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ABSTRACT: The reversible “catch-and-release” of small
molecules from the surface of monolayer-protected gold
nanoparticles is described. The valency of the system (i.e.,
the number of molecules bound to the surface) can be
controlled through the addition and removal of metal ions
from the monolayer. Both the change in valency and the
release rate of the molecules are strongly pH-dependent.
The release rate can be regulated by altering the ratio of
metal ions in the monolayer.

Multivalency has become a key concept in the fields of
biorecognition,1 catalysis,2 supramolecular chemistry,3

and nanotechnology.4,5 Consequently, there is a strong interest
in the functionalization of synthetic multivalent structures such
as polymers,6 dendrimers,7 and nanoparticles.8 In particular,
monolayer-protected gold clusters (Au MPCs) have emerged as
attractive scaffolds because of their straightforward preparation
and functionalization. This, in combination with appealing
intrinsic optical and electronic properties and high biocompat-
ibility, has led toward numerous applications in nanomedicine9

and diagnostics.10 Nonetheless, a common feature of most
systems, including Au MPCs, is that their valency is determined
during synthesis. Systems that allow for “postsynthetic” control
of the valency offer the important perspective of permitting active
regulation of the strength of interaction with the target, including
controlled dissociation if requested. Enormous progress has been
made in the development of supramolecular aggregates (e.g.,
micelles, peptide amphiphiles, supramolecular polymers, etc.)
that indeed show adaptive behavior of their valency to the target
as a spontaneous process originating from the dynamic nature of
these systems.11−13 An attractive alternative approach relies on
the modification of the monolayer surface on a nanoparticle
through supramolecular interactions, which permits the valency
of discrete assemblies to be tuned.14−16 In this communication,
we show that the valency of a discrete nanoparticle-based
supramolecular system can be controlled in a reversible manner
and that small molecules can be captured and released in a
controlled manner from the surface of Au MPCs through the
addition and removal of metal ions from the monolayer,
respectively. This process is fully reversible, and both the change
in valency and the release rate are pH-dependent.
We recently showed that Au MPCs 1·Zn2+ (dAu = 1.8 ± 0.4

nm) containing 1,4,7-triazacyclononane (TACN)·Zn2+ head
groups are attractive scaffolds for the formation of multivalent
supramolecular structures (Figure 1).17,18 It was found that
oligoanions such as ATP, ADP, and Ac-DDD-OH have such

high affinities for 1·Zn2+ that binding occurs under saturation
conditions at low micromolar concentrations in water.
Compared with Au MPC 1 (i.e., the same Au MPC but in the
absence of Zn2+), the presence of the Zn2+ metal ions in the self-
assembled monolayer (SAM) caused an increase in the surface
saturation concentration of the oligoanions and thus the valency
of the obtained structure. It was estimated that∼18 molecules of
2-aminopurine riboside-5′-O-triphosphate (ATPF), a fluorescent
analogue of ATP,19 were bound to the surface of 1·Zn2+ at
saturation, in contrast to ∼5 for 1. This was intriguing because
the difference between the saturation concentrations of 1 and
1·Zn2+ suggested that Zn2+ could potentially act as a regulatory
element of the valency of the system. This hypothesis was verified
by adding increasing amounts of Zn(NO3)2 to a solution of 1
([TACN] = 10 μM20) and ATPF (2 μM) at pH 7.0 (Figure 2a).
In view of the surface saturation concentration of 0.8 μM for
ATPF at this pH (see below),21 this implied that initially 1.2 μM
ATPF was free in solution. The addition of Zn2+ resulted in the
metalation of the TACN ligands and the corresponding
“capture” of unbound ATPF by 1·Zn2+. Complex formation
was detected by fluorescence spectroscopy, taking advantage of
the ability of Au nanoparticles to quench the fluorescence of
surface-bound fluorophores.22 The plot of the fluorescence
intensity at 370 nm as a function of the amount of Zn2+ added
shows several features. First, the decrease in fluorescence
intensity was a clear indication that the formation of TACN·Zn2+
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Figure 1. Schematic representation of metal-mediated control over the
valency of the nanoparticle-based supramolecular system.
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complexes on the surface of 1 resulted in the capture of unbound
ATPF. Second, complete quenching required the addition of only
5 μMZn(NO3)2 instead of the 10 μM required to metalate all of
the TACN ligands. An independent binding titration indeed
confirmed that the surface saturation concentration of ATPF on
1·Zn2+ did not change when 5 μMZn(NO3)2 was present instead
of 10 μM [see the Supporting Information (SI)]. Third, the
capture of unbound ATPF occurred almost instantaneously upon
the addition of Zn2+, in particular for the first additions. This
suggested either that neighboring TACN ligands are selectively
metalated to form bimetallic binding pockets or that the
formation of binding sites composed of a single TACN·Zn2+

complex in combination with a neighboring protonated TACN
headgroup is sufficient to cause an increase in the surface
saturation concentration.23 Support in favor of the latter emerged
from pH-dependent studies (see below), which showed that
protonation of the TACN ligands also caused an increase in the
surface saturation concentration. In any case, the addition of 5
μM Zn(NO3)2 in a single batch resulted in complete quenching
of the fluorescence within 3 min (Figure 2a, red trace).
Since the addition of Zn2+ to AuMPC 1 resulted in the capture

ofATPF, we reasoned that removal of Zn2+ from AuMPC 1·Zn2+

would cause the opposite effect, namely, the release of ATPF
from the surface. For that reason, the fluorescence intensity at
370 nm was measured upon the addition of N,N,N′,N′-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), a ligand
with a much higher affinity for Zn2+ compared with TACN
(log KTACN·Zn

2+ = 11.5 vs log KTPEN·Zn
2+ = 15.4).24 We were

pleased to observe that the addition of 1 equiv of TPEN (relative
to Zn2+) indeed resulted in full recovery of the initial fluorescence
intensity, indicating complete reversibility of the process (Figure
2b). Contrary to the capture of ATPF, the release process was
much slower, with full release of ATPF (1.2 μM) requiring nearly

2 h. Since previous studies had shown thatATPF exchange on the
surface of 1·Zn2+ is fast,18 we postulate that the release rate is
determined by the rate of dissociation of Zn2+ from the
TACN·Zn2+ complex. This is supported by the observation
that the release rate of ATPF was independent of the
concentration of TPEN added (see the SI) but dependent on
the pH and type of metal ion used (see below). As before, the
valency of the nanostructure could be controlled by the stepwise
addition of TPEN. This experiment showed that the addition of
small amounts of TPEN (1−2 μM) hardly induced the release of
ATPF from the surface, in line with the previously discussed
results of the Zn2+ titrations. The full control over the valency of
the system was demonstrated by alternating additions of small
aliquots of TPEN and Zn2+ (Figure 2c). Finally, the complete
reversibility of the process was demonstrated by performing four
repetitive “capture-and-release” cycles through alternating
additions of 5 μM Zn2+ and TPEN (Figure 2d). To accelerate
this experiment, Zn2+ was added after an ATPF release equal to
80% of the maximum value. In four cycles, no changes were
observed apart from a slight decrease in the rate of ATPF release.
A control experiment showed that the surface saturation
concentration of ATPF on 1·Zn

2+ was unaffected by the presence
of up to 0.5 mM TPEN·Zn2+ (see the SI). The nonlinear
response of the system toward the addition of either Zn2+ or
TPEN points to a role of protonated TACN in the surface
binding of ATPF. This is not surprising, considering that
electrostatic interactions play an important role in complex
formation. For that reason, it was decided to study the surface
saturation concentration ofATPF on 1 as a function of the pH. As
before, saturation concentrations were determined by measuring
the fluorescence intensity at 370 nm as a function of the amount
of ATPF added to a solution of 1 ([TACN] = 10 μM) at pH
values ranging from 6.0 to 8.0. This study indeed confirmed a

Figure 2. (a) Normalized fluorescence intensity at 370 nm as a function of the addition of aliquots of Zn2+ (1 μM) to a solution of Au MPC 1. (b)
Normalized fluorescence intensity at 370 nm as a function of the addition of aliquots of TPEN (1 μM) to a solution of AuMPC 1·Zn2+. (c) Normalized
fluorescence intensity at 370 nm upon alternating additions of aliquots of Zn2+ (downward arrows; 5, 1, 1, and 3 μM, respectively) and TPEN (upward
arrows; 3, 1, and 1 μM, respectively). (d) Normalized fluorescence intensity at 370 nm upon alternating additions of aliquots of Zn2+ (5 μM; downward
arrows) and TPEN (5 μM; upward arrows). Experimental conditions: [TACN] = 10 μM, [ATPF] = 2.0 μM, [HEPES] = 10 mM, pH 7.0, 37 °C.
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strong pH dependence of the saturation concentration of ATPF
on 1, which decreased from 1.9 μMat pH 6.0 to 0.2 μMat pH 8.0
(Figure 3a; see the SI for determination of the saturation
concentration). It is important to note that at pH 6.0 the surface
saturation concentration almost reached that of 1·Zn2+. On the
other hand, the same study performed on 1·Zn2+ showed a nearly
constant surface saturation concentration of 2.3 ± 0.2 μM over
the entire pH interval (Figure 3b). This is interesting because it
implies that the regulatory effect of Zn2+ is pH-dependent
(Figure 3c). In particular, these data indicate that the change in
valency of the system should be more pronounced at higher pH
because of the reduced surface capacity of 1 for ATPF. This was
indeed confirmed by performing catch-and-release cycles in the
pH range 6.5 to 8.0. The increase in initial fluorescence intensity
at higher pH values for the same concentrations of ATPF (2 μM)
and 1 ([TACN] = 10 μM) reflected the presence of larger
amounts of unbound ATPF (Figure 3d). In all cases, the addition
of Zn2+ (5 μM) resulted in rapid quenching of the fluorescence,
indicating the quantitative capture of ATPF by 1·Zn

2+. At all pH
values, the subsequent addition of TPEN (5 μM) caused
complete release of ATPF to restore the initial values, but with
reduced rates at higher pH values. A detailed analysis showed that
the release of ATPF from the surface at each pH is described by
(at least) two different kinetic components, which were
quantified by fitting the release curves to a kinetic model (Figure
3e). A plot of the obtained first-order rate constants as a function

of pH illustrates that at pH 7 the ATPF release rate is dominated
by a single (intermediate) value (kobs,intermed = 36 × 10−3 min−1).
At lower pH, an additional second (faster) component is
observed (172 × 10−3 min−1), whereas at higher pH values, the
second component of the rate is slower (2.3 × 10−3 min−1).
These observations indicate that different binding modes exist
for the ATPF probes on the surface, the relative ratios of which
are presumably related to the different protonation states of the
probe, TACN, and/or the TACN·Zn2+ complex. In summary,
these data show that the pH can indeed be used to modulate not
only the amplitude of the ATPF catch-and-release cycles but also
the rate at which the probe molecules are released.
As the TACN ligand is well-known to complex several metals

with different affinities, the controlled formation of a
heterometalated surface would in principle allow regulation of
the rate of ATPF release from the surface through variation of the
ratio of metal ions in the monolayer. To test this hypothesis, we
verified that the addition of 5 μM Cu(NO3)2 to a solution of
ATPF (2 μM) and 1 ([TACN] = 10 μM) resulted in the
quantitative capture of ATPF (log KTACN·Cu

2+ = 15.4).24 An
independent titration indeed confirmed an ATPF surface
saturation concentration of 2.2 ± 0.1 μM on Au MPC 1·Cu2+

(see the SI). Interestingly, the addition of TPEN (log KTPEN·Cu
2+

= 20.2)24 resulted in release of ATPF as before, but at a roughly
20-fold lower rate compared with that observed for 1·Zn2+.
Complete release of ATPF required more than 24 h (Figure 4,

Figure 3. (a) Fluorescence intensity at 370 nm as a function of the amount ofATPF added to AuMPC 1 at various pH. (b) Fluorescence intensity at 370
nm as a function of the amount of ATPF added to Au MPC 1·Zn2+ at various pH. (c) Surface saturation concentrations of ATPF on 1 (red) and 1·Zn

2+

(blue) as functions of pH. (d) Fluorescence intensity at 370 nm as a function of time upon the respective additions of Zn2+ and TPEN to 1. The solid
lines were generated by fitting the experimental data for the release of ATPF to a kinetic model taking into account two first-order rate constants. (e)
First-order rate constants determined at each pH. (f) Relative contributions to the overall rate by the slow (red ●), intermediate (blue ■), and fast
(green▲) processes at each pH. Experimental conditions: [TACN] = 10 μM, [Zn(NO3)2] = 5 μM, [HEPES] = 10 mM (for pH 7.0−8.0), [MES] = 10
mM (for pH 6.0 and 6.5), 37 °C. In (a) and (b), the difference in slope after saturation at pH 6.0 and 6.5 originated from the use of a different buffer
system.
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light-blue trace). The difference between Zn2+ and Cu2+ supports
the hypothesis that dissociation of the metal ion from the TACN
complex is indeed the rate-determining step for ATPF release.
Finally, a study of the release rate of ATPF from Au MPC 1·M2+

(M = Zn2+/Cu2+) as a function of the Zn2+/Cu2+ ratio revealed
that the release rate can be controlled rationally (Figure 4). In
fact, a plot of the normalized fluorescence intensity at 200 min as
a function of the Zn2+/Cu2+ ratio on the surface is nearly linear
(Figure 4 inset). The control over the release rate is further
reflected by the fact the rate of ATPF release was composed of
two (major) kinetic terms, the ratio of which corresponded
nicely to the ratio of metal ions on the surface (see the SI). The
deviation from the expected straight lines originates from the
presence of additional kinetic components of the release rate due
to the different binding modes of ATPF on the surface (see
above).
In conclusion, these studies show that metal ions can be used

as regulatory elements for the reversible control of the valency of
a supramolecular system composed of a monolayer-protected
gold nanoparticle and small molecules. The pH of the solution
plays an important role in determining both the amplitude and
the release rate of the small molecules from the monolayer
surface. At a single pH, the release rate can be tuned by varying
the ratios of different metal ions. The current system offers the
perspectives of regulating the multivalent interaction between
nanoparticles and biotargets and controlling the release of small
molecules from the nanoparticle surface into the bulk solution
for sensing or signaling purposes or small-molecule delivery. For
these purposes, it is of relevance to note that the monolayer
surface can also be decorated with small peptide fragments.17

Finally, the linear signal response as a function of the ratio of two
metal ions illustrates the possibility of developing sensing
systems that can detect combinations of metals.
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Figure 4. Normalized fluorescence intensity (FI) at 370 nm as a
function of time upon the addition of TPEN (5 μM) to a solution of Au
MPC 1·M2+ (M = Zn2+/Cu2+ as indicated at the right; [M2+] = 5 μM).
The inset shows the normalized FI after 200 min as a function of the
mole fraction of Zn2+ in the monolayer.
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