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ABSTRACT: Transient assembled structures play an indispensable role in a
wide variety of processes fundamental to living organisms including cellular
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transport, cell motility, and proliferation. Typically, the formation of these DDUD

transient structures is driven by the consumption of molecular fuels via O g
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dissipative reaction networks. In these networks, building blocks are converted Equilibrium

from inactive precursor states to active (assembling) states by (a set of) Colloidal O
irreversible chemical reactions. Since the activated state is intrinsically unstable fﬁi Assembly v/

and can be maintained only in the presence of su cient fuel, fuel depletion

results in the spontaneous disintegration of the formed superstructures. 4

e

Consequently, the properties and behavior of these assembled structures are 00~0 )
governed by the kinetics of fuel consumption rather than by their =) OOOO Disassembly
thermodynamic stability. This fuel dependency endows biological systems Precursor

with unprecedented spatiotemporal adaptability and inherent self-healing

capabilities. Fascinated by these unique material characteristics, coupling the assembly behavior to molecular fuel or light-driven
reaction networks was recently implemented in synthetic (supra)molecular systems. In this invited feature article, we discuss recent
studies demonstrating that dissipative assembly is not limited to the molecular world but can also be translated to building blocks of
colloidal dimensions. We highlight crucial guiding principles for the successful design of dissipative colloidal systems and illustrate
these with the current state of the art. Finally, we present our vision on the future of the eld and how marrying nonequilibrium self-
assembly with the functional properties associated with colloidal building blocks presents a promising route for the development of
next-generation materials.

EQUILIBRIUM VERSUS DISSIPATIVE ASSEMBLY: to external thermal (or other) uctuations and hence is

FAMILIAR VERSUS THE UNKNOWN

Over the past few decades, the self-assembly of synthetic
(molecular or colloidal) building blocks has proven to be an
extremely powerful concept in fabricating materials with
controllable (internal) structures in a bottom-up fashion.
Typically, synthetic self-assembling systems are designed on
the basis of thermodynamic principles. This implies that the
targeted assembly resides in the global minimum of the free-
energy landscape which is determined by thermodynamic
parameters such as temperature and pressure. Naturally, this
chemical thermodynamic de nition of the free-energy minimum
is operational and does indirectly imply that the (molecular)
reactants and products do not decay into their stable chemical
elements. Because the state associated with nonassembled
building blocks is higher in free energy, the system will
spontaneously evolve toward the assembled state (Figure 1a,
left). The nal ratio of assembled and nonassembled building
blocks is thermodynamically determined by their free-energy
di erence, while the rates of structure formation and
disintegration are governed by the energy barrier that connects
the energy levels of the disassembled and assembled states. Once
the assembled state is reached, the structure is rather insensitive
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considered to be stable. Structural stability does not imply that
the superstructures are static. In a dynamic equilibrium, there is
an exchange of building blocks between the assembled and
nonassembled states, but the rates of exchange are equal.
Consequently, no time-dependent structural evolution occurs.
As the thermodynamic principles underlying assembly are
(largely) understood and we are used to thinking about
equilibrium processes, the design principles for equilibrium
self-assembly are well-established. This resulted in an impressive
set of self-assembled materials with controllable properties and/
or functions.* °

However, there is more to life than equilibrium. Super-
structures and materials can also exist out of equilibrium.® ®
Instead of reaching the thermodynamically favored global
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Figure 1. Pictorial representation of (a) equilibrium self-assembly (left, red) versus (b) dissipative assembly (right, blue/green). In equilibrium self-
assembly, the assembled structure resides in a global minimum of the free-energy landscape. The assembled structure is therefore the
thermodynamically favored state of the system, and a collection of individual building blocks spontaneously evolves to the assembled state (the rate of
assembly is faster compared to disassembly). For dissipative assembly, building blocks in the precursor state (blue circles) are rst promoted to their
activated state (green rectangles) after fuel (yellow) consumption. Once in the activated state, assembly can commence. The assembled structure does
not exist in a global minimum of the free-energy landscape and is therefore metastable. Once fuel is depleted, the activated state of the building blocks
cannot be sustained, and the structure spontaneously disintegrates, thereby returning to its equilibrium state (well-dispersed precursors). At some
point in the dissipative assembly cycle, energy is dissipated, and waste products are formed. In principle, waste formation can occur directly after fuel
consumption or during the disassembly of the nonequilibrium superstructure.

minimum in the free-energy landscape, systems can get trapped
in local shallow minima giving rise to metastable states. In
principle, these structures have a nite lifetime which depends
on the height of the energy barriers surrounding the local energy
minimum in which the structure resides. The possibility of
structural evolution does imply that these systems are not in
equilibrium. Typically, these metastable states can be found at
energy levels slightly higher than the global minimum. A
comprehensive review on metastable materials was recently
published by Sorrenti et al.® In this invited feature article, we
focus on structures that form higher in the free-energy
landscape. In contrast to their equilibrium or metastable
analogues, these out-of-equilibrium systems rely on a net
exchange of matter and energy with the environment to exist and
are therefore typically referred to as dissipative systems. Only by
a continuous consumption of energy (or matter), these out-of-
equilibrium assembled structures can escape their thermody-
namic fate and prevent degradation into equilibrium states. In
fact, nonequilibrium systems in which energy is dissipated are
intrinsic to life and the structures it comprises. The dependency
on an in ux of energy endows them with the capability to
recon gure, adapt, amplify signals, self-replicate, and self-heal in
a highly dynamic fashion. Archetypical examples include
microtubules and actin laments, where energy-controlled
assembly underlies cellular transport, cell maotility, and
proliferation.’® **

When inspecting these highly complex biological examples
from a coarse-grained, physicochemical perspective, one will

nd that the assembly of these systems is regulated by direct
coupling to an energy-providing reaction network.® *’ The
connection between a reaction network and assembly is
schematically depicted in Figure 1b. In equilibrium, the building
blocks are in a nonassembling precursor state (Figure 1b, blue
circles) and feel no thermodynamic propensity to undergo
assembly. Upon reaction with an energy-rich molecule, typically
referred to as a fuel, the precursors are activated to a higher free-
energy state (Figure 1b, green rectangles). While in this
activated state, the building blocks can undergo assembly, and
analogous to the equilibrium case, this structuring is driven by a
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decrease in the total free-energy of the system. Crucial to
employing chemical reaction networks to drive out-of-
equilibrium assembly processes is a deactivation reaction that
converts the activated building blocks back to their precursor
state. During deactivation, the building blocks dissipate the
energy they gained during the activation step into heat or waste
products. Once deactivated, the assembly is no longer stable and
spontaneously disintegrates into a collection of well-dispersed
building blocks.

In this conventional example of dissipative systems, the
building blocks are actively involved in the fuel-to-waste
conversion. In principle, this is not required to drive a system
away from equilibrium. For example, (molecular) fuels can take
the role of transient templating agents™® 2* or use their energy to
alter solvent quality or ionic strength in a spatiotemporal manner
to induce the assembly of building blocks.?*?* Systems that use
fuel in this fashion are typically referred to as operating under
dissipative conditions (De nitions and Terminology). Regard-
less of the exact nature of the underlying reaction network, the
out-of-equilibrium superstructures can exist only in the presence
of su cient fuel and are therefore thermodynamically labile.
When adding fuel in nite-sized quantities, the assembled state
can be sustained as long as it takes for the system to consume the
fuel. In the case where fuel is continuously supplied, an out-of-
equilibrium steady state may form, governed by reaction-
di usion networks with emergent phenomena such as
oscillations and bifurcations.”** 2

Importantly, the (de)activation reactions underlying dis-
sipative assembly have to be irreversible and are noninteracting
or occur at su ciently di erent rates. (Figure 1b, yellow and
black arrows highlighting the fuel and waste symbols). Only
when these criteria are met can energy be stored and dissipated,
and structures can form in an out-of-equilibrium fashion.
Processes underlying the conversion of the building blocks from
their precursor state to the activated state are not subjected to
any speci ¢ requirements and can include reactions involving
the making or breaking of covalent bonds, supramolecular
coordination processes, or conformational changes.*®
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In sharp contrast to equilibrium self-assembly where
thermodynamics rules the nal outcome of structural evolution,
the assembly behavior of these out-of-equilibrium systems is
governed by the kinetics of the (de)activation reactions.'® The
direct coupling between reaction networks and assembly
endows these systems with unique properties and facilitates
spatiotemporal control by regulating the availability of the
(chemical) fuel required for building block activation. Only at
locations where su  cient fuel is present will assembly occur, and
the lifetime of the dissipative state is directly linked to the ratio of
the activation (fuel consumption) and deactivation rates. The
formed superstructures are highly dependent on uctuations in
fuel (gradients) and are therefore capable of adapting to their
environment by either growing, disintegrating, or acombination
of both.** This adaptability can also lead to truly self-healing
properties.*® “°> When the superstructures are damaged but the
underlying reaction network remains intact, the system can
autonomously recover itself and use available energy to prevent
fatigue. At this point, we stress that equilibrium structures can in
principle also respond and adapt to imposed stimuli. However,
these triggered assembly processes are fundamentally di erent
from dissipative assembly as no energy is stored in the system
(De nitions and Terminology).

Finally, the transient nature of the assembled structures on the
nanoscale can propagate across length scales to form dynamic
patterns. Typically, feedback loops are required where the
systemin uences its own or other chemical reaction networks to
generate cascading and amplifying signals.*®

Sparked by the unique properties of biological out-of-
equilibrium systems, the quest for synthetic analogues that
emulate these at a conceptual level to create emergent life-like
behavior has attracted signi cant interest the last couple of years
and had a distinct impact on the eld of systems
chemistry.*"*® The rst examples included primarily supra-
molecular systems that form transient gels, vesicles (with
supramolecular Qores), micelles, or polymers using chemical
fuels™® 204949 23 or Jight™ °° as an energy source. Various
excellent review articles discussing these emergent materials
appeared recently,*6:38:3961 64

The strategies applied to translate biologically inspired design
criteria into synthetic molecular materials provide valuable input
for translating key concepts of out-of-equilibrium assembly to
the colloidal domain. As for equilibrium assembly, organizing
building blocks of colloidal dimensions into (ordered)
structures gives rise to materials with unique photonic, catalytic,
magnetic, and mechanical properties originating not only from
the positional order of the building blocks within the assembly
but also from the chemical nature of the particle bulk (metallic,
semiconductor, polymeric, inorganic, and minerals).®® °¢
Notable examples include the use of colloidal building blocks
to fabricate optical (band gap) and electronic materials,®® "
lithographic masks,”*"* structural colorants,”* "® and catalytic
sca olds with tunable activity.”” Being able to marry these
properties with the adaptability, responsiveness, and ability to
self-heal and amplify signals in a spatiotemporal fashion will
undoubtedly lead to new classes of dynamic functional materials.
Additionally, colloids can serve as model systems to elucidate
the physical concepts underlying (biological) out-of-equilibrium
assembly, similar to the analogy between colloidal particles and
atoms proposed more than a century ago.”

In this invited feature article, we provide an overview of
experimental (synthetic) strategies applied to fabricate systems
which display the dissipative assembly of colloidal building

blocks. We will address the state of the art and present our vision
on future applications and challenges within the eld of reaction-
network-driven colloidal assembly. Although this review is
limited to systems coupled to reaction networks, we would like
to emphasize that other fascinating out-of-equilibrium colloidal
assembly routes have been reported. First, colloids can assemble
into so-called arrested, glassy, or gel states. These amorphous,
kinetically arrested states may have an (extremely) long lifetime
and impede further structural evolution into a (desired)
equilibrium structure. Although not ordered, the percolating
colloidal structures endow these materials with novel mechan-
ical load-bearing characteristics and potential use in conductive
materials and photovoltaics. For an excellent description of the
theoretical and experimental status of this eld, we refer to the
work of Sciortino, Fo , and Dawson et al.”® % Second,
dynamic examples of out-of-equilibrium colloidal materials
include structures that are formed under the in uence of
external magnetic or electric elds. Since these systems rely on

eld-induced polarization or magnetization for assembly,
removal of the external elds will eliminate the driving force
for assembly. Consequently, the system will relax back to its
equilibrium state with well-dispersed individual building blocks.
For a recent review of the current status of eld-guided colloidal
assembly, we refer the reader to a recent review of Liljestrom et
al.® Third, suspensions of actively swimming colloids are
inherently out of equilibrium. Directed (auto)phoretic motions
are generated via the establishment of local molecular
gradients.**® These gradients can be formed by the slow
dissolution of colloids/colloidal droplets®™ ®° or by using Janus
particles where only one face of the particle catalyzes a
decomposition reaction®™ °* or induces the local demixing of
a binary dispersing medium driven by local heating.”> The
nonequilibrium phoretic movements that these active colloids
display can lead to higher-order structuring by analogy to the

ocking of (micro)organisms.”*%> 1%

DEFINITIONS AND TERMINOLOGY

To emphasize the boundaries of this review and avoid confusing
terminology within the multidisciplinary eld of dissipative and
out-of-equilibrium assembly, separate classes of (self-)assembly
are de ned. The de nitions of dissipative systems are adapted
from Ragazzon and Prins.*® Dissipative systems and systems
operating under dissipative conditions using colloidal particles
as primary building blocks will be discussed in this invited
feature article.

Equilibrium Assembly. This is a self-assembly process in
which the nal outcome is governed by thermodynamic
principles. Structure formation is driven by a lowering of the
free-energy of the system. No fuel or (external) stimuli are
required to drive structure formation. Examples include the
crystallization of hard colloidal particles into close-packed
crystals®® or the formation of micelles from amphiphilic building
blocks.***

Triggered Assembly. This is an assembly process initiated
by imposed triggers, e.g., changes in pH, temperature, or solvent
quality.®* These systems in their nal state cannot be classi ed as
out-of-equilibrium, as the external trigger simply alters the free-
energy landscape, forcing the assembly to evolve to a newly
created free-energy minimum. Hence, returning to the initial
state is not spontaneous, and a second trigger is required. In
these processes, no energy is stored or dissipated. Notable
examples include the assembly of colloids functionalized with
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Table 1. Overview of Colloidal Systems Coupled to Reaction Networks

particle
diameter fuel-induced system
colloidal system (nm) fuel transformation classi cation notes/applications ref
gold/silver 5 UV light  azobenzene isomerization  dissipative self-erasing images, temporary data storage 110
gold 5 UV light  azobenzene isomerization  dissipative switchable catalytic activity 111
gold, silica, Fe;O, 6 20 UV light  azobenzene isomerization  dissipative capture and catalysis of organic compounds 112
Fe;0,4 10 UV light  azobenzene isomerization  dissipative capture and transport of colloidal cargo 126
pSt* 5100 UV light  azobenzene isomerization  dissipative reversible formation of 2D colloidal crystals 23
control
silica 150 UV light  spiropyran isomerization dissipative 128, 129
PMMA grafted 280 920 UV light  spiropyran isomerization dissipative no spontaneous redispersion 120
silica
gold 6 10 UV light  H* generation via dissipative 22
spiropyran isomerization control
gold 6 12 blue light ~ H* generation via dissipative entrapment of organic compounds and self-erasing 114
spiropyran isomerization control images
p(NIPAM-b-MMA) 750 DMS® methylation of carboxylic  dissipative 118
grafted pSt® acids
SiNCs® 6 EDC' esteri cation of carboxylic ~ dissipative delayed uptake by mammalian cells 116
acids
gold, Fe;0, 4 15 EDC esteri cation of carboxylic ~ dissipative experimental con rmation of pathway complexity 115
acids
gold 4 esters9d H* generation via ester dissipative transient pH regulated by a combination of fast 117
hydrolysis control promotors and dormant deactivators
DNA-grafted pSt 1000 ATP enzyme-mediated RNA dissipative transient clustering via enzymatic RNA production 119
production control and degradation

3pSt = polystyrene. ®PMMA = poly(methyl methacrylate). (NIPAM-b-MMA) = block copolymer of N-isopropylacrylamide and methyl
methacrylate. “SiNCs = silicon nanocrystals. DMS = dimethyl sulfate. FEDC = 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide. %Gluconic acid
-lactone, methyl formate, -butyrolactone, or -caprolactone.
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Figure 2. Schematic representation of the net interparticle potentials (U) acting between (a) the particles in the precursor state (left, blue) and (b) the
fuel-induced activated state (right, green or red). The net potentials are a sum of repulsive (dotted purple) and attractive (stripped gray) contributions.
For stable dispersions, the repulsive contributions generate a potential energy barrier, preventing the colloids from accessing the primary potential
energy minimum. Entering this minimum, where the interparticle potential is highly dominated by attractive van der Waals contributions, will result in
an irreversible loss of colloidal stability. In the precursor state, the dominating repulsive contributions (highlighted by the yellow circle) at moderate
interparticle distances (d) prevent colloids from assembling. In the activated state, the diminished repulsive contribution provides favorable conditions
for assembly (top, green curve) as manifested by the formation of a secondary potential minimum. However, when the building blocks are activated to
such an extent that the building blocks become too attractive, disordered and irreversible clusters are formed (bottom, red curve). Note that altering
the range and absolute magnitude of the repulsive contributions can also be achieved by increasing the attraction strength between the particles.

sticky DNA,**** thermoresponsive polymers,®™ or hydrogen-
bonding tectons.***’
Dissipative Assembly. This is an assembly process where

energy is consumed via the conversion of a fuel through active
participation of the building blocks. A part of this energy is used

10642

to drive assembly (stored energy), while a fraction of the energy
is dissipated by waste formation. Assembled structures exist only
in the presence of (su cient) fuel and are therefore labeled as
out-of-equilibrium. Upon fuel depletion and the absence of any
substantial non-fuel-dependent attractive forces in the as-

https://dx.doi.org/10.1021/acs.langmuir.0c01763
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sembled state, the system evolves spontaneoudigck to its
equilibrium state. (See Table 1 for examples.)

Assembly under Dissipative Conditions. This is
analogous to dissipative assembly, but the building blocks do
not actively participate in the fuel-to-waste conversion. (See
Table 1 for examples.)

COUPLING COLLOIDAL ASSEMBLY TO REACTION
NETWORKS: DESIGN CONSIDERATIONS

Conceptually, colloidal building blocks that assemble in a
dissipative fashion are larger analogues to their supramolecular
or biological counterparts. The underlying reaction network
governs (de)activation of the building blocks, and assembly
commences only when the concentration of building blocks in
the activated state issu cient. To rationally design colloidal out-
of-equilibrium systems, a detailed understanding and a precise
modulation of the (surface) forces that govern intercolloidal
interactions are necessary. The e ective potential (U) acting
between colloidal objects is determined by an interplay between
(surfaceg forces with varying strengths and ranges (Figure
2).19% 194 An omnipresent source of attractive contributions to
the interparticle potential are van der Waals forces (Figure 2,
gray striped curve). These forces originate from a mismatch in
polarizability between the colloidal particles and the surround-
ing medium and are strongly attractive at relatively short
interparticle separations. van der Waals forces are signi cantly
stronger for colloidal objects compared to molecular counter-
parts because the force scales with the particle size. To
counteract these attractive forces and prevent the irreversible
aggregation of colloidal particles, one can rely on steric and/or
electrostatic stabilization (Figure 2, purple dotted curve) to
generate an energy barrier that restricts the minimal interparticle
distance (Figure 2, yellow circles).**®

For steric stabilization, the surface of the particles is decorated
with a (dense) layer of small molecules or polymers. When these
surfaces approach each other and the outer segments of the
(polymeric) ligands start to deform and/or overlap, a disjoining
force is generated. This force is essentially osmotic in nature and
originates from the unfavorable entropy associated with
compressin% or con ning the chains in between the
surfaces.””*"® For electrostatic stabilization, the particles
carry a net surface charge due to the dissociation of acidic or
basic surface-tethered groups, isomorphic substitution, or the
(covalent) attachment of ionic species. To ensure charge
neutrality, the colloids are surrounded by an electrochemical
double layer in which the concentration of counterions is higher
than the concentration found in the bulk. When two charged
colloidal objects approach, partial overlap of these double layers
generates a repulsive osmotic force that drives the particles apart
from each other again. By controlling the ionic strength of the
medium, the signi cance of the electrostatic repulsion can be
modulated both in strength and in range.'% In addition to van
der Waals forces and steric and electrostatic repulsion, other
contributions, e.g., hydrophobic,’*® depletion,'°" and Casimir
forces,'® might have to be taken into account when considering
the net interparticle potential.

Evidently, electrostatic and/or steric forces are required to
safeguard colloidal stability prior to fuel-induced assembly. For
subtle, fuel-induced changes to induce assembly, the overall
interaction potential acting between the precursor building
blocks should be su ciently shallow at interparticle distances
relevant to the assembled structure to generate a secondary
potential energy minimum. In the deactivated state, repulsions

should dominate the interparticle potentials to prevent
clustering, while these repulsive contributions should be
su ciently weak in order for the fuel-induced attractions to
overcome them once in the activated state (Figure 2b, top, green
curve). Accessing the primary potential energy minimum in the
activated state should be prevented, as the large attractive
strength associated with the minimum will irrevocably result in
an irreversible loss of colloidal stability (Figure 2b, red).
Moreover, for the transient assembly processes considered here,
limiting the magnitude of the attractive contributions in the
activated state is necessary to promote spontaneous disintegra-
tion of the colloidal clusters after fuel depletion. Additionally,
generating mildly attractive intercolloidal forces is pivotal when
targeting assembled structures with high structural order and
regularity. Only when the attractions are weak enough can
particles recon gure during assembly, ensuring that the building
blocks nd their optimum position within the growing structure.
If attractions are too strong, then fractal(-like) aggregates are
formed. In these clusters, the relative particle con gurations are
determined by the statistical di usive processes that cause
particles to nd each other (Figure 2b, bottom, red curve).
Because of the high attraction strength, particles irreversible
stick to each other and no restructuring or reversibility is
possible. Already for equilibrium self-assembling systems, ne-
tuning of the potentials in terms of strength and range is a
challenging task. Introducing the time-dependency of the
potentials as additional design criterion increases the complexity
of building block design even further.

In addition to interbuilding block forces that come into play
when working with colloidal objects, the dimensions of the
building blocks impose restrictions on the kinetics of the
reaction networks that can be used for assembly. Compared to
their molecular counterparts, the dynamics of colloids are
signi cantly slower. The kinetics of the (de)activation reactions
have to be matched to these slower dynamics in order to
generate su ciently high concentrations of activated building
blocks and provide enough time for these activated colloids to

nd each other via di usive processes. Naturally, this
consideration becomes increasingly more important when larger
colloids are used. Because of this reason, the vast majority of the
dissipative colloidal systems described to date rely on relativelg
small (5 50 nm) nanoparticle-sized building blocks,?2*#1%9 1
while studies on (nearly) micrometer-sized particles are
Sparse.23'118 120

The dimensions of the colloidal particles can also impact the
dynamics of the dissipative assembly when compared to their
molecular counterparts. In fuel-driven molecular systems,
(dis)assembly can be induced by (de)activating only a limited
number of fuel-responsive moieties. The corresponding
assembly process can therefore be a single-molecule event.
This molecular control is, for example, elegantly used in actin
tread milling.***?* When using colloidal particles as elementary
building blocks, this single-molecule character is lost. Colloids
typically carry signi cantly more active sites than their molecular
analogues. A fraction of these sites needs to be activated in order
to a ect the e ective intercolloidal potentials and induce
assembly. Similarly, for spontaneous disassembly su cient sites
have to be deactivated such that a threshold is crossed, after
which the colloids are no longer attractive toward each other.
This restriction limits the attainable dynamic behavior for
colloidal particles unless, for example, very sharp fuel gradients,
deactivation conditions, or fuel-mediated superselectivity*** can
be realized.
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Finally, as for molecular systems, the stability of colloidal
systems sensitively depends on external conditions, e.g., salt
concentration, pH, temperature, and solvent quality.***
Although these parameters can be used as experimental knobs
to tune the interparticle potentials (in a transient fashion), this
sensitivity introduces stringent limits on the types of reaction
networks that can be used.

Through careful design and optimization of colloidal building
blocks and associated reaction networks, the challenges
underlying dissipative colloidal systems could be addressed,
resulting in a number of elegant and promising dissipative
colloidal systems. A wide variety of synthesis approaches were
taken to imprint transient behavior to colloidal building blocks,
highlighting the universality of the underlying kinetic concepts
and the prospect of myriad future systems. In general, the
systems reported so far can be divided according to the energy
source used to fuel the reaction networks underlying particle
assembly. Here, we di erentiate between light- and chemical-
fuel-driven systems. An overview of illustrative examples
discussed in this invited feature article is given in Table 1.

LIGHT-MEDIATED OUT-OF-EQUILIBRIUM
ASSEMBLY

The use of light as an energy source has proven to be an
attractive strategy to guide the self- assembly of colloidal systems
in and out of equilibrium.®"9%2* 126 | jght can be switched on
and o instantaneously and delivered with high spatial
resolution. This facilitates running a large number of dissipative
cycles without signs of fatigue or loss of reversibility. Typically,
light sensitivity is imprinted on colloids by decorating the
surface of (nano)particles with molecular switches that can
undergo reversible isomerization reactions to alter their physical
properties. On the basis of well-developed surface functionaliza-
tion protocols, ligands containing the switches can be
immobilized on the particles. Frequently employed switches
are azobenzene- and spiropyran-based. In contrast to the use of
molecular fuels (Fuel-Mediated Out-of-Equilibrium Assembly
section), typically no waste products accumulate in light-driven
systems as they rely on reversible conformational changes in
molecular switches or the cyclic formation and consumption of
protons (photoacids). lllustrative examples of incorporating
molecular switches into reaction networks to drive colloidal
assembly will be discussed below.

Azobenzene-Guided Colloidal Systems. Under the
in uence of UV light, surface-immobilized azobenzene-contain-
ing ligands can switch from their thermodynamically stable trans
isomer to a metastable cisconformation. This conformational
change is accompanied by generating a large dipole moment and
hence an increase in hydrophilicity. Upon removal of the UV
stimulus, the cisisomer has a limited lifetime under ambient
conditions and will spontaneously convert back to the
thermodynamically stable transisomer. E ectively, particles
with a transiently enhanced hydrophilicity are therefore
obtained. By dispersing the colloidal objects in apolar environ-
ments, either solvents or organogels, this time-dependent
hydrophilicity proved to be su cient to drive the clustering of
(nano)particles. In these particular cases, the UV light acts as an
energy source that converts the transazobenzene-functionalized
particles (precursor state) to the activated cisazobenzene-
functionalized particles. The energy stored by the systems is
dissipated upon thermal relaxation of the azobenzene moieties.

Klajn et al. used this concept to prepare materials in which
both the writing and self-erasure of images are controlled by the
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nonequilibrium aggregation of azobenzene-functionalized gold
or silver nanoparticles (Figure 3).**° The generation of colored
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Figure 3. (a) Chemical structure of azobenzene-functionalized
thiolated ligand (MUA). The azobenzene moiety is drawn in its
thermodynamically stable trans conformation. Incorporating this
functional thiol in the ligand corona on gold nanoparticles yields UV-
responsive colloids able to reversibly convert the azobenzene fragments
from their transto cis conformations (trangcisMUA NPs). (b)
Reversible aggregation of the colloids depicted in panel a under the
in uence of UV illumination in an organogel (scale bar on electron
microscopy images = 100 nm). UV illumination forces the azobenzene
moieties into the metastable cisconformation. The signi cant dipole
moment associated with the cisconformation drives clustering in the
apolar reaction environment. The cisconformation slowly reverts back
to the thermodynamically stable transform by thermal relaxation,
resulting in cluster disintegration. (c) Writing self-erasable images by
UV illumination through a mask. Only in the illuminated regions does
clustering commence, leading to a red shift in the plasmon resonance.
Macroscopically, this shift is observed as a transition from red (single
particles) to blue (cluster). Since the clusters are transient, the images
erase themselves (scale bar for all images = 1 cm). Adapted from ref
110. Copyright 2009, John Wiley and Sons.

Vis, A
—_
erase

images with high spatial resolution was possible by irradiating a
nanoparticle-containing gel through a photomask with UV light.
In the illuminated areas, particle clustering commenced. By
relying on the fact that the surface plasmon resonance of the
metallic nanoparticles is cluster-size-dependent, a variety of
colors could be generated. Due to the metastable character of
these clusters, the images gradually self-erase. The erasure time
could be controlled by the azobenzene ligand density and the
fraction of these ligands in the cisconformation, which was in
turn determined by the intensity of the UV light and
illumination time. Multiple images could be written onto the
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same substrate either concurrently or after self-erasure. The
smallest features that could be resolved were on the order of 10

m. Within such small features, NPs di use into and out of the
UV-irradiated regions on time scales comparable to typical
irradiation times, leading to blurring or an inability to generate
the desired feature. Improving the resolution by increasing the
initial particle concentration or using higher irradiation powers
could further facilitate the application of these transient images
for storing sensitive information.

An analogous approach was used by Grzybowski and co-
workers to control the catalytic activity of nanoparticles.*** Also
in this example gold nanoparticles were functionalized with
thiolated azobenzene-containing ligands to transiently induce
clusters upon UV illumination. In addition to the switchable
ligands, the nanoparticle surface was decorated with mobile
amine-containing ligands that allow for the gold surfaces to be
accessible to molecules dissolved in the continuous phase. As the
metallic surface is catalytically active for hydrosilylation
reactions, the freely dispersed particles (equilibrium) show the
conversion of model substrates with reasonable reaction rates.
After UV-induced clustering (transient assembly), the catalytic
activity decreased signi cantly due to a reduction in the available
catalytic surface. Activity could be regained after thermal
relaxation and hence redispersion of the catalytic colloids.
Although the results are a neat demonstration of controlling
catalytic activity in a temporal fashion, the number of
photoswitchable catalytic cycles proved to be limited. Binding
competition between the originally used surface ligands to cap
the gold particles and employed hydrosilylation reactants
prevented the complete switching o of the catalytic activity
in the aggregated state.

An extension of using light-responsive nanoparticles to
transiently control catalytic activity was reported by Klajn and
co-workers.**? Instead of relying on the catalytic action of the
particle surface, enhanced reaction kinetics for a variety of
chemical transformations were driven by the nanocon nement
of the participating reactants (Figure 4a). Under appropriate
conditions and UV illumination, azobenzene-functionalized
particles (gold, silica, Fe;0,) assembled into ordered supra-
crystals containing well-de ned tetrahedral interstitial cavities,
in this work referred to as nano asks (Figure 4b,c). Polar
additives present in the apolar dispersing medium could be
preferentially captured during the formation of the supracrystals
since the azobenzene ligands were forced by the UV light into
the more polar cisconformation. Trapping e ciencies could be
further enhanced by introducing ligands carrying speci ¢
recognition motifs for targeted substrates into the azobenzene-
containing monolayer. Trapping increased the local concen-
tration of reactants which translated into faster conversion. In
addition to faster Kinetics, it was neatly shown that the
decoration of the particles with chiral ligands provides a
means to control the stereochemistry of the products formed in
the nano asks.

As the interparticle forces underlying nano ask formation are
transient, the reaction products could be easily released into the
dispersing medium and the kinetics could be controlled in a
temporal fashion. The authors speculate that the con ned
environments could be exploited to perform polymerizations of
trapped monomers or enantioselective reactions, where the
lengths of the polymer chains are determined by the dimensions
of the nano asks or the enantiomeric excess of the product is
controlled by the ligand chirality, respectively.
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Figure 4. (a) Schematic representation of the reversible formation of
nanoparticle-based crystals with con ned interstitial voids (nano asks)
in which polar reactants A and B are captured and subsequently coupled
to form product C. The con ned reaction volume created by the
interstitial spaces enhances the local concentration of reactants and
results in higher reaction rates. Crystals are transiently formed in apolar
media under the in uence of UV light, which forces the azobenzene-
containing ligands into their more polar cisconformation (b, right).
Thermal relaxation of the ligands to the trans conformation
disintegrates the nano asks and liberates product C. (b) Employment
of azobenzene-containing ligands to decorate gold (yellow), iron oxide
(brown), and silica (gray) colloids. Nano asks could be generated for
all three types of colloids. (c) Electron micrographs (at di erent
magni cations) of the transient colloidal crystals with the nano asks
highlighted in blue (right). Adapted from ref 112. Copyright 2015,
Nature Publishing Group.

Chovnik et al. applied the principles discussed above for the
out-of-equilibrium delivery of particulate cargo (Figure 5).**" In
this work, diamagnetic particles could be manipulated using
externally applied magnetic elds after the transient adsorption
of azobenzene light-switchable/superparamagnetic Fe;O, nano-
particles (Figure 5b). In a mixed dispersion of hydrophilic silica
particles and the Fe;O, colloids, the silica particles acted as a
preferential adsorption site for the iron oxide particles after
forcing the azobenzene ligands onto their surface in the more
polar cisconformation. The resulting raspberry hybrid particles
(Figure 5a, top middle) could subsequently be assembled into
string-like clusters by applying an external magnetic eld (Figure
5a, right). It is important to mention that the individual Fe;O,
particles were not susceptible to the applied magnetic eld, as
their magnetic Bjerrum length was smaller than their diameter.
Only after multiple iron oxide particles were immobilized on a
silica carrier, the combined magnetic dipoles were su ciently
strong to overcome thermal motion. The resulting elongated
colloidal chains could subsequently be manipulated and
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Figure 5. (a) Diamagnetic particles (blue) are transiently decorated
with paramagnetic iron oxide (Fe;O,4, brown) colloids via UV-light-
mediated self-assembly. (b) The increased surface hydrophilicity
caused by the conformational change between the transand cis
conformations of the azobenzene ligands immobilized on the Fe;O,
particles drives the heterocoagulation between the two colloid
populations. The resulting raspberry-shaped hybrid colloids can
subsequently be aligned and manipulated in a magnetic eld to
transport the diamagnetic cargo. After removal of the electric eld and
thermal relaxation of the azobenzene ligands, the hydrophilic cargo can
be released. Adapted from ref 127. Copyright 2012, American Chemical
Society.

navigated through space by controlling the direction of the
magnetic eld. As soon as the silica cargo reached the targeted
destination, switching o the UV light released the adsorbed
iron oxide nanoparticles (Figure 5a, bottom). This approach is
an elegant way to transfer the transient characteristics of
nanoparticles to signi cantly larger and otherwise inert objects.

Indirect manipulation of larger colloidal objects via coupling
of the colloidal phase behavior to a light-driven azobenzene-
based reaction system was also applied by Vialetto et al.>* In this
particular example, which operates under dissipative conditions,
energy input was used to realize the transient 2D crystallization
of micrometer-sized colloidal beads con ned at an air water
interface. The light responsiveness of the system originates from
an azobenzene-containing surfactant (Figure 6a) that in
equilibrium preferentially accumulates at the oil water inter-
face. The surfactant carries a positive charge by which it partially
screens the electrostatic repulsion between the particles at the
interface. In this state, disordered particle arrangements were
observed (Figure 6b, left). Upon illumination with light, the
surfactant switches to its more polar cis conformation and
desorbs from the surface. The increased electrostatic repulsion
between the colloids combined with the surface con nement
induces the crystallization of particles into millimeter-sized
highly ordered domains (Figure 6b, right). These ordered
structures could be maintained only as long as the systems were
illuminated. When illumination was stopped, isomerization of
the surfactant followed by adsorption to the interface disrupted
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Figure 6. (2) Azobenzene-derived cationic surfactant in its transand cis
isomeric forms. In the equilibrium transconformation, the surfactants
preferentially partition at the air water interface. In this situation, the
surface charges of negatively charged particles pinned at the interface
are partially screened, resulting in the formation of disordered 2D
particle structures (panel b, left). Upon illumination with light, the
surfactant is forced into its more polar cisform. This leads to desorption
of the surfactant into the bulk water phase. The full electrostatic
repulsion between the particles combined with con nement leads to
crystallization (panel b, right). If illumination is stopped, then thermal
equilibration of the surfactant and readsorption on the air water
interface randomizes the particle orientations again. Adapted from ref
23. Copyright 2019, John Wiley and Sons.

the crystals, and the systems returned to their disordered
equilibrium states.

Spiropyran-Guided Colloidal Systems. In addition to
azobenzene-based systems, spiropyran molecular switches have
been applied to orchestrate colloidal assembly. Following the
same strategy as described before, spiropyran-containing ligands
can be coupled directly to the nanoparticle surface. Upon
exposure to UV light, the spiropyran moiety undergoes ring-
opening isomerization to generate its polar, zwitterionic
merocyanine derivative (MCH*). This activated isomer is
signi cantly more polar compared to the cisform of azobenzene,
providing a larger driving force for particle assembly in organic
media. This was experimentally veri ed for nanosized gold
particles, where the spiropyran-functionalized systems were
characterized by signi cantly faster (dis)assembly compared to
their azobenzene counterparts."** A detailed study on the e ect
of the spiropyran ligand density and size of the gold core
provided control over the cluster size and lifetime. It is
noteworthy that there are a limited number of dissipative cycles
( 30) that the system could go through, as well-known
photoinduced degradation of the spiropyran ligands was
observed.**® Degradation can be mainly attributed to
bimolecular reactions involving the long-lived triplet excited
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state (dependent on the local spiropyran concentration) and
oxidation of the photoswitch.*?® Strategies to prevent fatigue are
therefore used to minimize the stacking tendency by choosing
highly apolar media or colloids with a lower spiropyran grafting
density. Additionally, oxidation can be suppressed by perform-
ing photoswitching in the presence of antioxidants and/or in an
airtight environment.

Motivated by the large dipole moment of the open MCH*
form, an analogous strategy was applied to signi cantly larger
silica colloids (diameter = 150 920 nm) by Ueda et al.**°*°
and Bell and Piech.?° Spiropyran fragments were immobilized
by direct condensation onto the silica surface or by decorating
the silica surface with a spiropyran-functionalized polymer brush
(poly(methyl methacrylate), p(MMA)). When dispersed in
highly apolar media (toluene, benzene, and xylene), aggregation
could be induced by UV illumination. However, this aggregation
proved to be (partially) irreversible. Despite the thermal
relaxation of the zwitterionic MCH* moieties, the input of
external mechanical energy through sonication was required to
disintegrate the clusters. Relatively strong van der Waals forces
or physical entanglements between polymer brushes immobi-
lized on di erent particles were proposed to explain the lack of
complete reversibility. Technically, the requirement for addi-
tional energy to redisperse the particles makes this system not
transient and illustrates the challenges involved with translating
nanoscopic out-of-equilibrium systems across multiple length
scales.

Another elegant use of spiropyran-mediated clustering of gold
nanoparticles operating under dissipative conditions was
recently introduced by Samanta and Klajn.?? On the basis of
the pioneering work of Maity et al.,*** the spiropyran-derived
switch functions as a transient photoacid to guide the assembly
process (Figure 7). Instead of immobilizing the molecular
switches on the surface of the particles, they were dissolved in
the aqueous continuous phase of a dispersion of charge-
stabilized gold nanoparticles. In equilibrium, the spiropyran is
present in its open, protonated form (MCH®). Upon
illumination with visible light, a ring-closed spiropyran is formed
and a proton is released into the medium. The released protons
lower the pH, leading to protonation of the charged carboxylic
acids on the surface of the particles. By removing (part of) the
surface charge, the electrostatic repulsion decreased and the
particles aggregated under the in uence of van der Waals forces.
As the ring-closed spiropyrans proved to be metastable under
the applied system conditions, they slowly convert back to their
zwitterionic form, thereby extracting protons from the solution.
This reverse process raises the pH again to its original level,
reinstating the surface charges on the colloids which drives the
dissociation of the colloidal clusters. Compared to the previous
examples, this system operates in water which required careful
optimization of the length of the carboxyl-containing thiol and
ionic strength of the medium to nd a window where the
attractive forces were su ciently strong to drive the clustering
but weak enough to ensure cluster disintegration upon an
increase in the pH.

Asimilar system was published by the same authors, where the
particles were dispersed in an organic medium.*** Under these
conditions, the particles were aggregated by the presence of
surface charges in the absence of a light trigger. Upon
illumination, protons were released into the medium and
subsequent protonation of the surface-immobilized carboxylic
acids caused transient disassembly of the nanoparticle clusters.
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Figure 7. Visible-light-mediated assembly of gold nanoparticles
functionalized with carboxylic-containing surface ligands dispersed in
an aqueous medium operating under dissipative conditions. In the
thermodynamic ground state, the colloids carry a net negative surface
charge, safeguarding colloidal stability via electrostatic repulsion. Upon
illumination with light, molecularly dissolved photoacids (MCH?,
orange) undergo a ring-closure reaction, thereby releasing protons
(H"). The associated decrease in pH results in protonation of the
surface-immobilized carboxylic acids. The diminished surface charge is
no longer su cient to ensure colloidal stability resulting in the
formation of clusters. As the ring-closed reaction product (SP, gray) is
metastable under the imposed reaction conditions, it slowly reverts
back to its zwitterionic form. Upon doing so, protons are taken up from
the dispersing medium. This leads to an increase in pH and a
reinstatement of the surface charges on the colloids. On a mesoscopic
scale, this results in disintegration of the particle clusters. Adapted from
ref 22. Copyright 2016, John Wiley and Sons.

In this example, not the disassembled but the assembled state
resides in the global minimum of the free-energy landscape.

FUEL-MEDIATED OUT-OF-EQUILIBRIUM
ASSEMBLY

In addition to (UV) light, energy-rich carrier molecules can be
added to activate the precursor building blocks. These energy-
rich compounds are typically referred to as (molecular) fuels and
resemble the function of adenosine triphosphate (ATP) in
biological systems. Compared to light-driven systems, molecular
fuels can be added in excess to bu er the fuel demand of the
system. Additionally, assembly (kinetics) can be controlled
spatially by fuel di usion, for example, from a high-
concentration reservoir."*%*3? 1** Finally, the rate of fuel
consumption and hence assembly kinetics can be regulated by
relying on catalytic fuel-converting processes.**> 3 However,
the use of fuels is typically associated with an accumulation of
waste products in the system (Figure 1). At su ciently high
concentrations, waste can impose limitations on the repeat-
ability of the transient clustering by disrupting the reaction
network or generating poisonous conditions that can result in
fatigue and ultimately failure of the system. The additional
constraint that the (de)activation reactions should be
orthogonal and take place e ciently in a single reaction
environment, makes the design of molecular fuel-driven systems
a challenging task. An overview of recently reported systems will
be discussed below.

Fully Synthetic-Fuel-Driven Systems. Van Ravensteijn
and Hendriksen et al. contributed to the eld of fuel-driven
colloidal assembly by developing polymer-grafted particles
capable of undergoing transient assembly upon addition of a
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strong methylating agent (dimethyl sulfate, DMS) as fuel.*®
The chemistry underlying the assembly was previously
developed for transient gelators and is schematically depicted
in Figure 8. At the start of the clustering cycle, the particles were
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Figure 8. Molecular fuel-mediated clustering of colloidal building
blocks. In the initial equilibrium situation, colloids are dispersed in a
high-pH reaction medium. This causes the outer poly(methyl
methacrylate) (p(MMA)) segments (blue) of the grafted polymers
to be negatively charged due to the deprotonation of carboxylic acids
(bottom). The negative charges provide colloidal stability through
electrostatic repulsion. The addition of chemical fuel ((CH;),SO,)
removes these charges by methylation, thereby increasing the
hydrophobicity of the polymer brush’s outer corona (left, red). The
increased hydrophobicity triggers clustering between the colloidal
particles (right). After fuel depletion, hydrolysis of the formed methyl
esters becomes dominant. Over time, the charges are reintroduced on
the grafted polymers, leading to the disintegration of the formed
clusters and returning to the initial, well-dispersed state (bottom).
Adapted from ref 118. Copyright 2017, American Chemical Society.

dispersed in an aqueous medium bu ered with borate at a high
pH ( 9). Consequently, the outer segments of the polymers
grafted onto the colloidal core carried negatively charged
carboxylic acids, ensuring colloidal stability. Upon fuel injection,
the carboxylic acids were methylated with a signi cant increase
in hydrophobicity as result. Once in this activated state, the
particles aggregated into relatively large clusters. However,
under the high pH conditions, the newly introduced methyl
esters were marginally stable and slowly reverted back to the
charged carboxylic acids. Redispersion of the colloids was
promoted by using block copolymers of which only the outer
segments were fuel responsive. The inner hydrophilic block
prevented close contact between the colloidal cores and hence
limited the magnitude of attractive van der Waals forces, which is
key for the larger colloids used in this study (hydrodynamic
diameter 750 nm). Oncesu cient charges were reintroduced,
cluster disassembly was observed. By the sequential addition of
fuel, multiple assembly cycles could be performed. The acidity of
the waste product (CH;SO, ) combined with the limited
bu ering capacity of the dispersing medium and the
consumption of OH in the hydrolysis step led to a loss of
reversibility after three cycles.

An alternative strategy for transiently converting surface-
immobilized carboxylic acids based on the irreversible
consumption of 1-ethyl-3-(3-(dimethylamino)propyl) carbodii-
mide (EDC) was introduced by Boekhoven and co-workers

(Figure 9).**° Again, charged carboxylic acid-functionalized
particles, in this case, photoluminescent silicon nanocrystals
(SiN), served as precursors in the chemical reaction network.
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Figure 9. (a) Schematic representation of the transient activation of
precursor building blocks via 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC)-mediated esteri cation of surface-immobilized
carboxylic acid with N-hydroxysuccinimide (NHS). EDC acts as fuel in
this system and is irreversibly consumed during esteri cation.
Attachment of the NHS moieties to the nanoparticles decreases their
surface charge, thereby generating a driving force for colloidal
aggregation. The formed NHS esters are metastable under the
employed reaction conditions. Hydrolysis causes the spontaneous
reintroduction of the surface charges and hence disintegration of the
aggregates. (b) Free-energy landscape of the EDC-driven transient
clustering system depicted in panel a. Depending on the fuel (EDC)
concentration, the particles can be partially activated (purple) without
clustering, undergo transient clustering (light red), or get kinetically
trapped (dark blue). The presence of a fuel-dependent kinetic trap
indicates that the system is prone to pathway complexity, implying that
the properties of the system depend on its preparative history. (c)
Macroscopic manifestation of pathway complexity. Adding fuel in
multiple small batches yields stable dispersions (homogeneous pink),
while the addition of the same quantity of fuel in one shot results in
(irreversible) clustering (colorless solution with sediment). Adapted
from ref 115. Copyright 2019, American Chemical Society.
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These precursors were activated by reaction with EDC to form
N-hydroxysuccinimide (NHS) esters. Deactivation occurred via
the spontaneous hydrolysis (pH 6.5) of the NHS esters to regain
the carboxylate moieties and reinstate colloidal stability (Figure
9a). SiN clusters could therefore exist only in the presence of
su cient EDC. Again, the number of dissipative assembly cycles
was limited to three by the disruptive e ect that the waste
product (1-[3-(dimethylamino)propyl]-3-ethylurea (EDU))
had on the reaction network. Interestingly, the transient
clustering could be applied for the delayed uptake of SiN by
mammalian cells under bu ered arti cial physiological con-
ditions (1:1 phosphate-bu ered saline (PBS)/2-(N-
morpholino)ethanesulfonic acid (MES)), thereby showing the
potential of these dynamic systems for the controlled delivery of
therapeutics.

The importance of carefully optimizing reaction networks to
promote reversible assembly was also illustrated for this
chemical reaction cycle but with gold nanoparticles as colloidal
building blocks.**> Only fuel concentrations within a certain
concentration regime resulted in dissipative, transient assembly
(Figure 9b). EDC concentrations that were too low led to
incomplete activation and hence an insu  cient driving force for
particle clustering. On the contrary, the addition of too much
fuel resulted in clusters trapped in a kinetically arrested state."*
The presence of a fuel-dependent kinetic trap implies that the
behavior of the system is prone to pathway complexity; the nal
position of the system in the free-energy landscape depends on
its preparative history. This nding was experimentally veri ed
by showing that adding large quantities of fuel sequentially in
small batches prevents the kinetic trap (Figure 9c). This
behavior is reminiscent of the self-healing and proofreading
capabilities of biological systems, which can recover from
externally imposed damage as long as the underlying reaction
network remains una ected,*!245139.140

Finally, Walther and colleagues introduced a conceptually
di erent approach to coupling fuel-dependent reaction net-
works to the assembly of gold nanoparticles.**’ Kinetic control
over the temporal self-assembly was achieved by the
simultaneous injection of rapid promoters and dormant
deactivators (Figure 10). Evidently, the rapid promoters force
building blocks from their inactive precursor states into
activated states that undergo assembly. However, the
deactivation of the building blocks is now governed by the
reaction kinetics at which the dormant deactivator is converted
into activated deactivators ( *). The kinetic condition under
which out-of-equilibrium superstructures can form in this
situation is that the rate of activation ( ;) is signi cantly faster
than the decay rate of the dormant deactivator. Since these two
processes are decoupled, this kinetic requirement is signi cantly
easier to ful Il than the situations in the examples discussed
before, where the rates of activation ( ;) and competing
deactivation ( ,) have to be delicately balanced.

The validity of this concept was shown by using molecular
esters as dormant deactivators in combination with a strong base
as a rapid promoter to transiently control the cluster state of 2-

uorophenol-functionalized gold nanoparticles in aqueous
media. In equilibrium, the particles are clustered due to the
absence of su cient surface charges. The addition of the strong
base deprotonates the ligands, leading to cluster disintegration
driven by electrostatic repulsion. Simultaneously, the dormant
esters slowly hydrolyze to liberate acidic species. In time, the pH
of the medium decreases, which results in protonation of the
phenol derivatives and hence a reinstatement of the clustered

Figure 10. (a) Conceptual diagram of transient switching between
states A and B by using a combination of rapid promoters and dormant
deactivators. The presence of dormant deactivators lifts the stringent
kinetichoundary ;  ,torealize transient self-assembly. The relevant
kinetic condition changes to * (the decay rate of the dormant
deactivator into an active deactivator). The ratio between rate constants
,and ,isno longer leading, and the deactivation of state B to state A is
ultimately determined by the time-dependent concentration of
deactivator. (b) If promoter and dormant deactivators are added
simultaneously, then a transient pH pro le (red) is generated. The
system follows this pro le by undergoing (dis)assembly with a system-
speci ¢ time o set. (¢) Schematic representation and macroscopic
appearance of gold nanoparticles undergoing transient assembly driven
by the simultaneous action of rapid promoters and dormant
deactivators. Adapted from ref 117. Copyright 2015, American
Chemical Society.

equilibrium state. By altering the chemical structure of the
dormant deactivator, the hydrolysis rate and acidity of the
corresponding acid can be tuned. Together with the absolute
concentrations of dormant deactivators and strong promoter
(base), the accessible transient pH window (5 9) and lifetime
(minutes days) of the activated state can be controlled. The
robustness and versatility of this concept was emphasized by
demonstrations of the transient assembly of colloidal particles,
pH-responsive block copolymers into micellar structures, and
coiled oligopeptides into nano brils.**’

Biosynthetic Hybrid Systems. In addition to the fully
synthetic examples discussed in the previous subsection, Dehne
et al. coupled the transient clustering of micrometer-sized DNA
coated colloids with a competing antagonistic enzgmatic
reaction of RNA polymerization and degradation.””” The
system comprises two types of colloidal particles (Figure 11,
red and green) both decorated with noncomplementary single-
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Figure 11. Schematic representation of transient colloidal aggregation coupled to a reaction network of two antagonistic enzymes. Clustering between
single-stranded-DNA-coated particles is initiated by the production of complementary RNA linkers by T7 Polymeragene RNA synthesis is templated
by a double-stranded DNA template and is fueled by nucleoside triphosphate (NTP). Once in the hybridized state, the RNA is susceptible to
degradation by RNaseHThis process leads to breaking of the colloidal bonds and hence disintegration of the clusters. By tuning the kinetics of the
enzymatic reactions, clusters with a transient lifetime could be obtained. Adapted from ref 119. Copyright 2019, Nature Publishing Group.

stranded DNA segments. In equilibrium, both types of colloids
are mutually repelling due to the electrosteric repulsion of the

DNA corona, resulting in a stable dispersion. The T7 Polymerase

enzyme was used to synthesize complementary RNA linkers that
induce speci c clustering between the two types of colloids. The
synthesis of this RNA linker from a double-stranded DNA
template is driven by nucleoside triphosphate (NTP), which
acts as the molecular fuel. Once in the aggregated state, cluster
disintegration was realized by the presence of the RNaseH
ribonuclease. This enzyme selectively degrades the RNA linkers
once they are hybridized to the particle-immobilized DNA
strands, generating RNA degradation products as waste.
Transient clustering could be obtained by tuning the kinetics
of the individual enzymatic reactions by varying the concen-
trations of enzymes and fuel. Following this strategy, clusters
with controllable dimensions and lifetimes could be obtained.
Spatial control over the clustering process could be obtained by
localizing the RNA binder production. This was achieved by
immobilizing the DNA template on con ned regions in a
micro uidic cell. RNA-linker di usion from these regions
coupled to the homogeneous degrading action of RNaseHed
to the pulsating traveling of aggregation fronts.

Relying on the hybridization of DNA to assemble colloidal
particles in conventional equilibrium self-assembly has been
shown to be an extremely versatile approach.**** The high
selectivity of DNA hybridization provides a means to accurately
tune the colloidal interaction strength, temperature sensitivity,
and directionality. Bringing these hallmarks to the out-of-
equilibrium assembly domain will undoubtedly lead to new,
biologically inspired, materials.

FUTURE PROSPECTS FOR COLLOIDAL
OUT-OF-EQUILIBRIUM ASSEMBLY

As illustrated by a variety of particle systems used for out-of-
equilibrium or dissipative assembly, the concept has great
potential for generating new classes of dynamic materials with

10650

spatiotemporal control and shows that the design principles
exploited in (biological) supramolecular systems are extendable
to the colloidal domain. The versatility of the colloidal systems
that are capable of undergoing out-of-equilibrium structure
formation is still limited compared to that of supramolecular
systems. However, the eld has slowly transcended its infancy
status as particles with di erent dimensions, chemistries, and
underlying activation mechanisms are being developed. Without
exception, the dissipative systems developed thus far are
extremely delicate and highly tailored. No o -the-shelf heuristic
rules exist that can be used to easily fabricate new systems.
Harnessing the full potential of out-of-equilibrium assembly to
generate self-healing, highly adaptive, and communicative
properties and create reaction-di usion patterns has yet to be
realized in colloidal systems. In most of the discussed examples,
reversible association is used exclusively to showcase application
potential. Future work will undoubtedly aim to further exploit
this reversibility to realize spatio- or temporal control of the
formed superstructures, including fuel-dependent feedback
loops, and amplify fuel responses across multiple length scales.

As highlighted by Van Rossum et al. for (supra)molecular
systems,® the di culty in designing dissipative systems is
directly related to the complexity of selecting underlying
reaction networks with suitable kinetics and nding reaction
schemes with (completely) uncoupled activation and deactiva-
tion pathways. Kinetic considerations are important to ensuring
that su ciently high concentrations of building blocks can be
accumulated into the activated state such that assembly can
commence. In addition to the concentration of activated
building blocks, the lifetime of the activated state should also
be long enough to favor structure formation. In principle, these
requirements can be ful lled by having activation reactions
which are faster compared to the deactivation pathways or by
applying the dormant deactivator strategy introduced by
Walther and co-workers.** For colloids, these kinetic boundary
conditions are extremely important to take into account, as the

https://dx.doi.org/10.1021/acs.langmuir.0c01763
Langmuir 2020, 36, 10639 10656


https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01763?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01763?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01763?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01763?fig=fig11&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01763?ref=pdf

Langmuir

pubs.acs.org/Langmuir

Invited Feature Article

molecular reaction network operates on a di erent length scale
than that for the particulate building blocks. Because of the slow
colloidal dynamics (especially for particles approaching the
micrometer size regime), reaction networks with slow
deactivation pathways are a necessity. Potential strategies to
realize these include tuning the chemical substitution patterns of
photoswitches™****2 or, in case of hydrolysis-based deactivation
pathways, regulating the stabilitg and catalytic formation of the
activated hydrolyzable bonds.**"**® Suppressing side reactions
of fuel and nonassembling energy-dissipating pathways will
become more challenging as the particles need to survive for
longer in the activated state. Kinetic modeling and or a detailed
analysis of reaction rate constants for fuel-dependent reactions
could provide an important step forward for linking colloidal
dynamics to underlying molecular processes.

These considerations are important if not only random
aggregates but also ordered out-of-equilibrium clusters are
desired. A majority of the transiently assembled systems realized
to date lack structural (long-range) order and are best
characterized as a collection of randomly associated particles.
Naturally, being able to control the particle positions and
relative orientations in complex (multicomponent) systems
would be a pivotal step forward to transient materials with
functional properties and open the potential aﬂalication scope
into the elds of responsive catalysis,"***** optics, >
electronics, and sensors.'*> To facilitate the formation of
superstructures with controllable structural order, the fuel-
induced activated state should not only survive long enough for
the particles to nd each other but also allow for subtle
recon gurations of the particles within the growing cluster to
minimize the number of stacking faults (Coupling Colloidal
Assembly to Reaction Networks: Design Considerations
section). Balancing the attractive and repulsive contributions
to the interparticle potential remains a great challenge in the
colloid chemistry community, even for equilibrium systems.
Additional restrictions associated with the transient nature of the
attractions generated by reaction with fuels present an even
greater challenge. To go beyond the trial-and-error method-
ology currently applied and nd heuristic design rules for
dissipative colloidal systems, measuring time-dependent inter-
colloidal forces during the dissipative cycle and relating this to
(fuel-induced) chemical details of the building blocks are highly
desired.

long-range-ordered superstructures. Alternatively, the local and
time-dependent fuel concentration can be used as an additional
design parameter to realize adaptive materials. For example, one
could envision materials with temporal gradients in mechanical
or optical properties due to spatiotemporal changes in the
shape*® and/or local ordering of the colloidal building blocks.

CONCLUSIONS

Perfected in biology and increasingly more applied to synthetic
supramolecular systems, the concepts of dissipative assembly to
force systems out-of-equilibrium and imprint transient proper-
ties to materials are slowly but surely permeating the colloidal
world. The wide variety of dissipative (supra)molecular building
blocks and ever-growing library of fuel- or light-driven reaction
networks serves as great inspiration for the colloid and physical
chemical community. Coupling the assembly behavior of
colloidal particles to molecular networks presents signi cant
challenges caused by nonmatching time and length scales. Even
more importantly than for equilibrium assembly are strategies to
prevent irreversible assembly and the formation of kinetically
arrested states. To rationally synthesize particles that balance
fuel-induced attractions and repulsion successfully, insight into
how molecular details of the colloidal particles propagate into
time-dependent interparticle potentials is essential. Despite the
fact that the eld is still very much in its infancy, an impressive
set of colloidal dissipative systems were reported in the last
couple of years. The myriad chemical strategies used to fabricate
out-of-equilibrium colloidal superstructures show the prospect
of the large parameter space that can be explored in the pursuit
of colloidal materials that truly mimic the self-healing and highly
adaptive properties seen in biology. Additionally, dissipative
colloidal systems could serve as next-generation model systems
for out-of-equilibrium biological processes. Analogous to the
role that hard colloidal particles played in elucidating the physics
underlying atomic crystallization, dissipative colloidal systems
might shed light on the fundamentals of (bio)molecular out-of-
equilibrium processes.
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