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Nanoparticles are known to self-assemble into larger structures through growth processes that typically occur
continuously and depend on the uniformity of the individual nanoparticles. Here, we show that inorganic nanoparticles
with non-uniform size distributions can spontaneously assemble into uniformly sized supraparticles with core–shell
morphologies. This self-limiting growth process is governed by a balance between electrostatic repulsion and van der
Waals attraction, which is aided by the broad polydispersity of the nanoparticles. The generic nature of the interactions
creates flexibility in the composition, size and shape of the constituent nanoparticles, and leads to a large family of self-
assembled structures, including hierarchically organized colloidal crystals.

N
anoparticles can assemble into larger, microscale structures
under conditions of strongly anisotropic interactions1–4

when prepared as binary mixtures of monodisperse
nanoparticles5,6, or when highly monodisperse with mostly isotropic
repulsion7,8. The faceted shapes of crystalline nanoparticles, in
particular, facilitate attraction along specific axes and increase
the complexity of the produced structures9–19. For the majority of
nanoparticle assemblies forming spontaneously in bulk
solutions20–23, self-organization occurs continuously until the
components are exhausted and the nanoparticles form a dry
crystal, complex solid or precipitate. In many cases the formation is
governed by strong non-equilibrium processes, so the products
depend on kinetic factors and especially on the uniformity of the
individual nanoparticles.

A self-limiting, self-assembly process that involves non-uniform
inorganic nanoparticles, and results in highly ordered terminal
structures, would be conceptually different from currently known
self-organization reactions. If such assemblies could be fabricated
easily and inexpensively, they would be of use in applications
ranging from transformation optics to photovoltaics and drug deliv-
ery. Similar to the process of layer-by-layer assembly, which is based
on the self-limiting growth of individual monolayers24, self-limited
nanoparticle superstructures would provide greater versatility in the
produced assemblies, and both relax the requirements for, and
broaden the choice of, constituent building blocks. Because self-
limiting structures are common in biological systems, their
realization using inorganic nanocrystals might lead to unexpected
parallels between the world of inorganic colloids and biomacromo-
lecules, and could potentially lead to inorganic assemblies with
complexity rivalling those of biological structures. Here, using
inorganic nanoparticles of CdSe, CdS, ZnSe and PbS, we show
that such assembly is possible and requires only competing, isotro-
pic forces. The simple, but generic, assembly mechanism can create
complex semiconductor and metal–semiconductor supraparticles
displaying a significant degree of geometrical uniformity and
geometrical shapes both with and without anisotropy.

Assembly of CdSe nanoparticles into supraparticles
CdSe nanoparticles stabilized by short and highly charged citrate
anions (see Supplementary Methods) were adopted as an initial
model system because of their well-established optical properties,
and the possibility to combine strong electrostatic and van der
Waals interactions. The nanoparticles are polycrystalline
(Supplementary Fig. S1) and have irregular spherical shapes with
no pronounced facets or anisometry. Growth and assembly of
CdSe nanoparticles occurred simultaneously in aqueous solution
at 80 8C. When necessary, the reaction was slowed down or inter-
rupted by cooling the reaction media. Within 20 min of the reaction,
one can clearly observe supraparticles with a median diameter dSP¼
22+2.4 nm and size distribution dSP¼ 11%, as determined by
transmission electron microscopy (TEM) (Fig. 1c and Table 1). In
reference to their approximate TEM diameter, these supraparticles
will be denoted CdSe-20. The constituent nanoparticles have an
average diameter dNP¼ 2.9+0.7 nm and TEM size distribution
dNP¼ 25% (Fig. 1c, Table 1). Note the surprising difference
between the low polydispersity of the supraparticles and the rela-
tively high polydispersity of the constituent nanoparticles, which
is indicative of a self-organization process that is conceptually differ-
ent from those previously reported5–23. No tendency to produce
larger and/or smaller aggregates or precipitates was observed.

As the reaction progresses, the supraparticles grow in diameter
to 33+2.5 nm, 42+3.5 nm and 49+4.1 nm for 120, 1,080 and
2,400 min reaction times, respectively (Fig. 1). Approximating the
TEM diameters, we refer to these samples as CdSe-30, CdSe-40
and CdSe-50. During the reaction, the nanoparticles within the
supraparticles increase in size to 3.5+0.80 nm in CdSe-30, 4.5+
1.1 nm in CdSe-40 and 5.4+1.4 nm in CdSe-50. The reduction of
the polydispersity in the supraparticles (8–10%) compared with
the individual units of which they are comprised (25–30%) occurs
in all samples (Fig. 1f,i,l), as confirmed by several independent
experimental techniques (Table 1). It is important to highlight the
fact that the monodispersity of the supraparticle is high enough to
produce nearly perfect colloidal crystals (Fig. 1m), which provides
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Figure 1 | Electron microscopy and size distribution for supraparticles. a–l, EM (a,d,g,j), TEM (b,e,h,k) images and size distribution (c,f,i,l) of four CdSe

supraparticle samples obtained at different reaction times: 20 min, CdSe-20 (a–c); 120 min, CdSe-30 (d–f); 1,080 min, CdSe-40 (g–i); 2,400 min, CdSe-50

(j–l). m, SEM images of colloidal crystals made of CdSe supraparticles.
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both a benchmark for the supraparticle size uniformity and a
pathway to a new family of materials5–11,13–19. In this respect, the
short length of citrate as nanoparticle stabilizer is significant.
Long-chain organic stabilizers used before strongly impede charge
transport between the particles in colloidal crystals.

The assembly of supraparticles occurs when monomers produ-
cing CdSe are present in the media. Their contribution is taken
into account via the growth of constituent nanoparticles. No exper-
imental evidence was found that the monomers produce suprapar-
ticles independently, which would certainly result in a much wider
size distribution, similar to that of individual nanoparticles. The
depletion of the monomers cannot be responsible for supraparticle
monodispersity because there is a great difference in monomer con-
centration for, say, CdSe-20 and CdSe-50, but little effect on mono-
dispersity is observed.

We note that some reduction in the size distribution is expected
from the ‘central limit theorem’ (CLT), which states that the stan-
dard deviation of the mean of a set (that is, the supraparticles) of
random variables (nanoparticles) will be reduced by the square
root of the number of variables in the set25. Here, the convergence
of the assembled particles to a specific diameter of the supraparticle
must additionally involve interactions within the supraparticles and
cannot be explained exclusively by CLT.

To ascertain that the assembly process takes place in solution
rather than on the substrates during drying, dynamic light scattering
(DLS) experiments were performed to directly measure the sizes of
supraparticles in solution (Supplementary Fig. S3). The average
hydrodynamic diameters for the CdSe-20, CdSe-30, CdSe-40 and
CdSe-50 samples are 23, 43, 52 and 60 nm (Table 1), respectively,
in agreement with TEM measurements, despite some apparent
enlargement due to a hydration layer and a stronger contribution
of larger particles to the DLS signal26.

The intermediate stages of the assembly process were monitored
at 40 8C. We observed that CdSe first nucleates and grows to form
individual nanoparticles (Fig. 2a). Next, some nanoparticles assem-
ble into elongated aggregates (Fig. 2b) which later evolve into loose,
more isometric clusters comprising 15–25 nanoparticles. Finally,
the intermediate clusters undergo compaction to produce denser
and more monodisperse supraparticles (Fig. 2d). The same sequence
of assembly stages, that is, individual nanoparticle � loose elongated
aggregates � larger aggregates � compact spherical uniform
supraparticles, is also deduced from the combination of DLS and
ultraviolet–visible (UV–vis) absorption data cumulatively expressed
in Fig. 2e. The size ratio dSP/dNP initially increases following the tran-
sition from individual nanoparticles to loose clusters. After that,
dSP/dNP decreases when the clusters compactify. Powder X-ray dif-
fraction results (Supplementary Fig. S4) indicate that despite densifi-
cation, nanoparticles in the supraparticles retain their individuality:
merger of crystalline lattices does not take place27.

Core–shell structure of monodisperse supraparticles
Detailed information about the structure of the supraparticles
(Fig. 2f,g,h) can be obtained by synchrotron small-angle X-ray scat-
tering (SAXS). In the small-q region (q , 0.03 Å21), a distinct

scattering pattern is observed with the first minimum at
q¼ 0.0236, 0.0202 and 0.0182 Å21 for CdSe-30, CdSe-40 and
CdSe-50, respectively. The scattering behaviour confirms high
monodispersity in the large ensemble of supraparticles in solution.
The corresponding diameters of the dispersed supraparticles calcu-
lated from SAXS data, namely 37+0.4, 46+0.5 and 49+0.5 nm
(Supplementary Table S1), match well with the TEM, scanning elec-
tron microscopy (SEM) and DLS data (Fig. 1, Table 1) for CdSe-30,
CdSe-40 and CdSe-50, respectively.

From the inflection points (or broad diffraction peaks) in Fig. 2f
one can calculate inter-nanoparticle centre-to-centre distances
within the supraparticles. For the CdSe-30, CdSe-40 and CdSe-50
samples these distances are estimated to be 3.9+0.2, 5.5+0.2 and
6.8+0.4 nm, respectively. These values are slightly larger than
the average dNP (Table 1) by �1.5 nm, which is comparable to the
expected thickness of two organic shells of citrate ions coating
the nanoparticles. There are no specific peaks that could be attribu-
ted to ordering of nanoparticles within the supraparticles, consistent
with their high degree of polydispersity (Fig. 1a).

The region of larger q corresponds to the contribution of individ-
ual nanoparticles to the scattering pattern. There are no characteristic
oscillations observed for q . 0.1 Å21, confirming that individual
nanoparticles are significantly more polydisperse than their
assemblies; this is in excellent agreement with data in Table 1
obtained by imaging, scattering and spectroscopic techniques.

We observe that drying does not change the supraparticles sub-
stantially (Fig. 2f ). The size of the supraparticles is reduced only by
�10% (Fig. 2f ) with average diameters of 33+0.3 nm (CdSe-30),
40+0.4 nm (CdSe-40) and 42+0.4 nm (CdSe-50), consistent
with dense packing of nanoparticles in supraparticles. Drying
most likely removes water predominantly from the interstitial
regions between the nanoparticles, resulting in a slight rearrange-
ment of them within the supraparticles.

Fitting of SAXS curves yields an average of 280 nanoparticles in a
single supraparticle in the CdSe-50 sample (Fig. 2g). Interestingly,
we observe a distinct gradient in packing density inside the suprapar-
ticles, with a more loosely packed core and more densely packed outer
shell of nanoparticles (Fig. 2h). In the CdSe-50 sample, we measured a
shell thickness of�5 nm (Fig. 2h, Supplementary Fig. S9b), suggesting
the shell is a monolayer comprised of 5.4-nm-diameter nanoparticles.

The fact that the polydisperse nanoparticles assemble into mono-
disperse, spherical supraparticles, rather than aggregates or precipi-
tates with a broad size distribution and/or irregular shapes, suggests
that the agglomeration of the nanoparticles here is both thermody-
namically controlled and self-limiting. Considering the high nega-
tive charge of the citrate-stabilized nanoparticles, it is logical to
assume that electrostatic interactions play an important role in the
self-limiting behaviour of the otherwise attractive nanoparticles.
Indeed, investigation of the evolution of the electrokinetic z-poten-
tial during the formation and maturation of supraparticles (Fig. 2e)
shows that, although initially small (�0 to 25 mV), it increases sub-
stantially as the supraparticles grow, and stabilizes when the supra-
particles reach the stage of compact assemblies. We therefore
propose that the reason for the ultimate cessation of supraparticle

Table 1 | Sizes and size distributions of supraparticles and their constituent nanoparticles.

Nanoparticle subunits Supraparticles

Samples dNP
TEM (nm) dNP

UV-vis (nm) dNP
SAXS* (nm) s.d. d †

NP (%) dSP
TEM (nm) dSP

DLS (nm) dSP
SAXS (nm) s.d. d †

SP (%)

CdSe-20 2.9 2.5 – 25 22.1 22.5 – 11
CdSe-30 3.5 3.8 3.9 23 32.8 42.6 37.2 7.6
CdSe-40 4.5 4.7 5.5 25 42.2 51.8 45.6 8.2
CdSe-50 5.4 5.6 6.8 26 49.2 60.2 49.0 8.3

Superscript denotes the experimental method used for the evaluation of the diameter of nanoparticles (NPs) and supraparticles (SPs). *Inter-nanoparticle distance (centre-to-centre). †dNP and dSP represent the
diameters of nanoparticles and supraparticles, respectively. dNP and dSP represent the standard deviations (s.d.) of nanoparticles and supraparticles, respectively. dNP and dSP were calculated based on 100
measurements taken at different locations on TEM grids.

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2011.121 ARTICLES

NATURE NANOTECHNOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology 3

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nnano.2011.121
www.nature.com/naturenanotechnology


growth is the strong electrostatic repulsion between supraparticles
and between supraparticles and nanoparticles, which must ulti-
mately balance the van der Waals attraction between nanoparticles.
Note that the electrostatic charge on the supraparticles arises from
the intrinsic charges of the individual nanoparticles and at interfaces
between nanoparticles, including those inside the supraparticles.
The electroneutrality assumption for the surfaces of constituent
nanoparticles is not necessarily applicable, because the inter-nano-
particle gaps are too narrow to develop a proper double electric
layer28,29.

Formation mechanism of monodisperse supraparticles
Further studies were carried out using computer simulation, allow-
ing many different combinations of forces, nanoparticle shapes and
polydispersities to be tested, as well as assembly conditions that
might be reasonably expected in this system. Although the effects
of particle size polydispersity on the uniformity and ordering of
self-assembled structures have been reported in previous compu-
tational studies30–34, few investigations (if any) have been carried
out on the simulation of nanoparticle assembly into uniformly
sized clusters. Brownian dynamics was used to simulate systems
of nanoparticles in a three-dimensional cubic box with periodic
boundary conditions at constant volume and temperature (see
Supplementary Materials, Computer Simulations, for details). A
Lennard-Jones 12-6 potential was used to model the van der
Waals attraction between nanoparticles, and a screened Coulomb
potential was used for electrostatic interactions (Supplementary

Information, Simulation Model). Because the net charge of the
supraparticles increases with their size (Fig. 2e), the repulsion
strength between nanoparticles (free or clustered) and suprapar-
ticles was set to be proportional to the supraparticle volume. The
model also stipulates that the repulsion strength and screening
length of the Coulomb interaction between nanoparticles within
the core of a supraparticle is greater than between those in the
outer layer, because the dielectric constant of the medium inside
the supraparticle (1CdSe ¼ 8.0–9.0) is smaller than that outside
(1solution¼ 80.0). As a result, the electrostatic repulsion strength is
not constant throughout a simulation as in conventional studies,
but instead depends on the changing location of the nanoparticles
as the simulation proceeds. Based on all simulation runs, we
found that the case of spherical nanoparticles with dNP

simul¼ 20%,
interacting only via repulsive electrostatic and attractive van der
Waals forces, describes the assembly process nearly perfectly.

The simulated systems of nanoparticles with dNP
simul¼ 0–30%

were found to follow the same assembly stages as in experiments:
individual nanoparticle � loose elongated aggregates � larger
aggregates � compact spherical uniform supraparticles (compare
Fig. 3a and Fig. 2a–d). At the final stage, the monodisperse supra-
particles are close to spherical in shape. Some ‘spikiness’ of the
real supraparticles compared with the simulated supraparticles
(Fig. 1 versus Fig. 3a) is probably due to the fact that nanoparticles
can continue to grow after their assembly into supraparticles,
especially those in the outer shell of a supraparticle. This growth
should be anisotropic owing to a higher concentration of ions
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outside the supraparticles, with a tendency for radially outward
growth of nanoparticles in the outer shell of the supraparticles.
Once a supraparticle reaches a size where the electrostatic repulsion
energy between nanoparticles in the supraparticle and the newly
arrived nanoparticles outside the supraparticle equals the attractive
energy associated with van der Waals interactions, the agglomera-
tion stops (Supplementary Information, Computer Simulations).
Importantly, we find that self-limiting behaviour occurs only if
the electrostatic repulsion increases monotonically with the
volume of the supraparticle being assembled. Otherwise, nanopar-
ticles continue to aggregate, regardless of screening length.

Supraparticles assembled in silico from nanoparticles with
dNP

simul¼ 20% exhibit a sharp peak in cluster size distribution
(Fig. 3b) at a single value of V SP

simul, reproducing the size monodis-
persity observed in experiments. The size distribution of the simu-
lated supraparticles is fitted well by a normal distribution with
standard deviation of 7% (Fig. 3b), which is very close to the exper-
imentally observed size distribution (Table 1). Observations of the
plateau in system potential energy versus time and of the small fluc-
tuation in the final average number of nanoparticles per

supraparticle (Supplementary Fig. S12a) confirm our hypothesis
that the system of stable, monodisperse supraparticles is not kineti-
cally trapped, but is instead in a thermodynamic equilibrium state.
To further ensure that the supraparticles are not a consequence of
kinetic effects, we gradually increased the nanoparticle density
from �0.01 to �0.1 to reduce the average distance between the
supraparticles, and observed that the supraparticles do not merge
into larger supraparticles, as would be the case if the observed con-
figuration were not in thermodynamic equilibrium. It is also impor-
tant to note that when analogous simulations were run with
different nanoparticle geometries or different forces (spherical and
tetrahedral nanoparticles, with and without dipole interactions,
and with and without polydispersity; Supplementary Fig. S15), the
geometry of the resulting agglomerates was markedly different
from monodisperse spherical supraparticles.

Our simulations also reproduce the internal structure of the
supraparticles inferred from the TEM and SAXS measurements.
The core–shell structure of the supraparticles clearly emerges for
dNP

simul¼ 20–30% (Fig. 3c). For dNP
simul¼ 20%, the simulated

packing densities in the core and in the shell are 74+7% and
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89+5%, respectively; these values correlate well with experiments
for the CdSe-50 case. The strong electrostatic repulsion inside the
supraparticles gives rise to the loosely packed core of the suprapar-
ticles. Additionally, the remarkable nanoparticle polydispersity
leads to nanoparticle rearrangement within the supraparticles
such that smaller nanoparticles pack in the outer shell and larger
nanoparticles concentrate in the core (Supplementary Fig. S13b).
Further, we observe that the nanoparticles in the shell are more
polydisperse than those in the core, which explains the surprisingly
high packing density in the shell (Supplementary Fig. S13b).

The forces leading to the formation of monodisperse suprapar-
ticles are general and the approach should be applicable to a large
variety of ‘imperfect’ nanoparticles from other materials. Indeed,
similar supraparticles form from group II–VI semiconductors such
as CdS and ZnSe, and from group IV–VI semiconductors such as
PbS (Fig. 4a–c). Considering the simple balance of forces, we
further propose that similar self-limiting structures might form
around pre-existing cores. In practice, such cores may be realized
through like-charged particles capable of strong van der Waals
attraction with nanoparticles in the solution. We note that this strat-
egy is opposite to the often-used strategy of using nanocolloids of
opposite charge as core particles35,36. To test our hypothesis, we
added gold nanoparticles with d , dSP stabilized by citrate with
an electrokinetic potential of 239.4 mV to a solution of CdSe nano-
particles before their assembly into supraparticles. We indeed
observed the assembly of hybrid supraparticles with a single gold
core surrounded by CdSe nanoparticles (Fig. 4d–f). The nature of
the core–shell structure of these hybrid supraparticles can be con-
firmed by elemental mapping of the particles (Fig. 4j). The supra-
particles are highly monodisperse and their formation is also
governed by the balance of van der Waals attraction between
CdSe nanoparticles and gold particle ‘cores’, and electrostatic repul-
sion as verified by computer simulation (Fig. 3d). The use of pre-
formed cores offers the possibility to further increase the complexity
of supraparticles and can lead to easy-to-make superstructures with
a rich variety of geometries and functionalities. The produced
metal–semiconductor supraparticles can self-assemble further into
colloidal crystals, producing unique hierarchical assemblies and
multiple applications (Fig. 4l)17,18. A comparison of complex supra-
particles and superstructures made by the oriented attachment of
nanoparticles, for instance as carried out by Peng and colleagues21,
shows a very different mechanism for the assembly as well as the
morphology of the assembled products. Further comparison with
classical core–shell quantum dots could also be instructive, revealing
that the complex core–shell supraparticles have very different for-
mation pathway, characteristic size, and forces providing structural
stability, as well as different potential areas of application from any
examples of core–shell quantum dots.

Inorganic supraparticles versus virus particles
We also found that anisotropic gold nanorods yield equally mono-
disperse cylindrical supraparticles, both in experiments (Fig. 4g–i,k)
and simulations (Fig. 3e). Remarkably, both the spherical and rod-
like core–shell supraparticles bear some resemblance to such bio-
logical superstructures as viral capsids, in which protein capsomers
form a single-layer shell around a DNA or RNA core. For example,
the cowpea mosaic virus is a spherical, 28 nm supraparticle with an
icosahedral structure assembled by 60 protein subunits37, while
influenza, rabies and other viruses are prolate, or rod-like suprapar-
ticles of similar size and unit number. Note that some viruses, such
as the HIV virus, do not exhibit geometrically perfect packing. Our
work demonstrates that nanoparticles can organize with similar levels
of complexity as viruses, albeit following a wholly different assembly
pathway without any lock-and-key interactions specific for proteins
and other biomolecules, but instead by a simple balance of generic
coulombic and van der Waals forces. The self-limiting state also

distinguishes the supraparticles found here from self-limiting, ‘magic
number’ clusters known for monodisperse nano- and micro-
particles38,39. Supraparticle assembly can be further exploited for the
experimental engineering of sophisticated nanoscale systems,
including reconfigurable assemblies, combined with their design and
testing in silico, and hierarchically organized colloidal crystals of supra-
particles will open the door to simple manufacturing pathways of
complex macroscale hybrid materials and devices.
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