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The uptake of molecular guests, a hallmark of the supramolecular chemistry of cages and containers, has yet to be
documented for soluble assemblies of metal nanoparticles. Here we demonstrate that gold nanoparticle-based supraspheres
serve as a host for the hydrophobic uptake, transport and subsequent release of over two million organic guests, exceeding
by five orders of magnitude the capacities of individual supramolecular cages or containers and rivalling those of zeolites
and metal–organic frameworks on a mass-per-volume basis. The supraspheres are prepared in water by adding hexanethiol
to polyoxometalate-protected 4 nm gold nanoparticles. Each 200 nm assembly contains hydrophobic cavities between the
estimated 27,400 gold building blocks that are connected to one another by nanometre-sized pores. This gives a percolated
network that effectively absorbs large numbers of molecules from water, including 600,000, 2,100,000 and 2,600,000
molecules (35, 190 and 234 g l−1) of para-dichorobenzene, bisphenol A and trinitrotoluene, respectively.

Host–guest phenomena that involve the uptake of gases and
small molecules are associated with the supramolecular
chemistry of soluble capsules, cages and containers1–5 or,

alternatively, with heterogeneous reactions of porous solid-state
materials such as zeolites6 and metal–organic frameworks7. Only
now, however, are organized assemblies of metal nanoparticles
beginning to serve in a similar capacity as hosts for molecular
guests. In organic solvents, for example, light-induced dipole–
dipole interactions between gold nanoparticles with azobenzene-
functionalized thiolate ligands were recently used to entrap and
catalyse the reactions of polar and alkylaromatic substrates8. By
design, substrates were entrapped during nanoparticle aggregation
to overcome the poor uptake and diffusion of molecular guests
into colloidal nanocrystal assemblies. However, the uptake of
molecular guests, a trait of supramolecular and solid-state chemistry,
has so far not been achieved for colloidal nanoparticle assemblies.

For that to occur, a thermodynamically favourable driving force
must be combined with a porous structure whose interior architecture
features host cavities, along with pathways for the effective diffusion of
molecular guests from the exterior (bulk solution) to host domains
deeply buried in the assembly’s interior. If this were achieved, colloidal
metal–nanoparticle assemblies could emerge as a new class of
functional nano-engineered structures that are uniquely positioned
between supramolecular containers and porous solid-state materials.

We report a new class of functional assemblies, wherein the hydro-
phobic effect9,10 drives the spontaneous uptake of alkyl and alkylaro-
matic guests11 by porous 200 nm diameter supraspheres whose host
capacities are orders of magnitude larger than those of individual
cages or containers. On a mass-per-volume basis, the level of uptake
rivals those of zeolites and metal–organic frameworks, which, for
methane at elevated pressures, reach values of 52 and 160 g l−1, respect-
ively, for a crystalline aluminosilicate (zeolite) with 5Å pores (100 bar,
293 K)12 and themetal–organic framework, Fe(bdp), comprisingFe(II)
and 1,4-benzenedipyrazolate linkages (70 bar, 298 K)13.

The uptake of truly large numbers of hydrophobic guests is a
natural consequence of moving frommolecular to nanoscale building

units. Namely, instead of individual supramolecular cages or con-
tainers, the use of hydrocarbon-coated gold nanoparticles as building
units leads to large-capacity multi-container assemblies. Moreover, the
size of the hydrophobic (host) domains in the supraspheres
(a geometric function of the radius of the gold nanoparticles), is
larger than those found in supramolecular cages or metal–organic
frameworks.We demonstrate the unique properties of the suprasphere
hosts by using them to concentrate (adsorb), separate and sub-
sequently release over two million hydrophobic guests. We addition-
ally show how the use of polyoxometalate leaving groups provides
options for tuning the properties of the suprasphere’s outer surfaces
for chemoselective absorption of targeted hydrophobic analytes.

Hydrophobically driven assembly in water
Although a variety of gold nanoparticle (Au NP) supraspheres have
been prepared14–17, the hydrophobically driven formation of analogous
assemblies in pure water remains elusive18–21. The main obstacle
is that precipitation rapidly results from a lack of control over
the aggregation processes19. This was overcome by first placing
the highly negatively charged 1 nm diameter cluster anion,
AlW11O39

9− (1; a polyoxometalate)22 as versatile leaving groups on
the surfaces of 4 nm diameter Au NPs. The self-assembly is then
driven by simply adding hexanethiol (hex-SH) to solutions of the
1-protected Au NPs. Central to the success of this approach is the
unique kinetic and thermodynamic properties of 1 monolayers on
Au NPs in water23–25. 1 is a much better protecting ligand than
citrate anion, but is less strongly bound to gold surfaces than are
thiols. As a result, the hydrophilic polyoxometalate monolayer
directs the selective placement of thiolate ligands into discrete hydro-
phobic domains on the Au NPs26,27, while intact domains of 1 remain
in place to continuously impart solubility in water. As more alka-
nethiol is added, the 1 domains are gradually displaced, leading to
the controlled hydrophobic assembly of supraspherical clusters18.

Namely, as aliquots of aqueous hex-SH were added incrementally
to solutions of 1-protected Au NPs (Fig. 1a), the surface plasmon
resonance (SPR) absorbance at 750 nm (indicative of aggregation)
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increased, eventually reaching a plateau (Fig. 1b,c). The onset of this
plateau indicated that the hydrophobically driven self-assembly had
reached completion. Before this plateau value, dynamic light scatter-
ing (DLS) data revealed a linear correlation between the average
hydrodynamic radii, RH, of the assemblies, and the increase in absor-
bance at 750 nm (Fig. 1d and Supplementary Fig. 1).

This correlation was used to reproducibly prepare colloidal
assemblies containing tens of thousands of hexanethiolate (hex-S)
protected Au NPs, and the spectroscopically monitored growth
process can be used to prepare supraparticles of specific sizes. The
fine control over Au NP self-assembly in water is attributed to the
influence of the 1 ligand shells: in the absence of 1 (for example,
when a citrate anion is used as a protecting ligand) the incremental
addition of hex-SH rapidly results in complete precipitation of the
Au NPs. The overall process is documented in Fig. 1e, in which
cryogenic transmission electron microscopy (cryo-TEM) images
show each of the structures illustrated in Fig. 1a.

Additional cryo-TEM imaging revealed intermediate structures
present during the assembly process. As hex-SH is added, 1-protected

Au NPs are first converted into dimers and tetramers (Fig. 2a,b),
and then into small clusters with radii of from 10 to 20 nm
(Fig. 2c). These clusters are held together by hydrophobic
hex-S ligand–shell domains26,28, but remain soluble in water
due to the presence of intact hydrophilic domains of 127. As
more hex-SH is added, fewer individual Au NPs are observed
by DLS (Supplementary Fig. 1) and the radii of the clusters
increase smoothly, leading to soluble (colloidal) supraspheres
(Figs 1e, 2d and Supplementary Fig. 2). (If more hex-SH is
added, particles with diameters of approximately 200 nm are
obtained, but must be stabilized by the addition of capping
ligand; see below.)

The spherical shape of the colloidal assemblies was confirmed in
a statistically definitive DLS experiment (Fig. 2e) in which RH values
of a solution of intermediate-sized supraspheres remained constant
as the detector angle was varied from 30° to 150°. Consistent with
this, the imaged diameter of the assembly in Fig. 2d remained con-
stant at 99 ± 2 nm on tilting of the specimen grid over a range of
nearly 90° (inset to Fig. 2e).
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Figure 1 | Reaction of hex-SH with 1-protected 4 nm diameter Au NPs in water. a, Schematic showing how citrate ligands are replaced by 1, to give
1-protected Au NPs. A reaction with hex-SH then leads to the formation of colloidal supraspheres. The structure of 1 is shown in polyhedral notation:
W(VI)-centred polyhedra are in blue (oxygen atoms are present at all vertices) and the centrally located, four-coordinate Al(III) ion is in red. b, Changes of
the SPR absorbance with incremental additions of aqueous hex-SH (saturated solution). Arrows show the directions of change in absorbance, with the
increase at 750 nm indicative of Au NP aggregation. c, Absorbance at 750 nm as a function of hex-SH addition. The plateau at around 0.27 absorbance units
is approached as nearly all the molecules of 1 have been displaced from the Au NP surfaces. d, Average hydrodynamic radii (from DLS measurements;
Supplementary Fig. 1) as a function of absorbance at 750 nm before reaching the plateau value in c. (Initial absorbance values varied by ±0.02 units for
different samples of 1-protected Au NPs) e, Cryo-TEM images illustrating colloidal suprasphere formation: (i) and (ii) show individual citrate- and 1-protected
Au NPs, respectively; (iii) shows a representative intermediate-sized colloidal suprasphere, with a radius of around 45 nm. Scale bar, 10 nm.
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Initially formed supraspheres of up to ca. 150 nm in diameter
are soluble and stable in water for several weeks, with solubility
in water that is attributed to hydrophilic domains of 1 (and its
countercations) on Au NPs at the suprasphere–water interface.
(Direct evidence for these hydrophilic domains is provided as
Supplementary Information; see Supplementary Figs 3–5). For
large supraspheres with diameters of 200 nm, however, the polyox-
ometalate domains are less able to impart stability for long periods
of time, and the clusters precipitate from solution within 24 h. This
can be entirely prevented, however, if the polyoxometalates that
remain at the cluster–water interface are replaced by water-soluble
thiolate capping ligands.

Moreover, the simple introduction of capping ligands provides
for a degree of modifiability that is highly atypical of Au NP assem-
blies, which can be used in the systematic variation of suprasphere
charges from negative to positive, or to neutral, for example. This
was done by capping freshly prepared 200 nm supraspheres with
HS(CH2)10CO2

− (HSR−), and HS(CH2)11N(CH3)3
+ (HSR+) or

mercapto-polyethylene glycol, PEG-SH (molecular weight = 2,015 Da),
(Fig. 3a,b and Supplementary Figs 6 and 7). Notably, the addition
of the capping ligands caused no significant changes in absorbance
at 750 nm or in RH values as determined by DLS.

Once capped, the supraspheres are stable for at least six months
at room temperature, and can be centrifuged to a dense pellet and
re-dispersed with no changes in the ultraviolet–visible spectra or
RH (DLS). Owing to their large mass and density, the thiolate-capped
assemblies diffuse slowly towards the bottom of storage vials, giving
dark solutions that gradually become colourless towards the tops of
the liquid samples. However, the process is entirely reversible: gentle
agitation immediately regenerates a clear purple solution, with no
precipitate and no changes in the ultraviolet–visible spectra or RH.

Importantly, the neutrally charged PEG-S capping ligands are
soluble in both water and methylene chloride (CH2Cl2). This solu-
bility behaviour was used to confirm that the supraspheres in fact
comprised individual hex-S-capped Au NPs. Following phase
transfer of the purple-coloured PEG-S-capped supraspheres into
CH2Cl2, the hydrophobic driving force for assembly in water was
lost and dissociation into individual hex-S-capped Au NPs was
indicated by a red-coloured CH2Cl2 solution (the ultraviolet–
visible absorbance at 750 nm decreased dramatically; Fig. 3c).
Dissociation into individual Au NPs was confirmed by DLS (inset
to Fig. 3c and Supplementary Figs 8 and 9) and TEM images of
dried samples (Fig. 3d).

Uptake and release of molecular organic guests
The transition from hydrophobically stabilized clusters in water
to complete disassembly in CH2Cl2 was used to quantitatively inves-
tigate the 200 nm diameter PEG-S-capped supraspheres as
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Figure 2 | Cryo-TEM images and DLS data documenting the growth and
shape of colloidal supraspheres. a–c, A dimer (a), a tetramer (b) and a
larger-nuclearity cluster present early in the assembly (c). d, A colloidal
suprasphere. e, In the variable-angle DLS study, the average hydrodynamic
radius of a solution of intermediate-sized colloidal supraspheres remained
constant as the detector angle was varied from 30° to 150°. Inset: cryo-TEM
images of the assembly shown in d were obtained at tilt angles of −43° to
+44° relative to the electron beam. Consistent with the spherical shape
indicated by the DLS data, tilting had no effect on the imaged diameter of
the assembly, which remained constant at 99 ± 2 nm. Scale bar, 10 nm (a–d);
20 nm (e, inset).
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Figure 3 | PEG-S capping of 1-protected colloidal supraspheres in water
and their disassembly on phase transfer to CH2Cl2. a, Ultraviolet–visible
spectrum and DLS profile (inset) of a solution of freshly prepared 200 ± 25 nm
diameter colloidal supraspheres, capped by monolayer domains of 1 on
the outermost Au NPs. b, Ultraviolet–visible spectrum and DLS profile
(inset) of highly stable supraspheres after replacing 1 by PEG-S in water.
c, Ultraviolet–visible spectra and DLS profiles (upper inset) before and after
phase transfer from water (black curves) to CH2Cl2 (red curves),
respectively. Lower inset: photographs of PEG-S-capped supraspheres in
water (top layer; purple), and after phase transfer and disassembly in
CH2Cl2 (bottom layer; red). d, TEM image of PEG-S-capped supraspheres
after their disassembly in CH2Cl2. Inset: size distribution of the hex-S-capped
Au NPs. Scale bar, 20 nm.
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supraparticle hosts for the uptake and release of organic guests such
as bisphenol A (BPA, Fig. 4). BPA is sparingly soluble in water
(1.3 mM at 293 K), and well known for its use in the manufacture
of polycarbonate-based plastics. It was chosen here because it
provides both strong absorbance in the ultraviolet region, for spec-
troscopically quantifying its uptake, and two sets of chemically
equivalent aromatic protons for analysis by 1H NMR spectroscopy
after release into CH2Cl2. The uptake experiments were carried
out by first quantifying the removal of BPA (0.85 mM) from
water as a function of the concentration of PEG-S-capped supra-
spheres (varied from 0 to 61 pM). After 24 h at room temperature,
the supraspheres were removed by centrifugation and the 278 nm
absorbance maximum of BPA in the colourless supernatant sol-
utions was quantified by ultraviolet–visible spectroscopy (Fig. 4a
and Supplementary Fig. 10). The linear decrease in absorbance
demonstrated that each suprasphere serves as a host for the same
number of BPA guests (the uptake process is illustrated in Fig. 4b).

The data in Fig. 4a further indicated that each suprasphere
assembly hosts a very large number of the molecular guests. The
average concentration of BPA in each assembly was 0.8 ± 0.1 M,
corresponding to 2.1 ± 0.3 million guests per suprasphere host
(see calculations in Supplementary Information). To help visualize
this large number of guests, it corresponds to 77 equivalents of
BPA for each of the assembly’s approximately 27,400 Au NPs.
Given the ‘footprint’ (surface area) occupied by alkanethiolate
ligands on the Au NP surface27, each 4 nm diameter gold core is
surrounded by an estimated 240 hex-S ligands, giving a ratio of
one BPA guest to every three hex-S ligands within the host assembly.

This 1:3 ratio was independently confirmed by comparing the
relative intensities of signals from BPA to those of hex-S ligands
in the 1H NMR spectrum obtained after guest ‘release’ in CD2Cl2
(Fig. 4d and Supplementary Figs 12 and 13). The released guests
were clearly observed by 1H NMR spectroscopy (Fig. 4d; signals
due to the aliphatic protons are obscured by signals from residual
water at 1.64 ppm). Integration of the signal intensities gave the
same 1:3 ratio of guests to hex-S ligands as that obtained by ultra-
violet–visible spectroscopy using the data in Fig. 4a.

To establish the generality and better define the scope of the
host–guest chemistry, we explored the uptake of several hydro-
phobic guests: a dye (azulene), two explosives (2,4,6-trinitrotoluene
(TNT) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)), a common
herbicide (Alachlor) and the alkyl- and (toxic) halogenated-
aromatic compounds, para-xylene and para-dichlorobenzene
(p-DCB), (structural drawings are provided in Table 1).

As with BPA (entry 1), the spectrophotometric properties of
azulene (entry 2) were used to quantify its uptake from water
(Table 1). Here, its fluorescence-band intensity decreased linearly
with increasing concentrations of added PEG-S-capped supraspheres.
The results (see Supplementary Figs 14 and 15) were statistically
identical to those obtained for BPA (Fig. 4a), with 2.5 ± 0.2 million
azulene guests sequestered by each colloidal suprasphere.

For the other compounds listed in Table 1, uptake was quantified
by 1H NMR spectroscopy after isolation and disassembly in CD2Cl2,
as discussed above for BPA (Supplementary Figs 16–22). In initial
reactions with TNT (entry 3), uptake into the host assemblies was
not observed. We suspect this is a kinetic issue, related to slow dif-
fusion through the 10 nm thick polyethylene glycol shell of the
PEG-S capping ligands. To address this, analogous 200 nm diameter
assemblies were capped by 50% PEG-S and 50% hex-S protecting
ligands to introduce hydrophobic channels for more kinetically
facile transport of guests into the interior of the supraspheres (see
Methods and Supplementary Information). Using these mixed-
capping-ligand assemblies, 1H NMR indicated the uptake of
2.6 ± 0.6 million TNT or RDX guests (entries 3 and 4), which is
statistically identical to the values obtained for BPA and azulene.
Using the same mixed capping ligands, 1H NMR indicated an
uptake of 1.3 million Alachlor guests, 600,000 molecules of
p-DCB and 1.6 million molecules of p-xylene (entries 5–7).

A percolated network of hydrophobic holes
The large numbers of hydrophobic guests reported in Table 1, in
several cases exceeding two million per suprasphere (Fig. 5a), can
be explained by the presence of the void space in (ideally) closest-
packed—both cubic and hexagonal—assemblies of identical
spheres29. In both closest-packed phases, N spheres occupy 74% of
the total volume, leaving 26% of the volume as void space. This
empty space comprises N octahedral (Oh) holes (Fig. 5b) and 2N
tetrahedral (Td) holes.

As is typical for preparations of small Au NPs in water, the 4 nm
(average) diameter metallic cores of the nanoparticles in the supra-
spheres possess a degree of polydispersity, thus deviating slightly
from the perfect size uniformity required to obtain crystalline
phases. As such, although data from small angle X-ray scattering
of the 200 nm diameter supraspheres (Supplementary Fig. 23) do
not support the formation of cubic or hexagonal phases, they do
reveal an average repeating (interparticle) distance of 6.0 ± 0.1 nm—
as expected for tightly packed hexanethiolate-capped 4 nm diameter
core Au NPs. Importantly, however, the 26% void space in
closest-packed structures places a lower limit on the actual void
space. Hence, the total void space formed by approximately Oh

and Td cavities must be at least 26% of the volume of each
supraspherical assembly.

The host–guest chemistry was examined in detail by considering
the occupancies of the (idealized) Oh- and Td-symmetry cavities.
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Figure 4 | Uptake and release of hydrophobic guests by colloidal
supraspheres. a, Decrease in absorbance of BPA (1.5 ml, 0.85 mM) in
water after uptake by increasingly larger concentrations of PEG-S-capped
200 ± 25 nm diameter colloidal supraspheres. (Control experiments,
included in Supplementary Fig. 10, ruled out adsorption of BPA within the
PEG-S capping ligand shells.) After 24 h at room temperature, the
supraspheres were removed by centrifugation (10 min at 13,500 r.p.m.) and
the 278 nm absorbance of BPA in the supernatant solution was measured
by ultraviolet–visible spectroscopy. b, The decrease in absorbance is due to
the uptake process indicated, while the linear relationship in a (R2 = 0.999)
indicates that each similarly sized suprasphere serves as a host for equal
numbers of BPA guests. DLS measurements before and after uptake
revealed no change in the 200 ± 25 nm diameter of the PEG-S-capped
supraspheres (Supplementary Fig. 11). c, The subsequent release of BPA
guests on dissolution of the isolated (and washed) colloidal supraspheres in
CD2Cl2. d, The BPA guests released into CD2Cl2 were readily observed and
quantified by 1H NMR spectroscopy. The spectrum was obtained after BPA
uptake by a 30 pM solution of supraspheres.
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The volumes of these hydrophobic cavities were estimated on the
basis of an average nanoparticle radius of 3 nm, a value that includes
both the 4 nm diameter gold core and the hexanethiolate ligands
(see Supplementary Fig. 24 and related discussion). The estimated
average volumes of individual Oh- and Td-symmetry cavities are
28,900 and 5,600 Å3, respectively. Given the 223 Å3 van der
Waal’s volume30 of BPA, and 55% by-volume occupancy31, the
Oh- and Td-symmetry cavities should be capable of hosting 71
and 14 molecules, respectively, of this hydrophobic guest. This
general situation is illustrated for an Oh-symmetry cavity in
Fig. 5c. When the numbers of guests per cavity are multiplied by
NOh and 2NTd holes (where N = 27,400 Au NPs), each suprasphere
could reasonably accommodate 2.7 million guests (the limit dictated
by the 55% occupancy rule)31. It is therefore entirely reasonable that
the Oh- and Td-symmetry cavities of a single 200 nm diameter
suprasphere host the observed 2.1 million BPA guests. Similar

conclusions are reached for the other molecular guests listed in
Table 1, all of which occupy less than 55% of the total available
void space.

For most of the guests listed in Table 1, compliance with the 55%
rule requires that the hydrophobic guests populate void spaces that
are buried deeply within the supraspheres, suggestive of an internal
architecture that features effective pathways for the extensive diffu-
sion of guest molecules within each assembly. This is explained
by the presence of 1.4 nm pores in the triangular faces of the
3N holes. More specifically, the triangular faces of the Oh- and
Td-symmetry cavities (eight and four faces, respectively) each
comprise three coplanar Au NPs (Fig. 5d). In each face, the coplanar
NPs form an approximately triangular pore that, in the three-
dimensional structure of the suprasphere, links the Oh and Td
holes. For an average 6 nm diameter hex-S-protected Au NP, the
height of the pore in each face (labelled h in Fig. 5d) is 1.4 nm.

Table 1 | Uptake of hydrophobic guests by 200 nm diameter colloidal supraspheres*.

Entry Substrate Chemical structure Ligand-shell
composition

Guest concentration
in each assembly (M)

Numbers of
guests per
assembly (×106)

van der Waals
volume of each
guest (Å3)

Guest-
occupied void
space (%)

1 BPA†

OHHO

PEG-S 0.8 ± 0.1 2.1 ± 0.3 223 43 ± 6

2 Azulene‡ PEG-S 0.9 ± 0.1 2.5 ± 0.2 122 28 ± 2

3 TNT§ NO2

NO2O2N

50:50
PEG-S:hex-S

1.0 ± 0.2 2.6 ± 0.6 176 42 ± 10

4 RDX§

N N

N

NO2

NO2O2N

50:50
PEG-S:hex-S

1.0 ± 0.2 2.6 ± 0.6 159 38 ± 9

5 Alachlor§

N

OMe

O

Cl

50:50
PEG-S:hex-S

0.5 ± 0.1 1.3 ± 0.3 261 31 ± 7

6 p-DCB§ Cl Cl 50:50
PEG-S:hex-S

0.2 ± 0.1 0.6 ± 0.2 112 6 ± 2

7 p-xylene|| 50:50
PEG-S:hex-S

0.6 ± 0.1 1.6 ± 0.3 116 17 ± 3

8 BPA and
TNT§

As above 50:50
PEG-S:hex-S

0.4 ± 0.1 (BPA)
0.6 ± 0.1 (TNT)

2.3 ± 0.5 (sum) as above 40 ± 9 (sum)

9 BPA and
TNT¶

As above PEG-S 0.7 ± 0.2 (BPA) 1.9 ± 0.6 as above 39 ± 12

*The concentrations of each substrate before uptake by the assembly were: bisphenol A (BPA), 0.85 mM; azulene, 0.16 mM; trinitrotoluene (TNT), 0.5 mM; Research Department Formula X (RDX), 0.2 mM;
para-dichlorobenzene (p-DCB), 0.7 mM; Alachlor, 0.9 mM. For entries 8 and 9, mixtures of 0.5 mMBPA and 0.5 mMTNTwere used.With the exception of p-xylene, reactions were carried out for 24 h at 25 °C,
without stirring; †reactions were performed with 1.5 ml aqueous solutions of 30 pM PEG-S-capped assemblies; ‡reactions were performed with 1.1 ml aqueous solutions of 8 pM PEG-S-capped assemblies;
§reactions were performed with 61 pM 50% PEG-S-50% hex-S-capped assemblies; ||reaction was performed with 50 µl p-xylene and 1.5 ml aqueous solution of 61 pM 50% PEG-S-50% hex-S-capped
assemblies at 70 °C; ¶reactions were performed with 61 pM PEG-S-capped assemblies.
For entries 3–9 the concentration of substrate molecules in each assembly was calculated from the ratio of thiolate:substrate 1H-NMR signal intensities after dissolution of the guest-occupied assemblies in
CD2Cl2 (see Supplementary Figs 16–22).
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These pores are large enough32 to allow each of the molecular guests
listed in Table 1 to diffuse from the bulk solution to Oh-and Td-sym-
metry cavities buried deeply within the interior of the supraspheres.
As such, the hydrophobic domain within each suprasphere is best
described as a percolated network of hydrophobic holes. This, com-
bined with the hydrophobic driving force, results in the uptake of
the large numbers of organic guests reported in Table 1.

Kinetically gated uptake
Although the data in Table 1 show the spontaneous uptake of
hydrophobic guests to be a general principle, interactions with the
capping ligand interface at the surface of the supraspheres can
present kinetic barriers to the uptake of specific guests. This
suggested that rational modification of the ligand shell could lead
to the chemoselective uptake of targeted guests. With PEG-S as
the capping ligand, for example, no uptake of TNT was observed.
As discussed above, this was overcome by introducing a capping
ligand shell that comprised 50% PEG-S and 50% hex-S (entry 3)
to provide (hex-S-domain) channels for more facile transport of
TNT into the interior of the supraspheres. The use of the compo-
sition of the capping ligand shell to kinetically gate substrate absorp-
tion was then explored using 1:1 mixtures of BPA and TNT (entries
8 and 9; Supplementary Figs 21 and 22). When supraspheres with
ligands shells composed of both PEG-S and hex-S were used
(entry 8), both substrates were absorbed, and in nearly equal

amounts. When completely capped by PEG-S, however (entry 9),
BPA alone was found inside the supraspheres. Notably, ligand
shells are a unique component of metal and metal-oxide nanopar-
ticles that sets them apart from supramolecular structures and
porous metal oxides. In the present case, they provide a higher-
order function as versatile membranes for the chemoselective separ-
ation of different hydrophobic substrates. This kinetically gated
uptake, followed by isolation of the guest cargos via centrifugation
and dissolution (Fig. 4), could provide a new and chemoselective
method for rapidly concentrating, separating and analysing targeted
substances, such as toxic residues or traces of explosive materials.

The use of Au NPs as building blocks also renders the host
assemblies opaque, and thus able to protect light-sensitive cargos
from photodegradation. In a preliminary experiment, for example,
the rapid visible-light-induced isomerization of cis- to trans-azo-
benzene was prevented on uptake by the suprasphere host
(Supplementary Fig. 25).

Conclusions
Water-soluble assemblies of Au NP building blocks are shown to
serve as hosts for the spontaneous uptake of hydrophobic guests.
The observed uptake of over two million hydrophobic guests by
each 200 nm suprasphere follows as a natural consequence of
moving from molecular to nanoscale building units. Namely,
instead of individual supramolecular cages or containers, the use
of hydrocarbon-coated gold-nanoparticles as building units leads
to multi-container assemblies capable of hosting at least five
orders of magnitude more hydrophobic guests. The multiple host
domains are provided by void spaces between the hydrocarbon
shells of the gold-core building units that, combined with interstitial
pores, give a percolated network of hydrophobic cavities for the
effective diffusion of guests to host domains buried deeply within
the suprasphere. As such, the supraspheres may be viewed as
soluble analogs of porous solid-state materials. In this context,
their 234 g l−1 capacity for hydrocarbon guests rivals those of zeo-
lites and metal–organic frameworks. Unlike supramolecular con-
tainers or solid-state materials, however, the supraspheres feature
capping-ligand shells that serves as tunable gates for the chemose-
lective uptake (concentration) of targeted molecular guests. After
separation by centrifugation, they differ from typical solid-state
materials in the ease with which their molecular cargos are quanti-
tatively released by dissolution. The porous supraspheres reported
here represent a new class of soluble nano-engineered hosts, com-
bining hydrophobic cavities analogous to those of supramolecular
containers, with internal architectures and capacities typical of
porous solid-state materials. Furthermore, comprising hydrophobic
cores, and coated by chemoselective ligand shells, they are capable of
unique functions not readily achievable by either class of well-known
host structure.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Synthesis of colloidal supraspheres. Citrate-stabilized 4 nm diameter Au NPs, and
ligand exchange of citrate by 1, were performed according to published methods26.
The solubility of hex-SH in water (0.361 mM at pH 7 and 298 K) is much larger than
that needed to form complete monolayer shells on the surfaces of typical aqueous
solutions of 4 nm Au NPs. Stock solutions of hex-SH were therefore prepared by
adding 500 µl of pure hex-SH to 10 ml of water in a 20 ml vial, giving a two-phase
system. After 12 h, the aqueous phase (the lower layer) was transferred by glass
pipette to a new 20 ml vial. DLS confirmed the absence of hex-SH aggregates in these
dilute solutions. Owing to the adsorption of hexanethiol on glassware and plastic
pipette tips, however, concentrations of hex-SH in these stock solutions (determined
by standard methods)33 consistently deviated from the analytical values used in their
preparation, even when kept under inert atmospheres. To overcome this, the SPR of
the Au NPs themselves was used as a quantitative spectrophotometric tool for
monitoring the assembly process. For this, aliquots of the hex-SH solution were
added to a 10 ml solution of the 1-protected 4 nm Au NPs in a 20 ml vial, with
vigorous magnetic stirring (using a 1 cm long Teflon-coated magnet) for
approximately 4 min after each addition. The reaction was monitored by ultraviolet–
visible spectroscopy to identify the decrease in changes in the SPR absorbance at
535 nm (indicative of the displacement of 1 by hex-SH) and the increase in
absorbance at 750 nm (indicative of nanoparticle aggregation). Stabilization of the
fully formed supraspheres was achieved by then adding volumes of freshly prepared
1.5 mM HSR−, PEG-SH or HSR+ solutions (typically around 30 µl), as needed to
displace the final few per cent of 1 remaining on the outer surfaces of the supraspheres,
shaken gently by hand for approximately 30 s, and then set aside for 12 h. The 50%
PEG-S-capped:50% hex-S-capped supraspheres were synthesized by capping freshly
assembled supraspheres with 50% of freshly prepared 1.5 mM PEG-S (approximately
15 µl), shaking gently and after 12 h adding 50% of freshly prepared 1.5 mMhex-SH in
DMF (approximately 15 µl), followed by 20 min of gentle mechanical stirring.

Guest uptake and release. The following (typical) procedure was used for BPA and
other relatively non-volatile guests. After synthesis, the PEG-S-capped supraspheres
were isolated by centrifugation (15 min at 7,000 r.p.m.), dissolved in water and ‘spun
down’ three times (each time for 20 min at 8,000 r.p.m.). The pellet was then added
to 1.5 ml of aqueous BPA (0.193 mg ml−1, 0.85 mM) in a 4 ml glass vial. After 24 h

at room temperature, the supraspheres were completely removed from the solution
by centrifugation (10 min at 13,500 r.p.m.), and the concentration of BPA in the
supernatant was determined by ultraviolet–visible spectroscopy. The pellet was then
washed with 1.5 ml of water, isolated by centrifugation (10 min at 13,500 r.p.m.) and
the final 20 µl pellet containing BPA guests was added to 0.5 ml CD2Cl2 and stirred
for 1 h at room temperature. The released bisphenol A was quantified by 1H NMR
spectroscopy as described in the text. In the above method, solid samples of the
organic guests were dissolved in water to give dilute aqueous solutions, which were
then combined with the supraspheres. For dilute solutions of p-xylene (entry 7),
uptake after 24 h at room temperature was too small to quantify by 1H NMR
spectroscopy. Unlike the other guests (which are solids at room temperature),
p-xylene is a somewhat volatile liquid and formed a film on the glass walls above the
solution in the reaction vial. To overcome this, a layer of p-xylene (50 µl) was placed
on the aqueous solution, after which the vial was sealed and warmed to 70 °C for
24 h. After separation of the supraspheres, dissolution in CD2Cl2 revealed the uptake
of 1.6 million molecules of p-xylene.

Guest occupancy and Rebek’s 55% rule. The total void space formed by
approximately Oh and Td cavities must be at least 26% of the volume of each
supraspherical assembly. This (ideal) 26% void space is much larger than that
needed to accommodate the numerous guests reported in Table 1. Each 200 nm
diameter suprasphere has a total volume of 4.2 × 106 nm3, giving a 26% void space of
1.1 × 106 nm3. The percentage of this void space occupied by hydrophobic guests
was evaluated based on the van der Waals volumes30 of the encapsulated organic
molecules (see Table 1 and calculations in the Supplementary Information). The van
der Waals volume of bisphenol A, for example, is estimated at 223 Å3 (or 0.223 nm3),
such that 2.1 million of these guests occupy a volume of 4.7 × 105 nm3, corresponding
to 43% of the void space within each suprasphere (far-right column in Table 1).
Importantly, this 43% value, as well as corresponding values for the other molecules
listed in Table 1, complies with Rebek’s 55% rule31 for occupancy of host cavities by
hydrophobic guests.
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