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ABSTRACT: We report on a simple, universal, and large-scale
self-assembly method for generation of spherical superclusters
from nanoscopic building blocks. The fundamentals of this
approach rely on the ultrahigh preconcentration of nanoparticles
(NP) followed by using either emulsiﬁcation strategies or
alternatively multiphase microﬂuidic microdroplets. In both cases
drying of the NP droplets yields highly spherical self-assembled
superclusters with unique optical properties. We demonstrate that
the behavior of these spheres can be controlled by surface
functionalization before and after the self-assembly process. These
structures show unique plasmonic collective response both on the
surface and within the supercluster in the visible and infrared
regions. Furthermore, we demonstrate that these strong, tunable
optical modes can be used toward ultrasensitive, reproducible,
surface-enhanced spectroscopies.
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colloidal crystals, which have attracted a great deal of attention
recently due to their unique and tunable optical properties15,16
and have even been proposed as anodes in lithium ion
batteries.17 Fabrication of such structures has been demonstrated with predominantly nonmetallic building blocks
(photonic crystals) in which the van der Waals forces remain
low enough to prevent irreversible aggregation from taking
place during the drying process.18−21 Generation of spherical
colloidal crystals with plasmonic building blocks however is
made more challenging due to the greater propensity of
metallic particles to aggregate. This can be overcome either by
using small particles (>10 nm)22−24 or by sterically stabilizing
the particles,25−27 allowing much higher concentrations to be
accessible without inducing irreversible aggregation during the
assembly process. However, this has the drawback of
passivating the surface such that postfunctionalization becomes
nontrivial. Given the vast applications in photonics that such
structures hold when composed of materials that are otherwise
optically mundane, the facile introduction of plasmonic
materials may open exciting new directions in sensing and

ontrolled bottom-up assembly of nanoscale building
blocks into hierarchical superstructures is one of the
most hotly pursued topics in nanotechnology.1−3 From
medicine,4 to materials science,5 electronics,6 and catalysis,7
the ability to reproducibly assemble engineered macroscopic
structures from speciﬁcally chosen nanoscopic objects has the
potential to revolutionize an enormous range of ﬁelds. An
extensive body of literature exists on diﬀerent strategies to
achieve self-assembly;8−10 however despite this, the ﬁeld is still
in its infancy. Important problems arise with attempts to
control the self-assembly process. For example, although it is
possible to use a template to achieve controlled 2D11 or even
3D12 self-assembly of nanoparticles (NPs), most templates
have speciﬁcity to certain types of particles; examples include
thiolated templates being selective to gold/silver NP
adsorption, while a liquid−liquid interface is selective to larger
particles.13,14 Furthermore, more advanced self-assembly
techniques that take advantage of surface functionalization of
the NPs and/or templates to interact in a certain way for the
purposes of achieving precise control of the assembly often
negate one of the most important beneﬁts that such structures
oﬀer, that is, the ability to control the functionality of the
nanoscopic building blocks. Of particular interest are spherical
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Figure 1. Schematic describing the self-assembly of superclusters. (a) Upon centrifugation of aqueous NPs in the presence of a higher density
organic phase (for example 1,2-dichloroethane (DCE)), a high-density aqueous phase is formed at the bottom of the centrifuge tube. (b) When the
supernatant aqueous phase is subsequently removed and the resulting mixture sonicated, a water-in-oil emulsion is formed, the aqueous
microdroplets possessing a large number of NPs. Due to the fact that the NPs remain unaggregated in the droplets, evaporation of the emulsion
leads to a gradual redistribution of the particles’ arrangement to adopt the shape of the evaporating droplets, leading to uniform superclusters. (c)
Droplets of diﬀerent sizes, containing a concentrated NP solution, are achieved varying the ﬂow rate of the oil. When the aqueous phase contained in
each droplet evaporates, the NPs collapse into sphere. A baking step is required to fully complete the drying process.

stabilization in the high-density solution), which readily allows
for the postfunctionalization of particles or the inclusion of
multiple diﬀerent functionalities in a controlled manner within
the same superstructure.
Such structures open up novel avenues for fabrication of
metamaterials with unique and tunable optical properties.34,35
This is demonstrated here by studying experimentally and
numerically the near- and mid-IR optical properties of variously
sized colloids. Remarkably, these structures support a new kind
of collective plasmon supermodes. These strong optical
resonances sustain large local ﬁeld enhancements, which can
be harvested for molecular spectroscopy, as the ordered
geometry makes it possible to localize the ﬁeld in hundreds
of small gaps. The enhancements obtained in the gaps are
similar to the case of a simple dimer, approaching 3 orders of
magnitude.36 In addition, these “metaparticle” structures are
extremely promising in order to realize negative refraction
metamaterials.37,38 Here we present as a proof of principle the
chemical sensing of trace levels of malachite green (MGITC)
using the clusters as surface-enhanced Raman spectroscopy
(SERS)-active substrates, which is made possible due to the
strong resonant collective mode found throughout the core of
the superclusters.
Upon centrifugation of an aqueous NP solution in the
presence of a denser organic phase, a high-density droplet can
be generated at the bottom of the vial (Figure 1a), which
consists of an aqueous phase and concentrated and importantly
nonaggregated NPs.29 These highly concentrated droplets can
be converted to three-dimensional hierarchical superclusters by
removal of the initial aqueous phase and sonicating (Figure 1b).
This results in water-in-oil emulsion microdroplets being

metamaterials research. There is therefore a need to introduce
additional techniques that are able to generate hierarchical
assemblies from a wide selection of building blocks, in a
controlled manner that does not limit the particles’
functionality.28
We have recently reported on a facile and near-universal selfassembly of NPs into a high-density aqueous phase in which
the NP concentration is increased to the point where the
aqueous phase begins to adopt drastically altered physical
properties and the interparticle separation can be controlled in
three dimensions through modulation of the electrostatic
repulsion between the particles.29 We build on this concept by
developing controlled self-assembly methods that can be
achieved with high-concentration NPs in combination with
either emulsion generation30,31 and/or multiphase microﬂuidic
droplets.31−33 The high NP to liquid volume ratio means that
upon drying of the high-density solutions, highly ordered
spherical NP superclusters can be quickly and easily formed.
The fact that the particles remain unaggregated in the highdensity solution leads to self-reorganization of the NPs’
arrangement upon drying to adopt the same geometry as that
of the evaporating solution; in this instance the spherical
geometry was preferred in all cases. Importantly, the selfreorganization of the particles is true of any particle size/shape/
composition, as long as the particles remain unaggregated in
the high-density solution. This means that even an extremely
polydisperse sample or one that has been carefully designed
with multiple building blocks will also adopt similar superstructures. Furthermore, this technique does not directly rely
on the functionality of the particles (e.g., even aggregationprone citrate-stabilized gold particles provide suﬃcient
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achieved. On the other hand, examples showing the use of a
microﬂuidic strategy have been employed to generate droplets
containing 16 nm Au particles stabilized by MDDA in a
partially self-assembled state (see Figure 2d). Upon evaporation
of the aqueous phase, uniform monodisperse clusters ranging in
diameter between 4.64 and 8.61 μm could be generated
depending on ﬂow conditions (Figure 2e,f). Using this
approach the supercluster diameter was limited by the channel
dimensions, pipet diameter, and ﬂow rates. Droplet dimension
is regulated by ﬂow rate: increasing the ﬂow rate leads to
smaller droplets; a similar eﬀect can be achieved keeping a
constant ﬂow rate but using a smaller pipet diameter.
Generated droplets, thus clusters, of diﬀerent sizes exhibit
high regularity (SI Figure S3). Although microﬂuidic routes
allow for unparalleled levels of control, the simplicity of
sonication also has merit in the context of rapidly generating
SERS-active substrates (examples of SEMs of 16 nm MDDAfunctionalized Au particles are shown in SI Figure S3).
It should be noted that due to the exceptional stability of
MDDA-functionalized 16 nm particles, even when dried, the
particles can be redispersed in water. The redispersed particles
display a red-shifted localized plasmon resonance, suggesting
that some agglomerates may nevertheless exist. Despite this, the
ability to redisperse these clusters with appropriately functionalized particles may open avenues for smart drug delivery; for
example if the entire cluster is protected by a lipid bilayer, it
could be possible to controllably disperse the particles by
rupturing the bilayer (e.g., utilizing the high absorption of the
clusters in the infrared allows localized heat generation).15 The
fact that the superclusters form from evaporation of the
aqueous microdroplets suggests that any species that was
originally dissolved in the aqueous phase will be captured
within the superclusters; these species are therefore expected to
also be released upon redispersion of the particles (provided
that the functionality of the particles is appropriate to prevent
adsorption of these species to the particles’ surface). In eﬀect,
these superclusters may allow for a label-free (i.e., no aﬃnity to
the particles is required) drug delivery platform. The delivery of
a high dose of particles themselves in such a manner could then
be used for the dual purpose of photothermal therapy and/or
contrast agents for theranostics.43
Unlike the spheres formed by MDDA-functionalized
particles, those formed by citrate-stabilized particles do not
break up in water. This fact can be advantageous, as citrate
groups can be displaced from the superclusters, meaning that
aqueous chemistries can be subsequently performed on them.
Furthermore, the fact that the superclusters in Figure 2 are
themselves formed of particles leads to a natural porosity of the
structure,44 meaning that despite the relatively large volume of
the superclusters, a large portion of the surface area of the NPs
is retained; this is beneﬁcial for sensing applications such as
uniform substrates for SERS. In this context, as will be shown,
ﬁeld enhancement or “hot spots” are generated throughout the
clusters at certain wavelengths, making the total enhancement
substantial compared to more conventional aggregation-based
substrates.
An implication of the mechanism of the supercluster
formation is that, in principle, they can be made of any
nanoscopic building blocks. In other words the NPs that the
spheres are composed of should not be limited by material,
shape, or chemical composition of the initial aqueous phase.
This assertion is supported by the fact that quite “challenging”
building blocks for hierarchical assembly such as cetyltrimethy-

formed, which contain a large number of NPs. The relatively
long time scales (minutes) for this emulsion to separate back
out into the two distinctive phases mean that upon drying of
the emulsion, the NPs will rearrange to adopt the gradually
reducing droplet volume, thereby generating superclusters of
spherical morphology made with the starting NPs. Although
emulsiﬁcation is a rapid process, the dimensions of the clusters
are ultimately governed by the distribution of the generated
emulsion droplets. Alternatively, microﬂuidics can be used to
precisely control the droplet dimensions39−41 and hence
ultimately the colloid dimensions (Figure 1c) simply by tuning
the ratio between the ﬂow rates of the aqueous phase
containing concentrated NPs and the organic phase. Within
the context of this article both sonication and microﬂuidic
routes are explored.
Microﬂuidic substrates were fabricated from polydimethylsiloxane (PDMS) and glass (SI Figure S1) using a simple Tjunction geometry consisting of both a quartz pipet and PDMS
channel as previously described.42 The channel height and
width were 100 μm, respectively. Droplets containing
concentrated NP solutions were generated by introducing the
NPs as prepared in Figure 1a into the pipet having an internal
diameter ranging between 2 and 30 μm (Figure 1c). The dense
NP solution was injected in the microﬂuidic channel while
ﬂowing the continuous organic phase (FC-40 incorporating 1%
surfactant). To control droplet dimensions, ﬂow rates of the
NP aqueous phase were held constant at 1 μL/min, and the
organic ﬂow rate was varied between 20 and 70 μL/min.
Droplets were then deposited from the chip outlet tubing onto
a silicon substrate and allowed to dry by heating the substrates
to 550 °C. During the drying process, the NPs would then selfassemble into a supercluster with the diameter being governed
by the initial droplet size and NP concentration (Figure 1c).
Examples of generated self-assembled colloids using
sonication are shown in Figure 2a for polydisperse citratestabilized Ag NPs, 43 nm citrate-stabilized Au NPs (Figure
2b,c), and 16 nm Au NPs stabilized with 12-mercaptododecanoic acid (MDDA) (SI Figure S2). In both cases superclusters
ranging in diameter, D, between 100 and 5000 nm could be

Figure 2. SEMs and optical image of colloids formed by emulsiﬁcation
and through microﬂuidics. (a) Superclusters made from polydisperse
citrate-stabilized silver particles. (b, c) Superclusters made from 43 nm
citrate-stabilized gold particles. (d) Microﬂuidic droplets containing
highly concentrated 16 nm MDDA-stabilized NPs with a distribution
of 100.5 ± 0.2 μm. (e) Bright ﬁeld of 8.61 μm diameter superclusters.
(f) SEM image of 4.64 μm diameter superclusters. Scale bar is (a) 1
μm; (b) 2 μm; (c) 100 nm; (d) 100 μm; (e) 20 μm; (f) 10 μm. (g)
Typical scattering spectra of the superclusters as measured by darkﬁeld spectroscopy with a 100× objective and 10 s integration time.
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lammonium bromide (CTAB)-stabilized gold nanorods (SI
Figure S4), citrate-stabilized silver prisms (SI Figure S5), and a
mixed sample composed of citrate-stabilized silver rods,
spheres, and prisms can be assembled via this method. In the
case of CTAB-stabilized nanorods, the high concentration of
CTAB (0.1 M) in the NP solution means that salting out of the
CTAB is occasionally observed; for example in SI Figure S4,
dark regions of nonconductive CTAB-rich sections of the
spheres are clearly visible. However, despite this, the formed
superclusters retain their uniform spherical geometry. In the
case of citrate-stabilized silver prisms (SI Figure S5) however,
indentations and protrusions are observed in the morphology
of the spheres. Despite these defects, the general spherical
nature of the superclusters with silver prisms is apparent.
Given that any type of particle could in principle become
incorporated into the superclusters means that they are a
natural platform for multiplexing opportunities. For example, it
is possible to incorporate magnetic particles, together with
plasmonic NPs, in order to eﬀectively obtain a particle that
displays both properties (SI Figure S6); alternatively the
introduction of multiple surface functionalities becomes trivial.
Additionally, such structures enable a route to the synthesis of
large, monodisperse particles with a wide range of compositions. If a metal salt is reduced onto the surface of the spheres,
uniform spherical particles in the size range of approximately 50
nm to 5 μm can in principle be formed; for metals such as gold,
the synthesis of monodisperse spherical particles of this size is
highly challenging.45
We further characterize these superclusters by measuring
their optical properties via dark-ﬁeld spectroscopy,46 from
which one can extract the light scattered oﬀ micro- and
nanoparticles. Typical dark-ﬁeld spectra are presented in Figure
2g for three unique superclusters of varying size, where one can
easily identify strong, tunable optical resonances, which will be
explored and arise from the strong coupling of the constituent
NPs.
In order to investigate in more detail the optical modes
supported by the superclusters, ﬁnite-diﬀerence time domain
simulations47 were performed, which allowed us to access both
the spectral and near-ﬁeld properties of the structures. Due to
their high complexity and ﬁne details, cylindrical geometries
were used, as it is well known that the electromagnetic
properties of spheres can be approximated by cylinders as long
as the polarization is properly considered. Here the interest is in
the p-polarized incident ﬁeld, as it can excite localized surface
plasmons responsible for high-ﬁeld enhancements, which can
then be harvested for ultrasensitive molecular spectroscopy for
instance. The simulated geometry is depicted in Figure 3a,
consisting of an agglomerate with size D of small metallic NPs
with diameter d and spaced by a gap g. In SI Figure S7 we show
the normalized absorption cross-section of a large gold sphere
with a size typical of one of the superclusters along with that of
a dimer composed by the constituent NPs. As can be seen
clearly, these two geometries support a localized surface
plasmon resonance (LSPR) in the visible range, and no other
modes are found at lower energies. When one assembles the
nanoparticles into a colloidal supercluster such as shown in
Figure 3a, the strong coupling leads to the formation of
collective supermodes (see Figure 3b−d), nonexistent in the
isolated or dimer geometries presented in SI Figure S7. Clearly,
these modes are similar to those observed by dark-ﬁeld
spectroscopy, as shown in Figure 2g. From the calculations, it
can be seen that they exist for good metals such as Ag, Au, and

Figure 3. Absorption cross-sections of superclusters as calculated by
FDTD. (a) Simulated geometry consisting of metallic nanoparticles of
diameter d arranged into a large colloid cylinder with diameter D and
spaced by a gap G. (b) Optical properties for a [D, d, G] = [1 μm, 38
nm, 2 nm] supercluster made out of aluminum (solid blue), silver
(dotted green), and gold (dashed red). (c and d) Optical properties of
a gold superclusters for G = 2 nm and various diameters in the visible
and near-infrared (c) and mid-infrared (d) where [D, d] = [2 μm, 38
nm] (solid blue), [1 μm, 38 nm] (dashed red), and [1 μm, 18 nm]
(dotted green).

Al (Figure 3b) and span from the visible up to 10 μm. As is
usual with such resonances, one can appreciate that they
become sharper and more numerous toward higher energies. In
addition the modes are found to be robust and oﬀer excellent
tunability by varying gap size and nanoparticle dimensions in
the whole spectral range.
To gain more insight on the light interaction within these
superclusters, we look more closely at the resonances analyzing
the near-ﬁeld distributions. In Figure 4 we focus on the
absorption of a gold supercluster (D = 2 μm) made with 38 nm
gold NPs separated by 2 nm gaps. We study the near ﬁeld at
the peak positions shown in the absorption spectrum of Figure
4a. In particular, in Figure 4b, we show the electric ﬁeld
enhancement in logarithmic scale at a resonance peak (see
Figure 4a), and we ﬁnd an average intensity enhancement
nearing 600 times the incident. Such enhancements are
extremely useful in spectroscopic techniques such as SERS
and SEIRA. Despite the fact that they are not record values
(but quite high), we stress that they are delocalized in each gap
between the NPs. This is extremely relevant to spectroscopy
because large hot spot densities lead to a larger molecular crosssection in both interaction with the ﬁeld and detection. It is
worth mentioning that a similar enhancement is found in
dimers, but now we have thousands of them localized in a
cluster with a 2 μm diameter.
We now focus on the origin of these resonances. In
particular, due to the large electric ﬁeld enhancements between
NPs, we look at the magnetic ﬁeld, which is smoother. In
Figure 4c,d we show the magnetic ﬁeld distributions at each
peak marked in Figure 4a. We can appreciate the usual ﬁeld
distribution (radial and angular modes) found in a transparent
cylinder.47 In other words, despite the large metallic ﬁlling
fraction of the superclusters, light is found to travel inside them.
These colloids thus present an eﬀective dielectric constant that
allows light to penetrate and excite a large set of optical modes
in a wide frequency range. More, continuity across the two
38
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Figure 4. Collective optical supermodes of the superclusters. (a) Absorption eﬃciency of a gold colloid with [D, d, G] = [2 μm, 38 nm, 2 nm] with
the radially and angularly quantized supermodes labeled. (b) Near-ﬁeld enhancement of the electric intensity within the gaps in log scale for the
fourth-order supermode, which averages at about 600 times the incident. (c and d) Magnetic ﬁeld pattern for the two sets of supermodes. Note that
the light is incident from the bottom.

media imposes that the electric ﬁeld is mainly concentrated
within the gaps.
To assess the viability of our self-assembled colloids for
surface-enhanced spectroscopy, a self-limiting monolayer of
MGITC was deposited on their surface. The absorption
spectrum of this molecule is shown in SI Figure S8, where
one can clearly identify a peak at 632.8 nm and a strong
decrease in absorption beyond 650 nm. Therefore, one can
expect the Raman cross-section of MGITC to be signiﬁcantly
enhanced at 632.8 nm compared to other excitation wavelengths with a strong fallout above 650 nm. We present in
Figure 5 the SERS results of MGITC deposited on the
supercluster. These spectra were generated using 532, 632.8,
685, and 785 nm lasers normalized to a power of 9 mW and
collected over an exposure time of 5 s. Most strikingly, we
observe that the 785 nm excitation (red dashed line) exhibits
the highest Raman scattering compared to the 532 nm (solid
blue) and the resonant 632.8 nm (dotted green) lines, while we
had expected the latter to be the largest, followed by the 532
nm (1/10 smaller) and the 685 nm (barely measurable). We
interpret these results as a clearly diﬀerent electromagnetic
contribution to the SERS factors at the diﬀerent pump
frequencies. In fact, we have calculated the electric ﬁeld
distributions (near-ﬁeld maps) for a cluster with similar
characteristics, and we can appreciate (see Figure 5c−e)
important diﬀerences varying the pump frequency. In
particular, thanks to the excitations of plasmonics modes, we
can appreciate a poor enhancement at 532 nm, while the
strongest enhancement is obtained at 785 nm. These results

Figure 5. SERS experiments with single-layer malachite green. (a)
Baseline-corrected typical Raman spectra of superclusters coated with
malachite green. All three laser lines are set to equal power, and the
spectra are obtained from the same colloid. (b) Zoom-in of the shaded
area in (a) showing the relative strength of the 1175 cm−1 mode of
malachite green. Note that the 632.8 nm line is resonant with this
molecule. The integration time was set to 5 s with a 20× objective. (c−
e) Electric ﬁeld distributions (near-ﬁeld maps) of similar clusters at
532, 632, and 785 nm, respectively.

complement the work of Mirkin and Schatz, where they study
the optical properties of micrometer-sized superlattices and
discuss the interplay between plasmons and photonic modes
albeit with larger interparticle spacing.48,49 This highlights the
huge promises held by our superclusters where the strong
optical resonance engineering could enable an ideal platform
for ultrasensitive spectroscopy. This is reinforced by the
powerful tunability oﬀered by the synthesis method, where
39
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MDDA particles this was increased to 14 680 (∼20000g). The
main bulk aqueous phase supernatant was removed by
pipetting, leaving the high-density aqueous solution and
DCE. This was then sonicated until the high-density phase
broke oﬀ into an emulsion, and the emulsion separates back out
into the two separate phases over time; therefore a 50 μL
aliquot of the resulting mixture was quickly transferred onto a
solid substrate for imaging and allowed to dry at room
temperature.
Surface-Enhanced Raman Spectroscopic Measurements. SERS measurements were performed on a homebuilt Raman microscope consisting of 532, 632.8, and 685 nm
excitation sources and coupled to an inverted optical
microscope.51 The light was focused onto a 50 μm entrance
slit of a spectrograph (303 mm focal length, Shamrock SR-303i,
Andor) coupled to an electron multiplying charge coupled
device (EMCCD, Newton DU970BV, Andor).

changes in material, gap, or NP size can shift appreciably the
optical response.
In conclusion we have demonstrated a universal method to
self-assemble superclusters in the range of 50 nm to 5 μm from
(in principle) any aqueous nanoscopic building blocks using
both sonication and microﬂuidic routes. Such superclusters
open many fascinating avenues of research in nanomedicine,
sensing, catalysis, and advanced materials. As an example we
study the optical properties of these systems numerically and
experimentally and observe strong collective supermodes in the
visible and mid-IR. We then use these modes as strong hot
spots in a SERS experiment where we strongly enhance the
Raman cross-section of low concentrations of malachite green
by over 2 orders of magnitude. We also show that due to a
broad range of resonances in both the visible and infrared, the
clusters can be easily tuned to the excitation wavelength of the
analyte to maximize enhancement levels.

■

■

METHODS
Nanoparticle Synthesis. MDDA Au NPs of 16 nm were
synthesized by the addition of either 8.62 mg (0.0219 mmol) or
17.24 mg (0.0438 mmol) of HAuCl4·3H2O to 95 mL of
ultrapure water, followed by bringing the solution to reﬂux. To
this was added 20 mg (0.0680 mmol) of sodium citrate
dihydrate in 5 mL of ultrapure water, and the reaction
proceeded to completion within 5 min, after which the heating
was reduced to 60 °C and 10 mg (0.0430 mmol) of 12mercaprododecanoic acid was added in 0.5 mL of methanol.
The solution was then cooled to room temperature, and the
excess unfunctionalized MDDA precipitated out and ﬁltered
through a 0.2 μm syringe ﬁlter. The resultant solution had a
localized surface plasmon maximum at 525 nm and an
absorbance at the maximum of 0.86. Prior to formation of
the high-density solution, the NPs were concentrated by a
factor of ∼10 through conventional centrifugation at 10 000
rpm (∼9000g) for 5−10 min on an Eppendorf 5424
microcentrifuge.
Citrate-stabilized Au particles of 43 nm were synthesized
through a similar method to that outlined above, with the
exception of the addition of 8.4 mg of sodium citrate in 5 mL
and the lack of the functionalization step. The resultant
particles had a localized surface plasmon maximum of 532 nm
and an absorbance at the maximum of 0.80. This solution was
also concentrated through centrifugation prior to high-density
aqueous phase formation; however to prevent aggregation, a
reduced RPM of 4000 (∼1500g) was used for 10 min.
Silver nanoparticles were made via the citrate reduction of
AgNO3 as described by Lee and Meisel.50 A 36 mg (0.212
mmol) amount of AgNO3 was dissolved in 190 mL of ultrapure
water and brought to reﬂux. Following this, 10 mL of a 1%
sodium citrate solution was then added to the silver solution,
and reﬂux was allowed to continue for a further 15 min, before
being allowed to cool to room temperature. The resulting silver
particles were characterized by TEM imaging and were shown
to be polydisperse in terms of size as well as shape (e.g.,
spheres, prisms, and rods). The high-density aqueous phase was
formed by centrifuging this mixture at an RCF of 1500g for 10
min.
Formation of Superclusters via Sonication. The
preconcentrated NP solutions (1 mL) were added to a 2 mL
graduated centrifuge tube in the presence of 0.5 mL of 1,2dichloroethane. These were then centrifuged for 5 min; for 43
nm particles an RPM of 4000 was used, while for 16 nm
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