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Self-limited self-assembly of nanoparticles into
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155 materials by design
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For quite a while, scientists have resorted to colloidal synthesis to mimic complex structural and functional
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materials found in Nature. In particular, within the past few years, the synthesis of suprastructures with
novel properties that emerge from the coupling of diverse nanoscale functional units has defined new
boundaries in materials science. In this mini-review, we survey the most recent and outstanding achieve-

ments on the rational design of supraparticles based on the self-limited self-assembly of nanoparticles, and

rsc.li/molecular-engineering

Introduction

Supramolecular science and self-assembly are the hallmark of
contemporary materials science as they provide versatile
routes for the development of novel functional materials with
molecular- and nanoscale-level feature control.' Looking at
Nature's technological design, we observe that self-assembly
is a powerful process of spontaneous organization capable of
simplifying and promoting the formation of superstructures
with suitable size and predetermined functions.*

In recent years, there has been tremendous progress in
the self-assembly of highly organized nanoscale architectures
in three dimensions,”® in which the harmony between repul-
sive interactions and attractive noncovalent forces mediates
the self-organization of structural motifs and stabilizes dis-
crete self-assembling mesoscopic suprastructures that consist
of predesigned nanoparticles.””® The vision to create supra-
particles using nanoparticles as elementary functional and
structural units has been around for more than a decade.’ In-
deed, the combination of supramolecular principles and
nanoscopic structures has been the core concept behind the
emerging field of “nanoarchitectonics”, a term popularized by
Ariga and co-workers."®

Within this framework, Kotov and workers'" gave an impor-
tant thrust to the rational design of supraparticles based on
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their application in fields like biology, medicine and energy.

the self-limited self-assembly of nanoparticles. These authors
elegantly demonstrated that in the presence of competing
forces (attractive versus repulsive forces), self-limiting self-as-
sembly processes involving non-uniform inorganic nano-
particles can lead to the formation of highly ordered 3D meso-
structures. This marked a profound departure from previous
practices and notions of self-assembly in materials science. We
should bear in mind that until that moment, the generation of
self-limiting nanostructures was almost an exclusive domain
of biological systems. Since then, the formation of supra-
particles through the self-limited self-organization of inorganic
nanocrystals has opened a new and challenging area in nano-
technology and has given rise to a new trend in materials sci-
ence. We already know that nanomaterials represent a new
generation of advanced materials that exhibit unusual chemi-
cal and physical properties, different from those of bulk mate-
rials. However, as we go forward into the use of self-limited
supraparticles, the horizon expands: we can manipulate their
collective properties by combining multiple components indi-
vidually tailored for specific functions. As a result, this strategy
not only offers mesoscale compositional and structural control
of self-limited colloidal materials, in a reproducible fashion,
with enormous potential for scalability, but also holds promise
to catalyze the development of new functional colloidal mate-
rials for advanced technologies and specific applications.

Over the years, several research groups have made very im-
portant contributions to today's rich collection of functional
self-limited supraparticles displaying attractive material prop-
erties. The aim of this mini-review is twofold: first, to discuss
the major efforts made by the research community to design
and construct supraparticles, and second, to show the enor-
mous potential of colloidal supraparticles in a wide variety of
fields of advanced nanotechnology. Many new developments
in the area of supramolecular colloidal materials have
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recently occurred, and important new applications are
planned, particularly in catalysis, sensing, electrochemistry
and photochemistry. It is therefore hoped that this work will
serve as an attractive starting point for someone, regardless
of background, who is keen on obtaining some appreciation
of the origins of this field, of the current state of knowledge
and of the breadth of approaches that have been successful
in bringing this field to a new level of maturity.

Assembly mechanism and synthesis

Self-limited self-assembly is the ideal structural and synthetic
paradigm for turning a variety of nanoparticles into super-
structures with low polydispersity and controlled composi-
tion, dimensions and morphology by harnessing spontane-
ous non-covalent interactions.”'?> However, effective control
over these parameters requires a careful assessment of the
forces underlying the assembly process.'>'* Previous studies
have experimentally and theoretically described in depth the
formation mechanism of self-limited colloidal systems.'"*>>*
As a general description, the assembly process is governed by
a delicate interplay between repulsive and attractive forces;
supraparticle growth ceases when the repulsive forces be-
tween them and their nanoprecursors equal the attractive
forces. The assemblies reach a terminal size only when they
achieve an equilibrium state, that is, the system is thermody-
namically controlled (unlike template-assisted methods
where templates exert kinetic control).>* The fact that the as-
sembly mechanism is thermodynamically controlled allows
tuning of the properties (e.g., composition, dimensions and
morphology) of the supraparticles by simply modifying the
environmental conditions such as temperature,”® ionic
strength,”” pH,** and the presence of specific ligands.>*>*
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Although the assembly mechanism has been mainly de-
scribed for dispersive and electrostatic interactions, similar
approaches can be extended to other supramolecular
interactions.> %’

Supraparticles prepared using diverse materials such as
metal or semiconductor nanoparticles, proteins, polymers
and DNA have been reported. For example, Kotov and co-
workers have studied the assembly mechanism of a variety of
polydisperse nanoparticles (CdSe, CdS, ZnSe, PbS and Au/
CdSe stabilized with citrate anions) into monodisperse supra-
particles (Fig. 1a)."* van der Waals attractions were found to
be the driving force of the spontaneous assembly. Because of
the negative charge of the nanoparticles, the absolute zeta
potential increased substantially as the supraparticles grew
until they achieved their terminal size. Next, the authors ex-
tended their studies to the self-assembly of both positively
charged CdTe nanoparticles and cytochrome C (CytC)."” In
both studies, experimental results showed strong agreement
with molecular dynamic simulations, in which the Lennard-
Jones (12-6) potential was used to model the van der Waals
attractions, while a screened Coulomb potential was used for
electrostatic interactions. Interestingly, the assembly process
exhibited intermediate stages; individual nanoparticles as-
sembled into loose elongated aggregates, which later evolved
into more uniform clusters comprising 15-25 nanoparticles.
Then, supraparticles compressed leading to a decrease in
polydispersity.'"*° In the case of CdSe supraparticles, the re-
duction of the particles' polydispersity was from a standard
deviation (s.d.) of 25-30% (nanoparticles) to a s.d. of 8-10%
(supraparticles). Other studies implemented a variation of
the Kotov approach. Negatively charged gold nanoparticles
(AuNPs) (capped with citrate anions) and positively charged
proteins were mixed in aqueous media to obtain terminal
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Fig. 1 a) Self-assembly of CdTe nanoparticles into spherical and uniform supraparticles exhibiting a significant reduction in polydispersity. b)
Agglomeration of gold nanoparticles at high (left) and low (right) hemoglobin concentrations. c) Growth stages of the high-temperature assembly
of ZnSe nanoparticles (top) leading to couples of colloidal nanorods (bottom). d) Mesoporous surfactant-free colloids made of platinum-group
nanocrystals obtained through coprecipitation on silver particles as sacrificial substrates. €) Growth mechanism of “meatball”-like gold supra-
particles synthesized by a seed-mediated approach. Figures reproduced with permission from ref. 11, 19, 23, 28 and 18. Copyright 2012 and 2014
Nature Publishing Group; Copyright 2015 American Chemical Society; Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.
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and stable nanoclusters.'*?° Because of the presence of oppo-
sitely charged components, it would be expected that only at-
tractive (van der Waals and electrostatic) forces participate.
This fact would render self limited growth impossible. Never-
theless, the authors found that the extent of agglomeration
strongly depends on the concentration ratio [protein]/[AuNPs]
(Fig. 1b). Full agglomeration and precipitation occurred at
[protein]/[AuNPs] corresponding to a protein monolayer on
the gold nanoparticles. On the other hand, stable nano-
clusters could be obtained above and below this value be-
cause of the supraparticle zeta potential being significantly
different from zero. Intriguingly, despite having an opposite
charge, protein multilayers on AuNPs could stabilize and self-
limit the cluster growth.'**°

Self-limited supraparticles have also been synthesized
through more complex synthetic routes: seed-mediated,'®3"*
sacrificial substrate,?® thermal,>® and other methods.
Among them, Banin and colleagues found that semiconduc-
tor ZnSe nanoparticles could assemble spontaneously via a
high-temperature synthetic route, which resulted in stable
and monodisperse nanorod couples connected by twinning
structures (Fig. 1c).>* The authors demonstrated that the
nanorods assembled from individual ZnSe nanoparticles
when the temperature of the system was increased to 230 °C.
Furthermore, the nanorods could fuse at both edges forming
nanorod couples only when the temperature was ramped up
to 280 °C. This synthesis was extended to CdSe and PbSe
through a simple cation-exchange approach. On the other
hand, mesoporous supraparticles with a surfactant-free sur-
face were synthesized through simultaneous precipitation of
silver halides and platinum-group nanocrystals in the course
of the oxidative etching of Ag particles (Fig. 1d).”® Finally,
seed-mediated synthesis for the formation of gold “meatball™-
like supraparticles has been reported by Fu et al. (Fig. 1e)."®
Small gold nanoparticle seeds (~4 nm) were mixed with a
HAuCl, gold precursor, a CTAC surfactant and ascorbic acid
as a reducing agent. To capture the “short-lived” intermedi-
ates, the seed-mediated growth mechanism was slowed down
utilizing an ingenious flow-based microfluidic chip. Experi-
mental results and Monte Carlo simulations confirmed a
four-step synthetic mechanism: i) seed-mediated formation
of ultrathin gold nanoplates, ii) folding and rolling up of
ultrathin nanoplates, iii) self-assembly of folded and rolled
gold nanoplates to form core-shell intermediate supra-
particles and iv) growth of supraparticles until the electro-
static repulsion balanced the van der Waals attraction.

33,34

A toolbox of intermolecular
interactions

A comprehensive understanding of the interactions involved
in supramolecular architectures is a pre-requisite to design
and control the assembly processes and consequently the prop-
erties of the resulting assemblies. A broad number of interac-
tions such as van der Waals,'"'7'8213% electrostatic,>*>%%”
metal-ligand coordination,>****” host-guest,***° biomolecular
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25,40 41,42

recognition, nucleic acid base pairing, and protein-pro-
tein interactions™>** make up the repertoire of intermolecular
forces between nanomaterials that lead the fate of supraparticle
assembly. As such, a wide and diverse variety of nano-
assemblies based on these molecular interactions have been
built using various nanomaterials. These assemblies range
from all-inorganic'*****” to soft-inorganic (hybrid),"””***° and
all-organic systems. Among them, a number of studies
have focused on the construction of assemblies through van
der Waals and electrostatic interactions due to the simplicity
of this approach. For example, van der Waals and electro-
static forces mediate the synthesis of hybrid supraparticles of
sphere shape and narrow size distribution made of cyto-
chrome C (CytC) and CdTe nanoparticles. Taking advantage
of the positive charge of the CdTe/CytC supraparticles, nitrate
reductase (NRed), a negatively charged enzyme, was inte-
grated into the supramolecular construct (Fig. 2a)."” Simi-
larly, Hu et al reported that gold nanorods, stabilized by
cetyltrimethylammonium bromide (CTAB), and chiral CdTe
nanoparticles, stabilized by p- or L-cysteine, spontaneously as-
sembled through electrostatic interactions. The geometry of
these inorganic supraparticles was found to depend on the
nanoparticle : nanorod molar ratio and could be tuned from a
dimer scissor-like geometry to single nanorods. Interestingly,
the chiral supraparticles showed an enantiomeric preference
associated with chiral interactions between the nanoparticles
situated around the nanorods.*® The authors found that the
difference in chiroptical activity between »- and 1-
supraparticles came not from the differences in chiroptical
activity of individual p- and r-nanoparticles, but rather from
the chirality of the nanorod supraparticle as a whole. Steric
repulsive forces can also play an important role in the size-
limitation of supraparticles. For example, the aggregation of
ZnSe nanoparticles was controlled by adjusting the amount
of stabilizing agent (oleic acid). These ZnSe supraparticles
can be doped with Fe;O,, endowing them with magnetic
properties, or can be prepared with CdS, resulting in light-
emissive supraparticles.*

The rational design of assemblies bearing well-ordered
internal structures is a great challenge. Toward this goal, the
location of motifs on the surface of the building blocks able
to achieve specific interactions has been proven to be a pow-
erful approach to control the orientation and order of the
components within the superstructure. In this context, li-
gand-metal coordination has recently attracted considerable
attention due to its features of strength, directionality and re-
versibility.>»?**”*7*8 For example, a designed variant of cyto-
chrome cbsg, (RIDC3) with coordination motifs on its surface
can arrange through Zn** metal binding into one-dimensional
helical nanotubes and two- or three-dimensional crystalline
assemblies (Fig. 2b).>* As metal coordination interactions are
dependent on external stimuli, the size and morphology of
the metal-directed assemblies could be reversibly tuned by
varying the pH or the metal concentration. Metal coordina-
tion can also lead to the formation of assemblies with non-
random distribution of nanoscale building blocks. FeS, pyrite

25,38,45
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Fig. 2 a) Bionic supraparticles made of CdTe nanoparticles, cytochrome C and nitrate reductase displaying enhanced enzyme activity when the
supraparticles are illuminated at the maximum CdTe absorption. b) RIDC3 self-assembles through Zn?* coordination into helical nanotubes or
multilayered 2D arrays with crystalline order. c) Protein supraparticles self-assembled from concanavalin A and glucose oxidase through carbohy-
drate-lectin molecular recognition. The as-obtained supraparticles display carbohydrate-recognition properties and retain the enzyme activity. d)
Supramolecular ternary nanoparticles based on host-guest interactions between cucurbit[8]uril, methyl viologen-functionalized PEIl and
azobenzene moieties. e) Core-satellite superstructure self-assembled from gold nanoparticles coated with core DNA or satellite DNA, and using a
linker of complementary DNA. Figures reproduced with permission from ref. 17, 24, 25, 46 and 42. Copyright 2014 Nature Publishing Group; Copy-
right 2014 National Academy of Science; Copyright 2015 Royal Society of Chemistry; Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

nanodiscoids stabilized with carboxylated end-groups sponta-
neously assembled in the presence of a wide variety of metal
ions (zZn**, Na*, Ca**, Mn**, Cu®>" and Ru**) forming supra-
particles exhibiting liquid crystal-like structures. Small-angle
X-ray scattering (SAXS) measurements evidenced that the
planes of the discoids are oriented parallel to the planes of
nanosheets that were stacked on top of each other.>®
Recognition-driven assembly is another molecular strategy
that allows the binding of specific components with control
over the composition and size of the resulting supraparticles.
Recently, stable enzymatic colloids were synthesized by lec-
tin-carbohydrate recognition-directed assembly of a ligand-
binding protein (concanavalin A, Con A) and a ligand-
presenting enzyme (glucose oxidase, GOx) (Fig. 2c).”” It was
shown that multiple lectin-carbohydrate interactions within the
supramolecular construct were responsible for conferring re-
markable structural integrity and improved recognition proper-
ties. Similarly, other protein-protein interactions (e.g., biotin-
streptavidin) have been used to mediate the construction of self-
assembled superstructures.’®*® On the other hand, the inclu-
sion of amines or hydrophobic guests into the cavity of a macro-
cyclic host (ie., host-guest interactions) has also received con-
siderable attention.*®*® Stoffelen and Huskens prepared soft
size-tunable supraparticles using cucurbit[8]uril to link methyl
viologen-functionalized PEI with naphthol-functionalized PEG
(monovalent) and naphthol-functionalized PAMAM (multiva-
lent), resulting in host-guest ternary complexes with micromo-
lar affinity (Fig. 2d).>***® As a consequence of the interplay be-
tween multivalent and monovalent host-guest interactions, the
size of the supraparticles could be controlled by varying the
ratio of naphthol-PEG to naphthol-PAMAM. Furthermore, re-

158 | Mol Syst Des. Eng., 2016, 1, 155-162

placing naphthol-functionalized guests with azobenzene-
functionalized ones leads to the formation of supraparticles
whose assembly and disassembly can be reversibly switched
by alternating UV and visible light.*®

The use of DNA for directing the arrangement of nano-
materials is also a very attractive and promising approach for
designing self-assembled self-limited superstructures. Com-
plementary nucleic acid sequences bound to different build-
ing blocks can self-assemble through DNA hybridization. The
striking feature of this approach is the precise and program-
mable control over the spatial assembly of nanoparticles.***
For example, gold nanoparticles coated with core DNA or sat-
ellite DNA self-assembled into a core-satellite superstructure
using a linker to achieve DNA hybridization (Fig. 2e).*> A
broad variety of superparticle arrangements was obtained by
adjusting the ratio between satellite and core nanoparticles,
or increasing the number of satellite nanoparticle layers.

Properties and applications

Advances in colloidal functional supraparticle synthesis with
designed nanoscopic properties have given rise to novel and
fascinating applications in several major fields like energy,
medicine and biology.”******! The modular structure of
supraparticles leads to materials with properties that emerge
from the coupling of diverse nanoscale building blocks, and/
or from the combination of their functionalities. As such, the
integration of enzymes with nanoparticles into ordered
superstructures can induce synergistic effects arising not only
from the intrinsic properties of the selected components, but
fundamentally from the controlled spatial arrangement of

This journal is © The Royal Society of Chemistry 2016
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the environment that hosts the functional biomolecules.
Metal nanoparticle/enzyme hybrid supraparticles have been
successfully applied to the photoenzymatic reduction of NO;~
by incorporating nitrate reductase (NRed) to supraparticle as-
semblies made of cadmium telluride (CdTe) nanoparticles and
cytochrome C (CytC)."” The spontaneous self-organization of
the components into tightly packed nanoscale assemblies facil-
itates all the electron transfer reactions, yielding a fourfold in-
crease in NO, production compared with unassembled enti-
ties. The self-assembled supramolecular architectures can be
further engineered in such a way to improve the functional at-
tributes of enzymes.**> For example, self-assembled protein
nanowires designed by utilizing specific cucurbit[8]uril (CB[8])-
based supramolecular interactions with Phe-Gly-Gly (FGG)-
tagged glutathione S-transferase (GST) were used as scaffolds
to incorporate an artificial antioxidative glutathione peroxidase
(GPx).>® The resulting supraparticle assemblies exhibited en-
hanced antioxidative activity compared to the monomers in a
lipid peroxidation reaction. Similarly, highly-ordered protein
nanowires synthesized by electrostatic self-assembly between
stable protein one (SP1) homododecameric cricoid nanorings
and poly(amino amine) (PAMAM) dendrimers incorporating
GPx and superoxide dismutase (SOD) centers were employed
as dual-enzyme-cooperative antioxidative systems (Fig. 3a).>>
Remarkably, protein nanowires catalyze the reduction of both

Minireview

0, and H,0, far more efficiently than the uncooperative en-
zymes, resembling the antioxidative defense mechanism
present in living organisms. Metal coordination-driven self-
assembly of proteins into uniform nanostructures has also
been used to create suitable environments for hosting en-
zymes.>*"” RIDC3, a designed variant of cytochrome cbhse,
could self-assemble through Zn>* coordination into uniform
1D or 2D arrays.>* Due to their metal-mediated frameworks,
the RIDC3 arrays display very high thermal stability (~90 °C),
maintaining their structural order in several polar organic
solvents, in contrast with what is observed with monomers.
The markedly stabilized electron transfer properties of the
RIDC3 arrays were successfully exploited to spatiotemporally
control the growth of dense PtNP arrays.

Many strategies based on the self-limiting growth of nano-
particle materials have been explored for the design of geo-
metrically sophisticated superstructures for photo- and
electrocatalytic applications.***® From the perspective of
functionality, these hierarchical nanostructures benefit from
the emergent collective properties induced by the interaction
of their components.” Surfactant-free mesoporous colloidal
superparticles with controlled size and composition,
consisting of Pt and AgCl nanocrystals, were synthesized
through coprecipitation of Pt and AgCl on sacrificial colloidal
Ag particles.®® The as-synthesized hemispherical colloidal
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Fig. 3 a) Dual-enzyme cooperative nanowire systems with both GPx and SOD activities exhibiting enhanced antioxidative capacity according to
the inhibition of mitochondria damage to the swelling level of mitochondria (SLM) and the level of lipid peroxidation (MDA). b) CuNC self-
assembling architectures from wire-26 to ribbon-1.3 and their electrocatalytic properties as cathode catalysts for oxygen reduction reactions
(ORR). c) Self-assembly of biotinylated ferritin nanoparticles (bFNPs) and streptavidin-labeled horseradish peroxidases (SA-HRPs) into enzyme
nanocomposites (ENCs) and their use for detection of cardiac troponin | (cTnl). d) Discrete GFP (nano)polygons labeled with protein G (antibody-
binding protein) employed to control the level of antibody-EGFR (epidermal growth factor receptor) clusters and subsequently receptor internali-
zation. Reproduced with permission from ref. 52, 53, 40 and 44. Copyright 2015 American Chemical Society; Copyright 2014 Wiley-VCH Verlag

GmbH & Co. KGaA; Copyright 2015 Nature Publishing Group.
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superparticles exhibited significantly improved catalytic activ-
ity and recycling performance in catalyzing the reduction of
hexacyanoferrate(ur) (Fe(CN)*") with thiosulfate ions (S,0,>)
in comparison with a conventional platinum nanoparticle
catalyst. The enhanced catalytic performance of colloidal
superparticles was attributed to the fully accessible ligand-
free large active surface area and their great stability in polar
solvents. Effective electrocatalysts for oxygen reduction reac-
tions (ORR) were also developed based on controllable self-
organization of nanometer-sized building blocks. Copper
nanoclusters (CuNCs) capped by 1-dodecanethiol (DT) were
self-assembled into ultrathin ribbons by tuning the coopera-
tion between dipolar and van der Waals interactions within
the assembly (Fig. 3b).>® This approach proved efficient for
overcoming the practical limitations of ultra-small clusters
associated with aggregation and fusion,”® yielding supramo-
lecular assemblies that significantly enhance the structural
stability without lowering the catalytic activity.

Monodisperse supramolecular nanoparticle assemblies
rendering multiple functional molecules are highly appealing
for various biosensing and biochemical applications. For ex-
ample, enzyme nanocomposites (ENCs) constructed through
the assembly of biotinylated ferritin nanoparticles (bFNPs)
and streptavidin-labeled horseradish peroxidases (SA-HRPs)
were used for detection of cardiac troponin I (cTnI), an im-
portant biomarker for the diagnosis of acute myocardial in-
farction, in an ELISA-type assay (Fig. 3c)." ENCs allowed the
recruitment of hundreds of HRP molecules to each antibody-
antigen complex providing a 10 000-fold sensitivity improve-
ment compared with typically used enzymatic conjugates.
Other approaches based on protein-induced nanoparticle ag-
glomeration are envisioned to have positive impact on this
field. The controlled agglomeration of gold nanoparticles
with proteins provides sensitive means for detecting specific
molecular binding events by localized surface plasmon reso-
nance (LSPR)," fluorescence quenching,®® surface-enhanced
Raman spectroscopy (SERS),”” or combinations of them. Fur-
thermore, self-assembly of proteins into supramolecular ar-
chitectures offers the possibility of creating nano-assemblies
with defined structures and specific multivalent molecular in-
teractions.>>*®*° Multivalency can provide simultaneous in-
creases in binding affinity and specificity, and signal amplifi-
cation to biosensing and biochemical tools.®*®" Recently,
fully protein-based and monodisperse assemblies with pre-
cisely controlled valency were created by the spontaneous as-
sembly of an engineered green fluorescent protein (GFP) in-
side cells (Fig. 3d)."* GFP polygons labeled with binding
protein G (antibody-binding protein) were employed to con-
trol antibody-mediated clustering of epidermal growth factor
receptor (EGFR) on cell surfaces by regulating the internaliza-
tion of Erbitux, an antibody drug that induces EGFR
downregulation. Erbitux clustered by protein G polygons
showed significantly faster internalization compared with
free Erbitux. The internalization rate was augmented as the
valency of protein G polygons increased, providing experi-
mental evidence for the contributions of multivalency to pro-
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tein binding affinities. Another example of the exquisite inter-
play within the designed nanoarchitectures is the appearance
of unusual chirality.>>*! Gold nanorods were assembled by the
polymerase chain reaction into DNA-bridged systems with
strong chiroplasmonic activity.*' The strong polarization rota-
tion achieved by the side-by-side assemblies allowed detection
of DNA at very low concentrations (3.7 aM), substantially more
sensitive than typical PCR with nanoparticles.

The past few years have also witnessed cutting-edge ad-
vances in other fields of applications, such as protein purifi-
cation,*”” drug delivery,*>*® biomedical imaging,'® and light
harvesting.*® The integration of inorganic nanoparticles, such
as quantum dots, with protein nanostructures with well-
defined morphology constitutes a remarkable example of the
potential of rational self-assembled nanostructure design. Re-
cently, CdTe quantum dots with tuned optical properties
were employed as linkers to direct the electrostatic-driven as-
sembly of SP1 nanorings into highly-ordered CdTe-SP1 hy-
brid nanostructures.*® Sequential assembly of different-sized
quantum dots with SP1 nanorings allowed the distance be-
tween adjacent donors and acceptors to be spatially orga-
nized. The highly-ordered assemblies separate quantum dots
enough to prevent fluorescence self-quenching, while at the
same time holding them in close enough proximity to allow
efficient energy transfer among the quantum dots, thus yield-
ing efficient light-harvesting scaffolds.

Conclusions and outlook

Since ancient times, mankind has utilized colloids as sources
of functional materials. During the past decades, the ingenu-
ity of chemists and materials scientists provided the means
for extending our capabilities to master the physical world on
its molecular scale. For instance, as we move further into the
new century, materials science seems indeed to offer almost
unlimited opportunities for achieving full control over parti-
cle interactions. This ultimately permits, in close resem-
blance to Nature, modulation of assembly pathways in order
to precisely direct the structure and properties of highly func-
tional supraparticles. We are far from being able to repro-
duce the complexity of biological, self-limited, self-assembled
systems, but in recent years, a growing scientific community
has been concerned with creating self-assembled supra-
particle systems that allow us, at the molecular/nanoscale
level, to control the collective and structural properties of 2D
and 3D architectures.

The underlying idea behind the formation of colloidal
supraparticles is to use a bottom-up approach for assembling
individually characterized nanoscale constructs, which to-
gether execute a controllable function. The beauty of such
systems comes into light when nanobuilding blocks of very
diverse characteristics are rationally chosen and subsequently
assembled so as to yield self-limited mesoscopic structures
with tailored physical, chemical, or even biological proper-
ties. Our ability to construct supraparticles from scratch,
coupled with a better understanding of their structure-
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property relationships, is the cornerstone of the design of so-
phisticated functional nanoarchitectures. It seems evident
that certain classes of nanomaterials will play different roles
in the creation of colloidal supraparticles - some will be
structural, while others will be more functional, just like their
biological counterparts.

It is worth noting that although self-limited, self-
assembled biological systems are invariably characterized by
their high functionality in terms of their intrinsic bio-
chemical roles, the functionality of the majority of synthetic
supraparticles so far investigated is somewhat limited. We
thus believe that the incorporation of designed functionality
into supraparticular colloidal materials will undoubtedly con-
tinue to attract increased attention in future studies. Over the
past several years, we have witnessed the appearance of a vast
repertoire of synthetic schemes at our disposal enabling the
formation of nanomaterials with tailorable physical, chemical
and even biological properties. Concomitantly, more and
more nanomaterials become eligible for self-assembling into
supraparticles, thus adding more possible functions into
these colloidal materials. These functions encompass redox,
biochemical, catalytic, electrical, and optical properties that
ultimately can give rise to interesting synergistic effects.

In the light of the above discussion, it is clear that the for-
mation of supraparticles has provided an entirely new way of
rationalizing colloidal materials in terms of two essential pro-
cesses: self-assembly and self-limited growth. Our under-
standing of these processes and our ability to manipulate
them granted access to the programmable colloidal assembly
of hierarchically structured supramolecular materials with
potential applications that could lead to interesting technolo-
gies. In this respect, the reproducibility of self-assembly pro-
tocols will be essential as well as the necessity of gathering
expertise from engineers in order to integrate these super-
structures into real-world devices.

In summary, this mini-review has attempted to illustrate
the concepts, ideas and potential applications of self-limited,
self-assembled supraparticles. It is hoped that the develop-
ments discussed above can be used as starting points for
more detailed investigations as well as thought starters and
idea triggers to generate new concepts in hierarchically struc-
tured supramolecular materials.
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