembly disintegrates. The fuel
dependence ensures that the assembly be-
havior of those out-of-equilibrium systems
is governed by reaction kinetics rather than
thermodynamics, which is the case for equi-
librium processes.

Interestingly, the fuel-driven assembly
cycle depicted in figure 3b is quite general.
Although the deactivation reaction’s ki-
netics need to be tuned to allow for an ac-
cumulation of active building blocks and
those reactions do not spontaneously occur
in the backward direction, there are no
mechanistic restrictions. Formation and
breakage of covalent bonds—but also of
noncovalent interactions or conformational
switches—can be used to drive the assem-
bly. That design freedom opens extensive opportunities to de-
sign and fabricate synthetic fuel-driven materials. Already, re-
searchers have created an impressive set of out-of-equilibrium
materials, such as gels, micelles, emulsion droplets, coacer-
vates, and cell-like vesicles.'

Despite their generality, the rules of out-of-equilibrium de-
sign are tricky to transfer to the colloidal domain. Conceptu-
ally, nothing changes. Handling building blocks with colloidal
dimensions, however, requires deft control over the inter-
actions between the particles. The interactions can be embod-
ied in the interparticle potential U, which is the sum of repul-
sive and attractive contributions. Van der Waals forces, which
are almost always present, contribute to the attractive part of
U.! They arise from a mismatch in polarizability of the particles
and their surrounding medium.

Because their magnitude scales with particle size, van der
Waals forces are much more pronounced for colloidal particles
than they are for their molecular counterparts. To prevent
strong clustering of colloids, the attractions need to be over-
compensated with repulsions. In traditional colloidal systems,
the goal is achieved by decorating the surface of the particles
with charged moieties or polymer brushes.! The resulting elec-
trostatic or steric stabilization ensures the particles remain as
well-dispersed single entities in their surrounding medium.

To imprint fuel-responsive behavior on a colloidal system,
the fuel needs to temporally switch U from net repulsive to
slightly attractive. “Slightly” is crucial here. When the fuel gen-
erates attractions that are too strong, the colloidal bonds
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FIGURE 2. POLYMERIZATION OF TUBULIN to form microtubules is fueled by guanosine
triphosphate (GTP) (a). Only when one of the two forms of tubulin is in the fuel-activated
state (red circles) can polymerization of the elementary dimers into fibers occur. After
incorporation, the active building blocks decay to their inactive state, in which GTP
converts to the waste product guanosine diphosphate (GDP). The conversion destabilizes
the assembly unless the growing end is capped with active dimers. (Adapted from
Nordicbiosite.com.) (b) Shown here are high-resolution fluorescence microscopy images
of microtubules in action during cell mitosis. (Adapted from K. Vukusic et al., Dev. Cell 43,

formed in the activated state are likely irreversible—again be-
cause of van der Waals forces, which are extremely strong at
short interparticle distances. Once trapped in those deep po-
tential minima, colloids will never—or at least on reasonable
time scales—redisperse. Any dynamic, fuel-dependent cluster-
ing characteristics are lost.

An additional difficulty associated with the colloidal size of
the building blocks is the mismatch in dynamics. Colloidal ob-
jects are significantly more sluggish than molecules. When
using molecular fuels to guide the assembly of those slower
particles, the deactivation reaction’s kinetics have to be tuned
to keep the particles in the activated state long enough for them
to meet each other via slow, diffusive processes. If deactivation
precedes encounters, assembly is forestalled, and all supplied
energy will be wasted. Bridging those length and time scales
becomes increasingly challenging for ever-larger particles. For
that reason, most systems reported to date involve relatively
small nanoparticles."

Because of those additional challenges, the first generation
of out-of-equilibrium colloidal materials started to appear only
in the last few years. It goes beyond the scope of this article to
discuss all system designs out there. If you want to learn more,
please refer to our 2020 review." For a flavor of the state of the
art, we highlight two archetypal classes of systems. Each is
characterized by the nature of their fuel source.

Small molecules as fuels

Directly inspired by microtubules and other biological systems,
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some synthetic colloidal systems run on molecular fuels. An
example reported by one of us (van Ravensteijn), Wouter Hen-
driksen, and our collaborators illustrates the use of molecular
fuels to transiently affect colloidal interactions in a striking way
(see figure 4a).”? Our design uses colloids grafted with polymer
brushes. In equilibrium —that is, at high pH—the outer brush
segments carry negatively charged groups (blue in the figure).
The charges generate electrostatic repulsions between the par-
ticles, safeguarding their stability.

But when fuel is added, the negatively charged groups are
converted to neutral, hydrophobic moieties (red in figure 4a).
Because the particles are dispersed in an aqueous medium,
their fuel-induced hydrophobic character renders them un-
stable and causes them to cluster. The trick behind the system
is that the hydrophobic groups are metastable only under the
imposed conditions. In time, the hydrophobic groups revert to
their charged analogues. Once enough charges have accumu-
lated, the cluster spontaneously disintegrates under the action
of electrostatic repulsion. Injecting new fuel restarts the assem-
bly cycle.

The cycle cannot be repeated indefinitely because of the ac-
cumulation of waste products, which are poisonous to the sys-
tem. If they remain, they cause irreversible damage to the re-
action network by dissolving particles, cleaving nonfuel
related bonds, and so on. As soon as the waste is removed,
however, new fuel-driven cycles can resume. Waste removal
can be achieved through continuous flow, through membrane
reactors, or with fuels that generate waste products that spon-
taneously withdraw themselves from the system through
evaporation or precipitation.”® Biology solved the problem of
waste accumulation with elegant regulating mechanisms that
use molecular pumps and the coupling of several reaction cy-
cles in tandem. Analogous strategies in the synthetic world
could yield materials with extended lifetimes.

Job Boekhoven of the Technical University of Munich and
his coworkers have developed a robust, fuel-driven system. In
it, precursor particles carry charged groups on their surface
that could be temporarily neutralized by the addition of a
chemical fuel.* The authors showed that different assembled
states could be reached depending on the fuel concentration
and on the way fuel is supplied over time. That the properties
of the final system depend on the fuel’s processing or history
is unique to out-of-equilibrium materials.

Light as fuel

Using light to supply energy to dissipative colloidal systems is
an alternative strategy. Compared with molecular fuels, using
light—or, more precisely, photons—circumvents waste accu-
mulation, thereby boosting the number of assembly cycles that
can be performed.

Archetypal light-driven systems rely on photo-induced
conformational changes of stabilizing ligands that are immo-
bilized on the surface of the particles.’® An example of particles
functionalized by azobenzene appears in figure 4b. In thermal
equilibrium, the azobenzene groups are present in their trans
conformation (red in the figure). In that conformation, the lig-
ands are hydrophobic and stabilize the particles when dis-
persed in organic solvents. But when the colloids are illumi-
nated with UV light, the azobenzenes are forced into their
metastable cis form (blue in the figure). Once in that conforma-
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FIGURE 3. SELF-ASSEMBLY can occur (a) in equilibrium or out

of equilibrium. The two plots represent an energy landscape as a
function of the reaction coordinate . In equilibrium self-assembly,
the assembled structure occupies a global minimum of the energy
landscape and is therefore thermodynamically favored. In dissipative
assembly (b), building blocks in the precursor state (gray circles)

are promoted into their activated state (yellow rectangles) after
consuming fuel. Once activated, their assembly commences. The
assembled structure does not exist in a global minimum of the
energy landscape and is therefore metastable. Once the fuel is
depleted, the activated state of the building blocks can no longer
be sustained. The structure spontaneously disintegrates and returns
to its equilibrium state of well-dispersed precursors. (Adapted from
refs. 10 and 11.)

tion, a large dipole moment in the azobenzene molecules de-
velops that makes them significantly more polar. Dispersed in
what remains an apolar solvent, the dipolar particles are driven
to cluster. The energy put into the system by the UV light
slowly dissipates as the ligands thermally relax to the trans con-
formation. Eventually, the cluster dissociates.

Relying on light as a fuel also provides a way to regulate
where the assembly occurs, because light can be delivered with
high spatial resolution. That advantage was neatly illustrated
by Bartosz Grzybowski and his colleagues, who fabricated self-
erasing images composed of gold nanoparticles.”® By project-
ing an image onto a substrate that contained azobenzene-
functionalized particles, the researchers induced assembly
exclusively in the illuminated areas. Because the nanoparticles
are plasmonic in character, their color changes on assembly.
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FIGURE 4. COLLOIDAL ASSEMBLY can be sustained by molecular fuel or by light. In the molecular case (a), the equilibrium state (blue)
corresponds to the building blocks being charged, stable, and disassembled. Fuel converts the charged moieties to hydrophobic neutral
groups (red) and activates them. Once activated, the particles cluster. The hydrophobic groups are not stable in the reaction mixture and
slowly convert back to their negatively charged form. Buildup of charges on the particles leads to cluster disintegration. (Adapted from
ref. 12.) In the light-driven case (b), thermal equilibrium (red) corresponds to the azobenzene groups that decorate the surface of gold
nanoparticles being in an apolar trans conformation. On illumination, the azobenzene groups convert to a metastable cis conformation
(blue). In that conformation, the azobenzene group has a significant dipole moment that renders the molecules polar. Once in the polar
form and dispersed in an apolar medium, the particles cluster. In the absence of light, the azobenzenes slowly revert to their trans form,

thereby removing the driving force for assembly. (Adapted from ref. 13.)

And because the color change is limited to the illuminated areas,
an image can be created. Being sustained by light, the assem-
bled state is metastable; the image slowly fades and erases itself.

Into the future

Variations on the two exemplar systems —molecule fueled and
light fueled —are being developed at a rapid pace and illustrate
the robustness and versatility of the general approach. Of es-
pecial interest are systems whose particles are not actively par-
ticipating in the reaction cycle but respond to a reaction net-
work that runs in the background. Although those reaction
cycles are also fueled by small molecules or light-switchable
compounds, the tactic eliminates the need to modify the sur-
faces of colloidal particles through what are often complex
synthetic procedures. Reaction cycles that reversibly change
pH or surface tension of depletants are just two examples."! Ad-
ditionally, hybrid bio-synthetic systems that combine bio-
molecular fuel cycles and the tunability of enzymatic or DNA-
mediated reaction networks with manmade colloids present a
promising future direction.’®

With those synthetic principles and design rules in hand, it
is now up to us and others in the field to start exploring what
dissipative colloidal systems can really do. The use of fuels is
a promising route to transition from colloidal rocks to colloidal
cells. Analogous to the role hard colloidal particles played in
elucidating the physics underlying atomic crystallization, the
colloidal systems might shed light on the fundamentals of bio-
molecular out-of-equilibrium processes. What’s more, by con-
trolling the interplay between reaction kinetics and particle as-
sembly, researchers can obtain materials that have not just
colloidal characteristics but also lifelike ones. Imagine colloidal
structures that are self-healing when damaged or that display

dynamic oscillating behavior when coupled to periodic oscil-
lations in fuel concentrations.

Toggling between repulsive and attractive states was re-
cently proposed as a route to generate colloidal structures
not attainable by straightforward equilibrium self-assembly."”
Reaching that level of control will entail regulating the rela-
tive orientation of the particles in the assembled state and
finding fuel reaction networks that perfectly match the col-
loidal dynamics.

In light of the fast pace by which the field is developing, we
have no doubt that those hurdles will be surmounted soon, and
we will witness a dynamic revolution in colloidal science.
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