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Fuel-Selective Transient Activation of Nanosystems for Signal
Generation
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Abstract: The transient activation of function using chemical
fuels is common in nature, but much less in synthetic systems.
Progress towards the development of systems with a complexity
similar to that of natural ones requires chemical fuel selectivity.
Here, we show that a self-assembled nanosystem, composed of
monolayer-protected gold nanoparticles and a fluorogenic
peptide, is activated for transient signal generation only in case
the chemical fuel matches the recognition site present at the
nanoparticle surface. A modification of the recognition site in
the nanosystem completely changes the chemical fuel selectiv-
ity. When two nanosystems are simultaneously present, the
selectivity expressed by the system depends on the concen-
tration of nucleotide added.

Systems chemistry studies the emerging properties originat-
ing from the mutual interactions between molecules in
a mixture.[1–5] Early examples have started to reveal the
potential of a systems chemistry approach towards the
development of innovative materials,[6–10] nanodevices,[11, 12]

and catalysts.[13, 14] Yet, the complexity of synthetic systems is
still far away from that of a cell, which may be considered the
quintessence of what can be accomplished by systems
chemistry.[15] Nature has developed an exquisite control over
the complex biochemical machinery using specific chemical
triggers to transiently activate biochemical pathways.[16] The
implementation of similar control mechanisms in synthetic
systems is essential for increasing their complexity as it
permits a diversification of the systems response based on the
kind of chemical input that arrives. Here, we present synthetic
systems able to develop a transient fluorescent signal, but
only in case the chemical fuel matches the recognition site
present in the monolayer of functionalized nanoparticles. In
addition, it is shown that the selectivity expressed by a system
containing two nanoparticles depends on the concentration of
fuel added.

Previously, we have shown that the addition of ATP to
a multivalent complex of Au NP 1·ZnII, which are gold
nanoparticles (davg = 1.8: 0.4 nm) protected with a monolayer
of C9-alkanethiolates bearing a 1,4,7-triazacyclononane

(TACN)·ZnII complex as head group, and fluorogenic probe
A resulted in the displacement of A from Au NP 1·ZnII and,
consequently, a turn-on of fluorescence (Figure 1).[17, 18] Under

dissipative conditions, installed by the presence of a hydrolytic
enzyme, ATP was gradually converted into waste products,
AMP and 2Pi, with a low affinity for Au NP 1·ZnII. As a result,
probe A re-associated to Au NP 1·ZnII causing a spontaneous
decrease in the fluorescence intensity. In a follow-up study it
was demonstrated that the lifetime of the transient signal
could be tuned by exploiting the different resistances of
various fuels against hydrolytic cleavage.[19] Yet, the affinity of
these fuels for Au NP 1·ZnII was in all cases dominated by
strong multivalent electrostatic interactions and no fuel
selectivity was observed. However, in a previous work
aimed at the development of a multi-indicator sensing array
for nucleotides we had obtained indications that the affinity of
the nucleotides for Au NP 1·ZnII was also affected by the
structure of the nucleobase.[20] It was hypothesized that this
difference originated from the interaction between the
nucleobase and the TACN·ZnII head groups. It is well-
documented that this kind of macrocyclic ZnII-complexes
selectively interacts with nucleobases as a result of coordina-
tive interactions between donor atoms on the nucleobase and
the ZnII metal ion combined with hydrogen bonds that
involve the NH-moieties present in the ligand.[21–23] We
therefore reasoned that macrocyclic ZnII-complexes present
in the monolayer could constitute an element for introducing
fuel selectivity under dissipative conditions. To convincingly
support this hypothesis, we decided to study, in addition to Au
NP 1, also new Au NP 2, which contains a 1,4,7,10-tetraaza-
cyclododecane (cyclen) head group (Figure 2).[24–26] Previous
studies on synthetic receptors containing the cyclen·ZnII

complex had revealed selectivity for uracil- and thymine-
based nucleotides.[22, 27, 28] Au NP 2 was prepared according to
literature procedures[29] using a new thiol (HS-C9-cyclen, 2H),
which is accessible in four steps from commercially available

Figure 1. ATP-driven transient displacement of a probe from Au NP
1·ZnII. An explanation of the used cartoons is given in Figure 2.
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reagents (Scheme S1 in the Supporting Information).[30,31] The
diameter of the Au nuclei was determined as 2.2: 0.8 nm by
TEM analysis (Figure S2). Additional characterization by
NMR spectroscopy, UV/Vis, DLS, and TGA confirmed the
structure and purity of Au NP 2 (Figures S1 and S3). The
concentration of cyclen-head groups in a stock solution of Au
NP 2 was determined by monitoring the changes in the
absorbance at 648 nm in a titration experiment with Cu(NO3)2

(Figure S4).
Next, the affinity between Au NP 2·ZnII, obtained by

adding one equivalent of Zn(NO3)2 to a solution of Au NP 2,
and fluorescent probe A (lex = 445 nm, lem = 493 nm), was
studied by means of fluorescence titration experiments
following previously reported protocols used for Au NP
1·ZnII (Figure S5).[17] Similar to Au NP 1·ZnII, probe A bound
also to Au NP 2·ZnII under saturation conditions at a 10 mm
head group concentration in aqueous buffer at pH 7.0
([HEPES] = 10 mm). Compared to Au NP 1·ZnII (SSC =

3.7: 0.2 mm),[20] a slightly higher SSC of 4.8: 0.1 mm was
determined for probe A on Au NP 2·ZnII.

We then screened the affinity of twelve different nucle-
otides XNP (X = A, G, T, C; N = M, D, T) for Au NP 1·ZnII

and Au NP 2·Zn2+ at four different concentrations (5, 50, 100,
and 500 mm, Figure S6). These experiments relied on the
displacement of surface bound probe A, which can be
detected by an increase in fluorescence intensity.[30,32, 33]

Preliminary response patterns obtained from measurements
performed using a microtiter plate reader revealed that tri-
and diphosphate nucleosides have a high affinity for both Au
NP 1·ZnII and Au NP 2·ZnII, but bind with poor selectivity.

The significant displacement of A at low micromolar concen-
trations of these nucleotides indicates that the affinity
originating from interactions between phosphate groups and
ZnII-complexes is too strong for observing the presence of any
additional interaction involving the nucleobase. Indeed,
a much different behavior was observed for the monophos-
phate nucleosides. The generally lower affinity of this group
for the NPs is evidenced by the fact that significant displace-
ment of probe A is only observed at high concentrations
(500 mm). However, in the low concentration regime (5–
100 mm) a clear difference in response was observed for the
four nucleotides XMP. This prompted us to investigate these
nucleotides in a more precise manner by means of titration
experiments using a spectrofluorimeter (Figures 3 and S7).
The displacement experiments ([XMP] = 2.5–500 mm) con-
firmed the preliminary observations and revealed that Au NP
1·ZnII has a higher affinity for GMP, whereas Au NP 2·ZnII

preferentially binds TMP. For each nanosystem, the maxi-
mum selectivity is observed at different nucleotide concen-
trations and amounts to 1.6 for Au NP 1·ZnII (at 100 mm,
Figure 3a) and to 3.1 for Au NP 2·ZnII (at 20 mm, Figure 3b)
in both cases compared to the second best binder.

From these studies it emerged that GMP and TMP form
an attractive couple to selectively activate, respectively Au
NP 1·ZnII- and Au NP 2·ZnII-based systems for fluorescent
signal generation. The selective interaction was independ-
ently confirmed using our recently developed ultrafiltration
method for the separation of free and nanoparticle-bound
molecules (Figures S8–S10).[34] Consistent with the informa-
tion obtained from the fluorescence displacement experi-

Figure 2. Schematic representation of the selective binding of GMP and TMP on the surface of, respectively, Au NP 1·ZnII and Au NP 2·ZnII

resulting in transient signal generation.
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ments, filtrates of samples containing Au NP 1·ZnII were
enriched in TMP, indicating that GMP was preferentially
retained. On the other hand, filtrates of samples exposed to
Au NP 2·ZnII were consistently enriched in GMP, confirming
the selective retainment of TMP by Au NP 2·ZnII. Impor-
tantly, the observed selectivity of Au NP 1·ZnII for GMP over
TMP (2.6) and that of Au NP 2·ZnII for TMP over GMP (2.8)
are in good agreement with those determined from the
fluorescence measurements (2.2 and 3.1, respectively).

Next, we shifted our attention to studying the selectivity
of GMP and TMP under dissipative conditions in order to
obtain a transient fluorescent signal. To this end, we added
XMP to a solution containing either Au NP 1·ZnII or Au NP
2·ZnII (10 mm) and probe A (0.9 X SSC) in the presence of the
enzyme alkaline phosphatase ([XMP] = 50 mm for Au NP
1·ZnII, 20 mm for Au NP 2·ZnII). Figure 4a illustrates the
response of the Au NP 1·ZnII-system to four consecutive
additions of XMP. For three out of four nucleotides (AMP,
TMP, CMP), addition resulted in an immediate increase in
fluorescence intensity, which stabilized after around
10 minutes. It was found that the stabilization time slightly
increased after each cycle indicating that the waste products
negatively interfere with the exchange processes on the
monolayer leading to signal generation. It was confirmed that
the end value after stabilization corresponded to that
expected for the waste products (nucleoside + inorganic
phosphate Pi, Figure S11). On the other hand, addition of
GMP caused a much different profile. A steep rapid increase
in fluorescent intensity was observed to significantly higher
values, followed by a gradual decay to roughly the same end

values obtained for the other nucleotides. This shows that, at
this fuel concentration, transient signal formation in the Au
NP 1·ZnII system is exclusively observed for GMP. Similar
results were obtained for the Au NP 2·ZnII system but with an
entirely different selectivity (Figure 4b). At a 20 mm fuel
concentration, also AMP and CMP showed a weak transient
effect, but the amplitude was almost inexistent compared to
that observed for TMP.

Figure 3. Fluorescent intensity at 493 nm resulting from the displacement of probe A (lex/em =445/493 nm, slit 5/5 nm) from the surface of Au NP
1·ZnII (a) or Au NP 2·ZnII (b) as a function of the concentration of analytes XMP (X =A, G, T, C, left) and corresponding relative selectivity toward
the nucleotide with highest affinity (middle, right). Experimental conditions: [A] =0.9 W SSC, [Au NP 1·ZnII] or [Au NP 2·ZnII] =10 mm, [HEPES,
pH 7.0]= 10 mm, 25 88C. Averaged values from three independent measurements (see Figure S7).

Figure 4. a,b) Fluorescent intensity at 493 nm as a function of time
upon four repetitive additions of XMP (50 or 20 mm) to, respectively,
Au NP 1·ZnII or Au NP 2·ZnII (10 mm) and probe A (0.9 W SSC, lex/em =

445/493 nm, slit 5/5 nm) in the presence of alkaline phosphatase
(3 UmL@1). General experimental conditions: [HEPES,
pH 7.0]=10 mm, 37 88C. Averaged traces from three independent
measurements.
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Finally, we were interested in studying the response of
a solution containing both Au NP 1·ZnII and Au NP 2·ZnII at
the same time (Figure 5). We wanted to examine whether the
higher complexity of such a system would lead to a difference
response to the addition of nucleotides. Mixtures were
prepared containing Au NP 1·ZnII and Au NP 2·ZnII at
equimolar concentrations (10 mm each) and probe A (7.65 mm,
which is the sum of the concentrations used before). The
response of the system to the addition of GMP and TMP was
measured by separate fluorescence titrations (Figure 5 b).
Interestingly, a superimposition of the two response curves
showed an inversion of the selectivity as a function of the
nucleotide concentration. This inversion emerges in a clear

manner by normalizing for each concentration the intensity of
GMP on the one of TMP (Figure 5c). At concentrations
below 90 mm, TMP induced a stronger signal compared to
GMP indicating that the systemsQ response is dictated by Au
NP 2·ZnII. In the system the interaction between TMP and Au
NP 2·ZnII emerges as the strongest one and the result is that it
dictates the selectivity of the system. At 90 mm the system
responded with the same intensity to both GMP and TMP
indicating the absence of selectivity. On the other hand, at
concentrations higher than 90 mm an inverted selectivity was
observed with GMP addition leading to a stronger signal
compared to TMP added at the same concentration. This
indicates that in this concentration interval the systemsQ
selectivity is determined by Au NP 1·ZnII. Indeed, a close
examination of the separate displacement experiments (Fig-
ure 3a + b) demonstrates that at high concentrations the
difference in response of Au NP 1·ZnII for GMP compared to
TMP is larger than the difference in response of Au NP 2·ZnII

for TMP compared to GMP. To illustrate that this inversion is
a result of the presence of both NPs, two additional samples
were prepared in which Au NP 1·ZnII and Au NP 2·ZnII were
mixed at different ratios (1.5:1 and 1:1.5, respectively)
keeping the overall head group concentration constant at
20 mm. The response curves clearly illustrate that the concen-
tration at which the system selectivity shifts from TMP to
GMP changes as a function of the ratio of the two nano-
particles (50 mm for 1·ZnII :2·ZnII = 1.5:1 and 240 mm for
1·ZnII :2·ZnII = 1:1.5, Figure 5c). The same behavior is
observed also under optimized dissipative conditions with
TMP inducing higher signal intensity at 60 mm and GMP at
180 mm (Figure 5d,e). However, under these conditions the
lifetime of the signal becomes an additional parameter, which
is determined by the fuel consumption rate. This rate is higher
for GMP compared to TMP (see also Figure 4), which makes
that GMP elicits a stronger signal at 180 mm, but with a much
shorter duration.

In conclusion, this study shows that the selectivity of the
interaction between Au NPs and nucleotides can be con-
trolled by the nature of the macrocyclic ZnII complexes
present in the monolayer. The efficacy of this interaction is
evidenced by the fact that selective binding occurs even at low
micromolar interactions under physiologically relevant con-
ditions. This observation underlines the attractiveness of
monolayer protected gold nanoparticles as components of
molecular sensing assays,[35,36] but also as components of
“smart” mixtures for application in systems chemistry. Here,
we have shown that the selective recognition occurring at the
monolayer surface forms the basis for the fuel-selective
transient dislocation of a probe from the nanoparticles that
results in the transient formation of a fluorescent signal.
Selectivity can also be observed in a solution containing both
nanoparticles, which shows the additional feature that the
selectivity changes as a function of the fuel concentration.
These results are a first step towards the construction of
complex synthetic systems able to respond in a differentiated
manner to different chemical inputs.

Figure 5. a) Differentiated response of a mixture containing both Au
NP 1·ZnII and Au NP 2·ZnII to the addition of GMP or TMP at low or
high concentrations. b) Displacement of probe A (lex/em = 445/493 nm,
slit 5/5 nm) from Au NP 1·ZnII +Au NP 2·ZnII (10 +10 mm) by TMP
(blue) or GMP (red) at 25 88C. c) Normalization of the fluorescence
intensity of GMP on the one of TMP showing the change of selectivity
from TMP to GMP as a function of nucleotide concentration. The
selectivity was determined for three different mixtures containing Au
NP 1·ZnII and Au NP 2·ZnII at a constant head group concentration of
20 mm, but with different ratios of 1·ZnII :2·ZnII 1.5:1 (circles), 1:1
(squares), 1:1.5 (triangles). d,e) Fluorescent intensity at 493 nm as
a function of time upon addition of XMP (60 or 180 mm) to Au NP
1·ZnII +Au NP 2·ZnII (10 +10 mm) and probe A (0.9 W SSC, lex/em =445/
493 nm, slit 5/5 nm) in the presence of alkaline phosphatase
(0.5 UmL@1) at 37 88C. General experimental conditions: [HEPES,
pH 7.0]=10 mm.
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