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ABSTRACT: Colloidal clusters are prepared by assembling positively
charged cross-linked polystyrene (PS) particles onto negatively charged
liquid cores of swollen polymer particles. PS particles at the interface of
the liquid core are closely packed around the core due to interfacial
wetting. Then, by evaporating solvent in the liquid cores, polymers in the
cores are solidified and the clusters are cemented. As the swelling ratio of
PS cores increases, cores at the center of colloidal clusters are exposed,
forming patchy colloidal clusters. Finally, by density gradient
centrifugation, high-purity symmetric colloidal clusters are obtained.
When silica−PS core−shell particles are swollen and serve as the liquid
cores, hybrid colloidal clusters are obtained in which each silica
nanoparticle is relocated to the liquid core interface during the swelling−
deswelling process breaking symmetry in colloidal clusters as the silica nanoparticle in the core is comparable in size with the PS
particle in the shell. The configuration of colloidal clusters is determined once the number of particles around the liquid core is
given, which depends on the size ratio of the liquid core and shell particle. Since hybrid clusters are heavier than PS particles, they
can be purified using centrifugation.

1. INTRODUCTION
Colloidal particles have been extensively investigated as model
systems for understanding the dynamics of atomic struc-
tures.1−7 They have also been used as building blocks for
building up structured materials by self-assembly, of which
superstructures show unique optical, acoustic, or mechanical
properties due to strong resonant interaction with waves.1,8−11

Recently, for understanding the dynamics of complex
biomolecules like proteins, unconventional colloidal particles
with anisotropic shapes or interactions were proposed and
explored heavily in simulations for over two decades.12−18

Colloidal clusters, introduced experimentally in 2003,19 have
received a great deal of attention as a new three-dimensional
element for self-assembled colloidal superstructures.6,20−24

Later, they were partially encapsulated with polymers in the
seeded polymerization process producing patchy particles,
which can be used to form complex superstructures as
biomolecules do.25 Computational simulations have also
been extensively used to explore and predict colloidal
superstructures of colloidal clusters or patchy particles26−31

and through multistep assembly of Janus particles.32−34

DNA was selectively coated on their patches, which led to
programmable colloidal molecules or atoms. Recently, high-
density DNA brushes were coated on colloids in several ways,
which resulted in various programmed colloidal super-
structures including face-centered cubic, CsCl-like, and AlB2-
like structures.35−39 More importantly, colloidal clusters were
successfully coassembled with colloidal spheres, which formed
a new class of colloidal phases through the selective DNA

hybridization. In particular, tetrahedral clusters and spheres
can form the MgCu2 Laves structure, which is made up of
interpenetrating diamond and pyrochlore sublattices.40 Both
open sublattices exhibit large full photonic bandgaps, which is
critical in the further development of optical devices.41−45

The emulsion-assisted method developed for colloidal
clusters19 has been further developed for plasmonic clusters
of metal nanoparticles46 and soft patchy particles of block
copolymers.47,48 However, these methods are multistep
processes and require a post separation process resulting in
relatively low yield. Stepwise seeded growth of polymer lobes
in dispersion polymerization was also developed for colloidal
clusters,49,50 which is limited in relatively large particles. For
the high-yield synthesis of tetrahedral clusters, various
experimental schemes have been proposed and demonstra-
ted.51−55 Of special note is the random parking scheme of
Schade et al., in which four identically charged particles are
attached to an oppositely charged core particle producing
loosely packed tetrahedral clusters when the core particle size
is appropriately chosen.52 When the size ratio α = Rshell/Rcore is
near 2.41, the yield of tetramers is nearly 100% for hard
spheres. Gong et al. reported that hybrid compact tetrahedral
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clusters can be prepared by assembling oppositely charged
particles onto liquid cores of 3-(trimethoxysilyl) propyl
methacrylate (TPM),53 in which particles are partially wetted
once they are bound together. Since this colloidal aggregation
is limited by balancing repulsive and attractive electrostatic
forces, we call it “self-limited ionic self-assembly”,56,57 which is
a high-yield single-step process.
Furthermore, hybrid spherical patchy particles were

produced by plasticizing the shell particles that surround
liquid cores of silane, causing them to fuse and extrude from
the liquid core, which is referred to as “colloidal fusion”.
During the colloidal fusion process, hidden cores are exposed,
forming an intermediate morphology between spherical patchy
particles and colloidal clusters, which we call “patchy colloidal
particles”. He et al. functionalized the cores of hybrid patchy
colloidal clusters with DNA which are directly assembled into
diamond lattices through a DNA interaction between cores.58

Notably, Duguet and his colleagues reported a colloidal
chemistry route to uniform hybrid clusters in which
polystyrene lobes were grown around vinyl-functionalized
silica nanoparticles51 and patchy colloidal clusters or multi-
dimple particles by additional growth of silica cores,59 which
was further extended to plasmonic nanoclusters.60

Here, we make patchy colloidal clusters of all polymer
particles by assembling oppositely charged cross-linked PS
particles (shell particles) onto a swollen non-cross-linked
plasticized PS particle (core particle). The shell particles
approach a core particle due to the long-range electrostatic
attraction and then strongly attach and pack at the interface
due to the strong wetting force. Then, by a deswelling process,
the liquid cores are solidified, producing mechanically stable
all-polymer compact colloidal clusters, which can be ideal
sacrificial building blocks for inverse diamond or pyrochlore
photonic crystals from MgCu2 structures.

40 Depending on the
size ratio, the number of shell particles can be varied as
demonstrated in previous reports.52,53 In addition, by adjusting
the swelling ratio of the core particles in the colloidal clusters,
the shell particles can be further compressed such that the
polymer cores are completely ejected from the centers, which
leads to patchy colloidal clusters. Those all-polymer patchy
colloidal clusters may be directly assembled into a diamond
lattice through the DNA-mediated assembly and turned into
inverse diamond photonic crystals after backfilling interstices
with inorganic materials.58 Alternatively, asymmetric patchy
colloidal clusters can be prepared by using silica−PS core−
shell particles as the cores and cross-linked PS particles for the
shell, in which case the silica nanoparticle is partially ejected
from the center during the deswelling process. Finally, we
demonstrated that the same asymmetrical structures can be
produced with titania-cored PS particles instead of silica-cored
ones.

2. RESULTS AND DISCUSSION
2.1. Symmetric Colloidal Clusters by Self-Limited

Ionic Self-Assembly. The core PS particles were plasticized
and swollen by simple addition of tetrahydrofuran (THF), and
shell particles were added in excess at a number ratio of 25:1 to
the liquified cores (Figures 1a and S1). The shell particles,
which are cross-linked, do not swell significantly.61 After
coordination, the liquid cores with PS shell particles were
deswollen by the addition of water to the suspension.38 Care
should be taken to ensure that prior to mixing the shell
particles are well-dispersed without any aggregates.

We used 332 nm positively charged cross-linked particles as
shell particles. At pH 3−5, the zeta potential values were more
than 30 mV (Figure 1b) and particles were stable, as shown in
optical micrographs of Figure S2. By contrast, particles at pH
6−8 were unstable. For quantitative analysis of colloidal
stability, we measured the apparent diameter of particles using
inline holographic light scattering (xSight, Spheryx Co.) which
can detect only particles larger than 500 nm.62 Thus, we
obtained a signal only if aggregates are present. Figure S3,
which shows the size and refractive index distribution of
measured particles, confirms that shell particles are stable at
lower pH. For self-limited ionic self-assembly,56,57 oppositely
charged particles were mixed at pH 5.
The core particles were 258 nm negatively charged non-

cross-linked PS particles dispersed in a mixture of water and
THF with a 3:1 volume ratio (50 mL). Core particles were
incubated in a THF−water mixture for 1 h. Then, the 332 nm
positively charged cross-linked particles were added to the
dispersion of swollen core particles. For the self-limited ionic
self-assembly and coordination, the mixture was stirred for 3 h
at a speed of 300 rpm. Finally, we added 75 mL of surfactant
solution containing Pluronic F108 (1% w/v) into the cluster
solution for deswelling the core particles. For complete
removal of THF from the cluster solution by evaporation,
the cluster solution was thermally annealed at 70 °C for 24 h.
After the formation of colloidal clusters, we separated them

from the excess single PS particles (singlets) by density
gradient centrifugation.19 As shown in Figure 1c, one thick
band and one thin band are formed in the centrifuge tube.

Figure 1. (a) The formation of colloidal clusters by assembling
oppositely charged particles. (b) Zeta potential values of core and
shell particles at different pH levels. (c) Separation of tetrahedral
clusters by density gradient centrifugation. (d) SEM image of
tetrahedral clusters. The scale bar is 1 μm. (e) Statistical distributions
of the number of shell particles in cluster N at size ratio α = 1.29.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05123
J. Am. Chem. Soc. 2021, 143, 13175−13183

13176

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05123/suppl_file/ja1c05123_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05123/suppl_file/ja1c05123_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05123/suppl_file/ja1c05123_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05123?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


These correspond to singlets and tetrahedral clusters,
respectively (Figures 1d and S4). By analyzing more than
200 clusters in an SEM image, we plotted a histogram in Figure
1e of the yield for a size ratio of α = 1.29 before swelling. This
size ratio for tetrahedral colloidal clusters is a much smaller
value than the theoretical value (α = 2.41) for hard spheres52

and for a previous study (α = 1.98) for liquid-core colloidal
clusters.53 Unlike previous work, no additional salt was added
into the system except for HCl for adjusting pH. Therefore,
assuming that the salt concentration is ∼10 μM, the Debye
screening length is estimated as ∼100 nm63,64 and the effective
size ratio of the swollen core (∼283 nm) and charged shell
particles (532 nm) becomes 1.87, which is close to the
previous experimental data.53

2.2. Symmetric Patchy Colloidal Clusters by Self-
Limited Ionic Self-Assembly. By controlling the THF
concentration at the swelling step, the morphology of the
clusters can be varied, as shown in the schematic diagram of
Figure 2. As the concentration of THF increases from 25 to

40% v/v in water, the core particles can be swollen more, as
shown in Figure S5, so that polystyrene chains are deposited
more at outer interstices of shell particles during the deswelling
process, leading to patchy particles.
At the lowest THF concentration (25% v/v), the core

particles were plasticized and deformed near central interstices
between shell particles. As the THF concentration increased,
swollen core particles were liquefied completely and became
larger than the interstitial space, as shown in the schematic
diagram of Figure 2a. However, at higher THF concentration,
cross-linked shell PS particles are likely slightly swollen in the
swelling step (Figure S6), enough that the inside surface of
shell particles can be deformed under the compressive capillary
force in the final cluster packing stage during the deswelling
process. Indeed, as the THF concentration is increased, the
central space of the clusters is filled with deformed shell

particles and polymers in the liquefied cores are ejected and fill
the outer surface between shell particles (Figure 2b). Notably,
all of the clusters have the same diameter of the circumscribed
circle.
As shown in the SEM images, colloidal clusters evolved into

patchy colloidal clusters as the core particles are increasingly
swollen with THF. Their morphologies can be characterized
with the size ratio of the body to shell particles (λ = rb/rs), as
shown in Figure 2b (iii), which is a key geometric parameter
for the successful assembly of colloidal diamond and
pyrochlore lattices.40 For patchy colloidal clusters in Figure
2b, the λ values were 1.16, 1.39, 1.5, and 1.71 for (i), (ii), (iii),
and (iv), respectively. In the case of 40% THF in water (iv),
cross-linked shell particles in clusters are completely covered
with polystyrene, which might be interesting in the packings of
truncated tetrahedra for another type of diamond lattice.65 In
these patchy particles, lobes and matrix may be functionalized
with different surface charges31 or DNA,58 which leads to the
direct formation of open colloidal superstructures.

2.3. Symmetric Hybrid Patchy Colloidal Clusters of
Silica and PS Particles. To increase the density mismatch
between clusters and singlets, we have prepared silica−PS
core−shell particles for the core (Figure 3a) instead of pure

polymer particles, which should improve the separation
efficiency for density gradient centrifugation. The silica
particles were synthesized by the Stöber method, producing
particles with an average diameter of 170 nm. Then, as shown
in the inset TEM image on the left of Figure 3a and the SEM
image of Figure S7a, polystyrene shell layers were grown by
emulsion polymerization on vinyl-silane modified silica
particles. The silica particles are not positioned at the center
as reported in a previous article.66 The final diameter of the
core−shell particles was 384 nm on average. For the shell
particle, we used a 431 nm PS particle with α = 1.12.
As illustrated in Figure 3a, first we dispersed the core

particles in THF solution (25% v/v in water), which was aged

Figure 2. (a) Schematic diagram and (b) SEM images of colloidal
clusters of cross-linked polystyrene particles assembled around
polystyrene cores swollen with a THF concentration of (i) 25, (ii)
30, (iii) 35, and (iv) 40% v/v in water. The scale bar is 500 nm.

Figure 3. (a) Hybrid clusters using silica−PS core−shell particles as
cores. Inset TEM images show core−shell particles on the left and
silica nanoparticles at the surface between PS clusters on the right. (b)
Density gradient medium with two bands of polystyrene particles on
the top and tetrahedral clusters with silica nanoparticles in the
bottom. (c) SEM image of colloidal clusters with silica cores. Scale
bars are 200 nm in the inset of part a and 2 μm in part c.
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for 1 h for swelling the polystyrene shell. For the following
coordination step, the pH of the solution was set to 5, in which
both are highly charged in solution (Figure S8). Then,
positively charged cross-linked polystyrene particles were
added into the dispersion of swollen core−shell particles and
gently stirred for 3 h. Finally, we added 75 mL of surfactant
solution containing Pluronic F108 (1% w/v) into the cluster
solution for deswelling the core particles, which produced
colloidal clusters of polystyrene and silica, as shown in the inset
TEM image on the right of Figure 3a. Due to the relocation of
silica nanoparticles in the core, the tetrahedral symmetry is
broken, which may be useful for assembling less symmetric or
more complex structures. For cluster separation from singlets,
the density gradient centrifugation was performed. Because the
ratio of silica to PS is different in singlets and clusters, their
densities are different, which improves the separation, as
indicated by the distinct bands in the density gradient
centrifuge tube (Figure 3b). As shown in Figures 3c and S9,
tetrahedral clusters of polystyrene particles with silica nano-
particles were successfully obtained.
The number of shell particles N in the clusters can be

controlled by changing the size ratio α of the shell to the core.
To this end, in addition to 431 nm (α = 1.12), we prepared
422 and 494 nm positively charged PS particles for shells
(Figure S7b−d), which corresponds to α = 1.10 and 1.29,
respectively. The resulting clusters in Figure 4a−c were
pentamers, tetramers, and trimers for α = 1.10, 1.12, and
1.29, respectively. By analyzing more than 200 clusters in SEM
images, we plotted the histograms of yield in Figure 4d−f,
which were higher than 85% for all cases.
For fixed α, the distribution of constituent particles N in

clusters can also be controlled by adjusting the solution pH.
When the pH is lower, the surface charge density of the shell
particles is higher (Figure S10). Therefore, the effective size of
the shell particles increased, which resulted in lower α or N. As
shown in Figure S10, for α = 1.12, trimers and tetramers are
obtained in a nearly 80% yield, when pH 3 and 4, respectively.
For pH 5, the yield of tetramers was more than 90%, which
suggested that the effective size ratio was closer to the ideal
value.
2.4. Asymmetric Hybrid Patchy Colloidal Clusters of

Silica and PS Particles. When the size ratio of silica
nanoparticles to shell PS particles (β) is small enough, the
symmetry of the shell particles can be kept, as demonstrated in
the previous section. By contrast, when silica particles become
larger, the symmetry of clusters can be broken. As shown in
Figures S11 and 5d, 288 nm core−shell particles with 95 nm
silica particles (β = 0.32) and 296 nm shell particles were
prepared and assembled into clusters, as shown in Figure 5a, in
which small silica cores were still embedded inside polymers.
For core−shell particles with β = 0.39 (Figure 5e), small silica
cores are clearly observed for N = 3−5 in all SEM images in
Figure 5b but shell particles keep their symmetric config-
urations.
For a higher size ratio of β = 0.66 (Figure 5f), 504 nm core−

shell particles with 338 nm silica cores were prepared and
assembled with 511 nm positively charged cross-linked PS
particles (Figure S12). We observed the silica cores for all
clusters (N = 2−5), as shown in the SEM images of Figure 5c,
and they keep the symmetric configuration of shell particles for
N = 2 and 3. However, for N = 4 and 5, symmetries of shell
particles were broken due to the large silica nanoparticles.
These asymmetric configurations of colloidal clusters are

consistent for N = 4 and 5. In our hybrid clusters, lobes can be
functionalized with different charges or DNA, which may lead
to open three-dimensional or two-dimensional colloidal
superstructures, as predicted in computer simulation.31

Furthermore, asymmetric clusters can serve as building blocks
of chiral superstructures which would be potentially useful in
chiral metamaterials or topological photonic insulators.67−70

The origin of the asymmetric configuration can be better
understood from a “Surface Evolver” (developed by K. Brakke)
simulation, as shown in Figure 6.71,72 As the volume of the core
swollen particle is reduced gradually, the surface energies
decrease. The code, which we used for cluster formation in
evaporating droplets, was developed by Lauga et al.73 Initially,
the volume of the core was set as 1 and PS−shell particles
(yellow spheres) were set as 0.0156. The four PS−shell
particles and one silica particle (blue sphere) on the core (cyan
sphere) were rearranged and reformed into compact clusters
when the core volume was reduced gradually until the same as
0.007. In this simulation, the contact angle between the core
and the PS−shell was set at 20° and that between the core
surface and the silica particle was set at 5°. When the size ratio
of silica nanoparticles to shell PS particles (β) is less than 0.6,
polystyrene shell particles keep their tetrahedral symmetry, as
shown in Figure 6a−c. However, for β ≥ 0.6, the symmetry of
polystyrene shell particles can be broken, as shown in Figure
6d−f. As expected, depending on the wetting angle between

Figure 4. (a−c) SEM images of clusters and (d−f) distributions of
the number of shell particles in cluster N when (a, d) α = 1.10, (b, e)
α = 1.12, and (c, f) α = 1.29. (d−f) Statistical distributions of the
number of shell particles in cluster N for clusters that form at various
size ratios α; size ratios α are shown in the graph, and every scale bar
is 2 μm. The vertical lines are error bars representing standard
deviation.
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the silica sphere and the liquid core, the critical value of β for
symmetry breaking can be changed, as shown in Figure 6.
2.5. Asymmetric Hybrid Patchy Colloidal Clusters of

Titania and PS Particles. Instead of silica−polystyrene
core−shell particles, we have utilized titania−polystyrene
core−shell particles, which showed the same configurations
of polystyrene shell particles, as shown in Figure 7. For anatase
titania particles on titania−PS core−shell particles, amorphous
titania particles with ∼500 nm in diameter were prepared by

sol−gel reaction and thermally annealed at 500 °C in which
particles were shrunken down to ∼400 nm, as shown in Figure
S13b.
Anatase titania particles were modified with vinyl silane and

PS shell layers were grown by emulsion polymerization, as
shown in the electron micrographs of Figure 7a and Figure
S13b,c.66 Then, colloidal clusters were prepared as illustrated
in Figure 7b. At first, we dispersed the core particles in THF
solution (25% v/v in water), which was incubated for 1 h for
swelling the PS shell. In the coordination step, the pH of the
solution was set to 5 by adjusting the concentration of HCl.
Then, 765 nm diameter positively charged cross-linked PS
particles (Figure S13a) were added into the dispersion of
swollen core−shell particles and gently stirred for 3 h. Finally,
we added 75 mL of surfactant solution containing Pluronic
F108 (1% w/v) into the cluster solution for deswelling the core
particles, which produced colloidal clusters of PS and titania, as
shown in the inset SEM images in Figures 7c and S14.
The same configurations of clusters, which we have with the

silica nanoparticles in Figure 5, were observed in hybrid
clusters with titania particles. The size ratio β of titania
nanoparticles to shell PS particles was 0.52. However, the
configuration for four PS shell particles is not consistent with
our prediction in Figure 6c. The discrepancy may come from
the different volume ratio of the PS core to the shell particle
(γ). In other words, the polystyrene shell on the titania core
particle is much thinner than that on silica, as shown in Figure
7a. In the Surface Evolver simulation, the configuration of the
cluster with the titania particle was matched, as shown in
Figure S15 when the contact angle between the PS core and PS
shell particles and core and titania particles is 50 and 30°,
respectively. These results imply that we can generalize our
method for asymmetric clusters. Since titania is an efficient
photocatalytic material, those asymmetric hybrid clusters can
be further utilized as colloidal swimmers under UV irradiation
for investigating non-equilibrium colloidal structures.74,75

3. CONCLUSIONS
We have presented a way of synthesizing polymer-cored
colloidal clusters by self-limited ionic self-assembly. Positively
charged PS particles were closely packed around negatively
charged swollen PS particles. Then, by plasticizing the cores,
polymer-cored colloidal clusters were produced. When the size
ratio of shell to core particles was optimized, high-purity
symmetric tetrahedral colloidal clusters were obtained. Our all-
polymer colloidal clusters can be ideal sacrificial building

Figure 5. (a−c) SEM images of hybrid clusters for N = 2−5 using
silica−PS core−shell particles as cores in (d−f) TEM images. Every
scale bar is 200 nm. The diameter of silica particles is (a) 95 nm, (b)
170 nm, and (c) 338 nm, and the diameter of silica−PS core−shell
particle is (a) 288 nm, (b) 384 nm, and (c) 504 nm. Every scale bar is
200 nm.

Figure 6. Configurations of polystyrene shell particles and silica
nanoparticles around polystyrene spheres for size ratios of silica
nanoparticles to shell PS particles (β) of (a) 0.32 (b) 0.39 (c) 0,5, (d)
0.6, (e) 0.66, and (f) 0.7, which were predicted by Surface Evolver
simulation. The volume ratio of silica−PS core−shell particles to shell
particles is 0.449.

Figure 7. (a) TEM image of anatase titania−PS core−shell particles.
(b) The schematic diagram of cluster formation of cross-linked PS
particles with titania−PS core−shell nanoparticles. (c) SEM images of
titania−PS hybrid clusters of which the number of cross-linked PS
particles (N) is (i) 1, (ii) 2, (iii) 3, and (iv) 4. Every scale bar is 500
nm.
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blocks for inverse diamond or pyrochlore photonic crystals. As
the swelling ratio of the core increased, colloidal clusters
evolved to cored clusters and patchy particles. Furthermore, by
utilizing silica−PS core−shell particles as the core, asymmetric
hybrid colloidal clusters were produced in which each silica
core was relocated to the interface during the swelling−
deswelling process. Since hybrid clusters are heavier than PS
particles, they can be easily purified by density gradient
centrifugation and further by isopycnic centrifugation if
necessary. Uniform asymmetric colloidal clusters could be
key building blocks for chiral photonic structures67−70 and
direct assembly of diamond photonic structures76,77 or self-
propelling swimmers for non-equilibrium superstructures.74,75

4. MATERIALS AND METHODS
4.1. Materials. Styrene (previously purified with inhibitor

remover, ≥99%), poly(ethylene glycol)-block-poly(propylene gly-
col)-block-poly(ethylene glycol) (F108, Mw ∼ 14,600), sodium
dodecyl sulfate (SDS, ACS reagent, ≥99%), 3-(trimethoxysilyl)propyl
methacrylate (TPM, ≥97%), divinylbenzene (previously purified with
inhibitor remover, DVB, technical grade, 80%), sodium bicarbonate
(≥99.7%), sodium hydroxide (≥98%), tetraethyl orthosilicate
(TEOS, ≥99.0%), dodecylamine (98%), titanium(iv) isopropoxide
(TTIP, 97%), acetonitrile (anhydrous, 99.8%), and methanol
(anhydrous, 99.8%) were purchased from Sigma-Aldrich. Potassium
persulfate (KPS, 98.0%), tetrahydrofuran (THF, 99.5%), anhydrous
ethanol (99.9%), hydrochloric acid solution (HCl, 0.1 M), deionized
water (DI water), and ammonia solution (28.0−30.0%) were
purchased from Samchun Pure Chemical Co. Sodium chloride
(NaCl, 99%) was purchased from Junsei. 2,2′-Azobis(2-methylpro-
pionamidine) dihydrochloride (AIBA, 98%) was purchased from
Acros Organics.
4.2. Synthesis of Negatively Charged Non-Cross-Linked

Polystyrene (PS) Particles for Core Particles. PS particles were
synthesized using surfactant-free emulsion polymerization. Polymer-
ization of negatively charged non-cross-linked PS particles, 258 nm in
diameter, was carried out under a nitrogen atmosphere. Styrene (7
mL), DI water (50 mL), and NaCl (0.018 g) were added into a 100
mL three-neck round-bottom flask. The reaction temperature was
gradually heated to 70 °C with stirring using a magnetic stir bar at a
speed of 500 rpm. After 1 h, KPS (0.03 g) dissolved in the DI water
(5 mL) was injected into a reactor. The reactor was kept at 70 °C for
24 h. After the polymerization, PS particles were washed and
resuspended by sonication in ethanol and water several times. After
washing of PS particles, PS particles were resuspended in DI water.
4.3. Synthesis of Positively Charged Cross-Linked PS

Particles for Shell Particles. Polymerization of positively charged
cross-linked PS particles, 332 nm in diameter, was carried out under a
nitrogen atmosphere. Styrene (5 mL), DI water (50 mL), and DVB
(0.5 mL) were added into a 100 mL three-neck round-bottom flask.
The reaction temperature was gradually heated to 70 °C with stirring
using a magnetic stir bar at a speed of 500 rpm. After 1 h, AIBA (0.07
g) dissolved in the DI water (1 mL) was injected into a reactor. The
reactor was kept at 70 °C for 24 h. After the polymerization, PS
particles were washed and resuspended by sonication in ethanol and
water several times. After the washing of PS particles, PS particles
were resuspended in DI water. For polymerization of 296, 422, 431,
494, 511, and 785 nm diameter of positively charged cross-linked PS
particles, styrene (4.5, 8, 9, 12, 13, and 20 mL), DI water (100 mL),
DVB (0.45, 0.8, 0.9, 1.2, 1.3, and 2 mL), and AIBA (0.14 g) dissolved
in DI water (1 mL) were used. All procedures are the same as
polymerization of positively charged cross-linked PS particles, 332 nm
in diameter.
4.4. Synthesis of Silica−PS Core−Shell Particles. For silica

particles on silica−PS particles, silica with 170 nm diameter was
prepared by the Stöber method at ambient temperature.66 TPM (5
mL) in ethanol was dropped into the dispersion of silica particles for 8
h with stirring using a magnetic stirrer at a speed of 800 rpm. After 40

h, silica particles were obtained and washed several times using
ethanol. After drying out the silica particles, 1.2 g of silica particles was
dispersed in 10 mL of ethanol. Synthesis of silica−PS was carried out
under the nitrogen atmosphere in a 100 mL three-neck round-bottom
flask. SDS (0.03 g) and sodium bicarbonate (0.24 g) were put into a
reactor with 100 mL of DI water. The reactor’s temperature was
gradually increased at 80 °C. Then, styrene (10 mL) was injected into
the reactor. After 30 min, KPS (0.1 g) dissolved into 5 mL of DI water
was injected into the reactor. The synthesis of 384 nm diameter
silica−PS particles was finished after 24 h. Silica−PS particles were
washed several times with ethanol and DI water and kept resuspended
in DI water.

4.5. Synthesis of Anatase Titania−PS Core−Shell Particles.
For anatase titania particles on titania−PS core−shell particles, titania
particles with 500 nm diameter were prepared by a hydrolysis and
condensation reaction.78 Synthesized titania particles were washed
with ethanol and water and dried. Titania powder was calcined and
transformed to the anatase phase, which was described in previous
results.79 Anatase titania powder was dispersed in ethanol, and the
TPM (5 mL) in the ethanol was dropped into the dispersion of
anatase titania particles for 8 h with stirring using a magnetic stirrer at
a speed of 800 rpm.80 After 40 h, titania particles were obtained and
washed several times using ethanol. After drying out the titania
particles in a vacuum state, 0.1 g of anatase titania particles was
dispersed in 1 mL of ethanol. Synthesis of titania−PS core−shell
particles was carried out under a nitrogen atmosphere in a 50 mL
three-neck round-bottom flask. SDS (0.01 g) and sodium bicarbonate
(0.15 g) were put into a reactor with 20 mL of DI water. The reactor’s
temperature was gradually increased at 80 °C. Then, styrene (3 mL)
was injected into the reactor. After 30 min, KPS (0.03 g) dissolved
into 1 mL of DI water was injected into the reactor. The synthesis of
anatase titania−PS particles was finished after 24 h. Titania−PS
particles were washed several times with ethanol and DI water and
kept resuspended in DI water.

4.6. Formation of a Cluster. Twenty μL suspensions of core
particles (2% w/v) were added in 50 mL of THF solution (25% v/v).
When we made the THF solution, we used an acidic water solution
which is the mixture of HCl and water. After swelling the core
particles for 1 h, 200 μL suspensions of shell particles (5% w/v) were
added in the THF solution. We set a shell-to-core ratio of 25:1. To
allow enough time for the core particles to coordinate with the shell
particles, the core and shell particle solutions were stirred for 3 h at a
speed of 300 rpm. After the coordination time, we poured 75 mL of
1% w/v F108 solution in water into the stirred cluster solution to
deswell the core particles. To be sure to evaporate THF completely
from the cluster solution, we annealed it at 70 °C for 24 h.

4.7. Density Gradient Centrifugation. To make a 5−22% v/v
linear gradient of glycerol in water solution, a gradient mixer (size 30
mL, Sigma-Aldrich) was used.19 We prepared a glycerol solution in
1% w/v F108/water solution. Cluster suspension (0.5 mL) was
loaded on top of the gradient solution. The setting of the
centrifugation was for 1 h at 2800 × g, and the sample was
centrifuged with a swinging bucket rotor. Then, we extracted clusters
using the syringe with a long stainless needle. The extracted clusters
were washed several times with ethanol and DI water.

4.8. Characterizations. Colloidal particles in the solution were
imaged by optical microscope (Nikon, Eclipse Ti-U). Colloidal
particles in the dried state were imaged by scanning electron
microscopy (SEM, Hitachi, Hitachi S-4300 and S-4800) and
transmission electron microscopy (TEM, JEOL LTD, JEM-2100F,
JEM-2200FS, and JEM-3010). Swollen colloidal particles were imaged
by environmental scanning electron microscopy (ESEM, Thermo-
Fisher Scientific, Quattro S). Elemental compositions were
determined by energy dispersive spectroscopy (EDS) using TEM.
SEM samples were prepared by depositing the washed sample on a
silicon wafer, and platinum sputtering coating was applied on the
deposited sample. TEM samples were prepared by depositing the
washed sample on a carbon film (Electron Microscopy Science,
CF200-Cu) and a holey carbon film (Electron Microscopy Science,
HC300-CU). Zeta potential values of colloidal particles were
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measured by a Zetasizer (Malvern Panalytical, Zetasizer Nano S). The
data for holographic particle characterization was measured by xSight
(Spheryx Inc., xSight). All pH values of the solutions were evaluated
by a pH meter (Mettler-Toledo Instruments, FiveEasy Plus pH
meter).
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