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Abstract: Nature adopts complex chemical networks to finely
tune biochemical processes. Indeed, small biomolecules play
a key role in regulating the flux of metabolic pathways.
Chemistry, which was traditionally focused on reactions in
simple mixtures, is dedicating increasing attention to the
network reactivity of highly complex synthetic systems, able
to display new kinetic phenomena. Herein, we show that the
addition of monophosphate nucleosides to a mixture of
amphiphiles and reagents leads to the selective templated
formation of self-assembled structures, which can accelerate
a reaction between two hydrophobic reactants. The correct
matching between nucleotide and the amphiphile head group is
fundamental for the selective formation of the assemblies and
for the consequent up-regulation of the chemical reaction.
Transient stability of the nanoreactors is obtained under
dissipative conditions, driven by enzymatic dephosphorylation
of the templating nucleotides. These results show that small
molecules can play a key role in modulating network reactivity,
by selectively templating self-assembled structures that are able
to up-regulate chemical reaction pathways.

Introduction

Complex chemical networks are used by nature to
precisely regulate biochemical processes.[1, 2] A key aspect is
the up- or downregulation of regulatory pathways by small
(bio)molecules.[3] Whereas chemistry traditionally has been
dedicated to study reactions in mixtures containing just the
reactants and other essential additives (e.g. catalysts), there is
a growing interest in network reactivity, that is, chemical
reactivity expressed by synthetic mixtures of higher complex-
ity.[4–7] Synthetic systems relying on reaction networks are able
to display new kinetic phenomena, such as oscillations,
bistability, etc. that cannot be observed in traditional reaction
mixtures.[8] New properties are envisioned for materials,

diagnostics and delivery systems able to display such kinet-
ics.[9–11] The general approach to constructing chemical
reaction networks involves the use of mixtures of DNA,[12]

peptides,[13] enzymes[14] or entirely synthetic molecules[15] in
which molecular recognition between the components direct-
ly affects the kinetic evolution of the system through allosteric
effects and feedback mechanisms. Yet, in this context one
element has received relatively less attention, which is the
role of structure formation by the mixture of components in
directing kinetic evolution of the system.[16–22] From this
perspective, it is important to note that recently various
examples of chemically fuelled transient formation of self-
assembled structures have been reported.[23–38] These exam-
ples exploit the concomitant occurrence of a fast forward
reaction which activates the building blocks for self-assembly
and a second, slower, deactivation reaction which leads to
spontaneous disassembly. The fact that the process is chemi-
cally activated enables the exploitation of transiently formed
structures in chemical reaction networks. Here, we demon-
strate that the addition of monophosphate nucleosides to
a mixture of amphiphiles and reactants results in the selective
templated self-assembly of nanoreactors which can accelerate
a bimolecular reaction between two reactants. Under dis-
sipative conditions, installed by the presence of a dephosphor-
ylation enzyme, a transient up-regulation of the reaction is
observed. A key point of the findings presented here is that
transient formation of the nanoreactors and up-regulation
occur only in case of matching recognition motifs between the
nucleotide and the building blocks. These results demonstrate
that small molecules can play an important, indirect regu-
latory role in network reactivity by selectively templating
structures which are able to up-regulate chemical reaction
pathways (Figure 1).

Results and Discussion

We previously showed that ATP can stabilize vesicular
assemblies composed of amphiphile C16TACN·Zn2+ (TACN =

1,4,7-triazacyclononane) in aqueous buffered solution.[39,40]

The presence of ATP caused a 10-fold decrease in the critical
aggregation concentration (CAC) from around 100 mM to
10 mM, which implies that ATP templates assembly formation
at concentrations at which the amphiphilic molecules by
themselves are not assembled. In a follow-up study, we have
shown that the same stabilizing effect is also exerted by other
anionic molecules having multiple negatively charged
groups.[41] Although these latter results affirm that templated
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formation is a general strategy for controlling self-assembly
processes, it lacks one hallmark of biological systems, which is
selectivity.[29, 30,42, 43] Selectivity implies that only specific
molecules can induce an effect and is therefore a key element
to control self-assembly in complex mixtures. It is hard to
achieve this using just electrostatic interactions even though
we have shown in the past that TACN·Zn2+ has a higher
affinity for phosphates compared to carboxylates.[44] Our
strategy to introduce selectivity in templated self-assembly is
based on recent results by our group which revealed that the
affinity of monophosphate nucleosides for monolayer pro-
tected gold nanoparticles depended on the type of macro-
cyclic Zn2+-complex present in the monolayer.[45] Thus,
nanoparticles covered with a 1,4,7-triazacyclononane
(TACN)·Zn2+ complex had a higher affinity for GMP (over
TMP, CMP, and AMP), whereas the presence of 1,4,7,10-
tetraazacyclododecane (cyclen)·Zn2+ evoked selectivity for
TMP. These differences were ascribed to noncovalent inter-
actions between the nucleobase and the macrocycle·Zn2+-
complexes.[46] Based on these observations, we hypothesized
that the selective interaction between monophosphate nu-
cleosides and TACN- or cyclen-functionalized amphiphiles
would be a viable way to introduce selectivity in the
templated self-assembly of amphiphile-based structures.[47]

In addition to the previously reported amphiphile
C16TACN·Zn2+ (A) containing the 1,4,7-triazacyclonane
(TACN)-macrocycle, we synthesized a new amphiphile
C16cyclen·Zn2+ (B) containing the 1,4,7,10-tetraazacyclodo-
decane (cyclen)-macrocycle (Figure 1). Fluorescence titra-
tions revealed a CAC of around 100 mM for B in aqueous
buffer at pH 7.0, which is similar to the CAC of A under the
same conditions (Figure S4). The propensity of mono-, di-,

and triphosphate nucleosides (NTP, NDP, and NMP, respec-
tively, with N = A, T, C or G) to stabilize assemblies of A and
B was measured by titrating increasing amounts of each
nucleotide to a 30 mM solution of the amphiphile in aqueous
buffer at pH 7.0 (Figure 2a for NMP and Figure S5 and S6 for
NTP and NDP, respectively). This concentration is below the
CAC of both A and B, which implies that no well-defined
assemblies are present in the absence of nucleotides. The
fluorescent apolar probe 1,6-diphenyl-1,3,5-hexatriene (DPH,
2.5 mM, lex = 355 nm, lem = 428 nm) was added as a reporter
for assembly formation.[39] DPH is highly soluble in the
hydrophobic part of the assemblies and consequently a sig-
nificant increase in fluorescence intensity is observed when
assemblies are formed. The titration experiments showed that
all nucleotides templated assembly formation, which con-
firmed that the strategy of counter-ion induced templation, is
a general one.[48,49] Yet, significant differences were observed
between NTP and NDP on one hand and NMP on the other
hand. For all di- and triphosphate nucleosides, assembly
occurred under saturation conditions for both A and B and
was complete at around 15 mM of nucleotide (Figure S5, S6).
This indicated that the affinity originating from the electro-
static interaction between nucleotide and amphiphile is high
enough to ensure quantitative complex formation at these
concentrations. This has the important consequence that
selectivity as a result of other potential interactions cannot be
observed for di- and triphosphate nucleosides. On the other
hand, for the monophosphate nucleosides—with a lower
charge—a different behaviour was observed (Figure 2a).
Assembly formation required in general higher nucleotide
concentrations (10–100 mM) but was strongly dependent on
the nucleobase. In the case of A, GMP induced an increase in

Figure 1. Schematic representation of nucleotide-selective templated self-assembly of nanoreactors under dissipative conditions and consequent
transient activation of a chemical reaction between C8-SH and NBD-Cl.
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fluorescence at lower concentrations (0–30 mM) before satu-
rating at around 50 mM occurred. For the other nucleotides,
higher concentrations were needed to observe an increase in
fluorescence intensity, indicative of a weaker templating

effect. A differential response to the nucleotides was also
observed for B, except that in this case it was TMP that
induced an increase in fluorescence intensity at low micro-
molar concentrations (0–20 mM). The selectivity of GMP for
A and TMP for B emerged likewise from fluorescence
titrations in which the concentration of the amphiphiles (A
and B) was gradually increased in the presence of a constant
concentration of NMP (30 mM; N = A, T, G or C) and DPH
(2.5 mM)( Figure 2 b). GMP caused the strongest decrease in
the CAC (& 20 mM) in the case of A and TMP caused the
strongest decrease in the CAC (& 20 mM) of B.

The ability of GMP and TMP to trigger assembly
formation of A and B, respectively, at lower concentrations
compared to other monophosphate nucleosides was con-
firmed by other techniques. UV-vis spectra were measured for
all monophosphate nucleosides in the 0–60 mM concentration
regimes in the absence and presence of the surfactant
(Figure 2c). When the difference in absorbance at the
respective absorbance maxima (AMP = 259 nm, TMP =

268 nm, GMP = 253 nm, CMP = 272 nm) of the nucleotides
in the presence and absence of amphiphile (A and B) was
plotted as a function of the nucleotide concentration,
a maximum difference in absorbance of GMP was observed
in the case of A and of TMP in the case of B. Apart from
confirming the selectivity, these observations also indicate
a direct interaction between the nucleobase and the Zn2+-
macrocycle (TACN in A, cyclen in B). Indeed, it is well-
documented that Zn2+-macrocycle complexes selectively
interact with nucleobases as a result of coordination bonds
between donor atoms of the nucleobase and the Zn2+-metal
ion in combination with hydrogen bonds that involve the NH-
moieties present in the macrocycle.[49–51]

The dynamic light scattering (DLS) intensity (count rate,
kcps) increased significantly only when GMP (30 mM) was
added to a solution of A (30 mM) or TMP (30 mM) to
a solution of B (30 mM), but not for either one of the other
combinations (Figure 2d). Finally, laser scanning confocal
microscopy studies (LSCM) permitted a direct visualization
of assembly formation. Although the size of these assemblies
is lower than the resolution of this optical technique, the
accumulation of the hydrophobic probe Coumarin 153 (C153)
in the apolar part of the assemblies resulted in an increase in
local concentration which was detectable. The formation of
assemblies was observed only upon the addition of GMP to A
or TMP to B (Figure 3 a,b).

Next, we analysed the structure of the selective NMP-
templated assemblies A·GMP and B·TMP by DLS and
transmission electron microscopy (TEM) (Figure 4). We
performed a series of DLS measurements of solutions
containing a constant concentration of surfactants, A and B
(30 mM) and varying concentrations of either GMP or TMP
(10–150 mM), respectively. Stable assemblies with a well-
defined size were obtained for GMP concentrations between
30 and 120 mM in the case of A and TMP concentrations
between 20 and 80 mM in the case of B (Figure 4b and
Figure S9). At lower concentrations, no reproducible size
could be measured, whereas at higher concentrations large
aggregates were observed and, eventually, precipitated. In the
stable range, an average assembly size of 45: 10 nm for

Figure 2. Fluorescence intensity at 428 nm (a) as a function of the
NMP concentration (N = G, T, A, or C) at a fixed amphiphile concen-
tration of 30 mM A (left graph) or B (right graph) in the presence of
DPH (2.5 mM) and (b) as a function of the amount of amphiphile
added (left graph: C16TACN·Zn2+ (A), right graph: C16cyclen·Zn2+ (B))
to an aqueous buffer solution in the presence of a fixed concentration
of NMP (30 mM). Excitation wavelength = 355 nm, slit width (ex/
em) =5/10 nm. c) Difference in absorbance at the respective absorb-
ance maxima (AMP= 259 nm, TMP= 268 nm, GMP=253 nm,
CMP =272 nm) of the nucleotides in the presence and absence of
amphiphile as a function of the nucleotide concentration (0–60 mM)
added to a solution of amphiphile (30 mM) (left graph: C16TACN·Zn2+

(A), right graph: C16cyclen·Zn2+ (B)). d) Scattering intensity rate (count
rate, kcps) measured by dynamic light scattering (DLS) of the
aggregates formed in the absence and presence of NMPs (30 mM) and
a fixed amount of surfactant (30 mM) (left graph: C16TACN·Zn2+ (A),
right graph: C16cyclen·Zn2+ (B)). All measurements were performed in
triplicate. Experimental conditions: [HEPES] =5 mM, pH 7.0, T =25 88C.
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A·GMP and 55: 10 nm for B·TMP was determined (Fig-
ure 4a). TEM images revealed the formation of spherical
structures with similar dimensions (Figure 4 c and Figure S11–
S13). Altogether, these data show that monophosphate
nucleosides selectively template the formation of nanosized-
assemblies, which, according to the UV-vis studies, is ascribed
to additional stabilizing interactions originating from inter-
actions between guanine and the TACN·Zn2+-complex in A
and thymidine and the cyclen·Zn2+-complex in B.

Next, we shifted our attention towards studying NMP-
templated assembly formation under dissipative conditions
installed by the dephosphorylating enzyme alkaline phospha-
tase (AP)[49] (Figure 5). Only upon the addition of GMP to
a solution containing A (30 mM), DPH (2.5 mM) and AP
(1 UmL@1) or upon the addition of TMP to a similar solution
containing B instead of A, a transient increase in fluorescence
intensity was observed indicating transient self-assembly

(Figure 5a,b). All other combinations of nucleotides and
amphiphiles failed to show a similar effect. It was observed
that the half-life of transient assemblies A·GMP, measured as
the time to reduce the fluorescence intensity from the
maximum to end value, was 30 minutes compared to 60 mi-
nutes for the combination B·TMP, attributed to the lower
rates at which the nucleotides are hydrolysed. The cycles
could be re-initiated by adding new batches of the respective
nucleotide, which showed the reversible nature of this
process. The lower efficiency of successive cycles in the
respective systems (A·GMP and B·TMP) most probably
originated from the accumulation of waste product. Further
evidence for transient assembly formation in the presence of
AP was obtained from DLS. Addition of GMP to a solution of
A and AP resulted in the rapid formation of structures with
a hydrodynamic diameter of 45: 10 nm, which in around
30 minutes decreased to a size of 17: 10 nm. This end value
corresponded to that observed for A in the presence of the
waste products of GMP hydrolysis (guanosine + Pi). A similar
behaviour was observed when TMP was added to a solution
of B and AP. In this case, the hydrodynamic diameter
decreased from 55: 10 nm to 21: 5 nm in around 60 mi-
nutes. Also, this end value corresponded to the one observed
when the waste products of TMP hydrolysis (thymidine + Pi)
were added to B (Figure S16).

The selective formation of assemblies implies that any
chemical function associated exclusively to the assembled
state can be selectively activated. Because of our interest in
developing network reactivity, we have a special interest in
exploiting the ability of the templated assemblies to accel-
erate chemical reactions. Previously, we have shown that
ATP-templated vesicles acted as nanoreactors by strongly
accelerating, compared to the background reaction in aque-
ous buffer, a nucleophilic aromatic substitution reaction
between two hydrophobic molecules, 4-chloro-7-nitrobenzo-
furazan (NBD-Cl) and octane thiol (C8-SH).[39] The driving
force for rate acceleration was the uptake of both reactants in
the apolar bilayer which led to an increase in local concen-
tration. Here, as an important step towards the selective
activation of reaction pathways in complex mixtures we
investigated whether we could exploit nucleotide-selective
templation to trigger chemical reactivity with selective inputs.
The reaction between NBD-Cl (1.5 mM) and C8-SH (2.0 mM)

Figure 3. Fluorescence confocal images taken 20 min after mixing
a) A or b) B and either one of the nucleotides. Experimental condi-
tions: Amphiphile (30 mM), coumarin C153 (2.5 mM) and NMP
(30 mM). Experimental conditions: [HEPES]=5 mM, pH 7.0, T = 25 88C.

Figure 4. a) Representative DLS graphs of solutions containing A and
GMP (30 mM each, blue trace) or B and TMP (30 mM each, orange
trace). Experimental conditions: [HEPES] =5 mM, pH 7, T = 25 88C.
b) Hydrodynamic diameters measured with DLS as a function of NMP
concentration (10–150 mM) at a constant amphiphile concentration
(30 mM) in HEPES buffer (pH 7, 5 mM). Blue dots correspond to the
A·GMP system and orange dots correspond to B·TMP system. The
green area indicates the concentration regime at which stable assem-
blies were observed. c) TEM images of a solution containing NMP
(30 mM) and amphiphile (30 mM) in HEPES buffer (pH 7, 5 mM).
i–ii) TEM images of A·GMP, iii–iv) TEM images of B·TMP. Samples
were stained with 2% uranyl acetate solution.

Figure 5. Fluorescence intensity at 428 nm following two repetitive
additions of NMP (30 mM; N = A, T, G, C) to a solution of a) A
(30 mM) or b) B (30 mM) and DPH (2.5 mM) in the presence of alkaline
phosphatase (AP) (1 UmL@1). Experimental conditions: [HE-
PES] =5 mM, pH 7, T = 25 88C.
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was studied in solutions of A or B (30 mM) to which either one
of the monophosphate nucleosides (NMP; N = A, T, G or C,
30 mM) was added. An excess of Zn(NO3)2 (600 mM) was
added to suppress a slow side reaction between NBD-Cl and
the head groups. The reaction progress was monitored both
by UPLC and UV-vis spectroscopy, following the increase in
absorbance at 420 nm originating from the product formed by
the two hydrophobic reactants (NBD-SC8) (Figure 6a,d).
Importantly, in the presence of amphiphile A only the
addition of GMP resulted in a strong increase in rate (> 10-
fold based on the first 15 minutes) compared to the reference
system to which no nucleotide was added (Figure 6 b). The
addition of any of the other nucleotides caused just a very
small increase in rate compared to the background. A
difference in rate between GMP and the other nucleotides
was not observed in the absence of the surfactant
C16TACN·Zn2+, which indicates that amphiphile A plays an
essential role in inducing rate acceleration (Figure S24).
Finally, the correlation between GMP and reactivity was
confirmed by measuring the rate as a function of GMP
concentration. A clear increase in the initial rate was
observed up to around 20 mM of GMP after which the rate
remained constant (Figure 6 c). This is an important observa-
tion as it underlines the working principle of the system: the
maximum effect of GMP on rate acceleration is determined
by the amount of assemblies that can be templated by a given
concentration of GMP. Importantly, the selectivity completely
changed when amphiphile B was used instead of A. For this
amphiphile, an increase in rate was only observed when TMP
was added and not for any of the other nucleotides (Fig-
ure 6b). Similar to the A·GMP system, a clear increase in rate
was observed for concentrations up to 20 mM of nucleotide
after which the rate remained constant (Figure 6c). The
observed differential responses of the A and B systems to
nucleotides clearly establish a connection between selectivity
in templated-assembly and reaction pathway activation.

A key characteristic of biological systems is that reaction
pathways are transiently up- or downregulated caused by the
temporary availability of a trigger.[52,53] We therefore studied
nucleotide-selective transient reaction activation under dis-
sipative conditions by following formation of product NBD-
SC8. UPLC studies revealed that in the absence of the enzyme
AP the product concentration increased gradually in time to
reach a maximum value after around 70 minutes for both
systems (A·GMP and B·TMP) (Figure 7a). However, in the
presence of enzyme (3 UmL@1 for A·GMP and 6 UmL@1 for
B·TMP) the product concentration ceased to increase much
earlier after addition of GMP or TMP, respectively, and
reached a lower final concentration (Figure 7a). This shows
that product formation is governed by the assembly lifetime.
Importantly, the addition of a second batch of GMP to the A-
system caused an additional transient burst in product
formation. On the other hand, the addition of TMP did not
lead to any increase evidencing the selective nature of
transient pathway activation (Figure 7b). Transient up-regu-
lation was also observed for the B-system, but in this case only
when TMP was added instead of GMP (Figure 7b).

Figure 6. a) Concentration of the product NBD-SC8 as a function of
time measured by UV-vis upon the addition of either one of the
nucleotides NMP (30 mM) to a solution of amphiphile (30 mM; left
graph: A ; right graph: B), Zn2+ (600 mM), NBD-Cl (1.5 mM) and C8-SH
(2 mM) in HEPES buffer (pH 7, 5 mM) at 25 88C. The background
reaction (without nucleotides) is marked with the black indicators. All
measurements were performed in triplicate. b) Initial reaction rates
(0–10 minutes) as a function of the kind of nucleotide NMP (30 mM)
added to either A (left graph) or B (right graph). The initial rate of the
background reaction is marked with the black indicators. (c) Initial
reaction rates (0–10 minutes) as a function of the concentration of
GMP (0–45 mM; left graph) or TMP (0–45 mM; right graph) added to
a solution of A or B, respectively. d) Yield (%) of the product NBD-SC8,
20 minutes after the addition of NMP (30 mM) to a solution containing
either A (30 mM, left graph) or B (30 mM, right graph) and Zn2+

(600 mM), NBD-Cl (1.5 mM) and C8-SH (2 mM) in HEPES buffer (pH 7,
5 mM) at 25 88C. The blanks include: only buffer, buffer+ Zn2+

(600 mM) and only amphiphile A (left graph) or B (right graph).
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Conclusion

In conclusion, we have shown that the self-assembly of
nanoreactors can be selectively triggered by adding mono-
phosphate nucleosides to the mixture. The selectivity origi-
nates from the selective non-covalent interactions between
the head groups of the amphiphile and the nucleotide. Under
dissipative conditions, installed by the presence of the enzyme
alkaline phosphatase, the assemblies have a limited lifetime.
The transient assemblies act as nanoreactors for a bimolecular
reaction between two apolar reagents. Under dissipative
conditions the up-regulation of chemical reactivity becomes
a transient phenomenon, while preserving selectivity. Tem-
plated self-assembly under dissipative conditions offers an
attractive way to control the functional properties of a com-
plex mixture. This enables new possibilities for developing
synthetic chemical reaction networks that can control the
behaviour of next-generation materials.
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