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Q1Time-gated fluorescence signalling under
dissipative conditions†

Maria A. Cardona, a Rui Chen,a Subhabrata Maiti, b Ilaria Fortunati,a

Camilla Ferrante, a Luca Gabrielli,a Krishnendu Das a and Leonard J. Prins *a

Precise control over specific functions in the time domain is

ubiquitous in biological systems. Here, we demonstrate time-

gated fluorescence signalling under dissipative conditions exploit-

ing an ATP-fueled self-assembly process. A temporal ATP-

concentration gradient allows the system to pass through three

states, among which only the intermediate state generates a fluor-

escent signal from a hydrophobic dye entrapped in the assemblies.

The system can be reactivated by adding a new batch of ATP. The

results indicate a strategy to rationally programme the temporal

emergence of functions in complex chemical systems.

Self-assembly provides an attractive tool to create supramole-
cular architectures through the spontaneous organization of
molecular building blocks.1–3 The resulting architecture is the
direct consequence of the self-assembly pathway during which
reversible non-covalent interactions develop between the build-
ing blocks.4,5 Even though supramolecular chemistry has tra-
ditionally mainly dealt with thermodynamically controlled self-
assembly processes, recent studies have shown that additional
kinetic control over the self-assembly pathway provides access
to a much wider range of complex structures.6,7 Most current
efforts in this direction rely on the exploration of intermediate
kinetic structures that form en route to the thermodynamic end
product upon mixing the building blocks.2,8,9 On the other
hand, kinetic control in nature is obtained using high energy
molecules, such as ATP or GTP, which can trigger self-assembly
processes. Temporal control over the formed structures is
obtained by a simultaneous catalytic process which converts
the high energy molecules in waste molecules unable to sustain
the self-assembled structure.10 One of the most notable exam-
ples is the GTP-driven self-assembly of tubulin dimer in

polymeric microtubules, which spontaneously disassemble
upon GTP hydrolysis by the assembly.11 The unique behaviour
of biological systems has inspired chemists to design chemi-
cally fuelled self-assembly processes in which a forward reac-
tion activates the building blocks for self-assembly and a
concurrent backward reaction brings the system back to the
basal non-assembled state. Although we have recently shown
that the way in which chemical energy is exploited can be very
different, a common treat of all chemically fuelled self-
assembly processes is the transient formation of the assembly
– and the associated function – upon the batch wise addition of
fuel.12 This approach has now been amply used to transiently
activate materials,13–17 receptors,19 catalysts20–23 and more.24–32

It is relevant to stress the difference with the kinetic states of
conventional self-assembled systems which progress towards the
thermodynamic end state; once such systems have reached the
thermodynamic state, they become unresponsive to external
stimuli.30 In contrast, chemically fuelled systems which have
reached the final state after fuel depletion can be reactivated by
providing a new batch of fuel.12–32 Hence, the development of
chemically fuelled self-assembly processes that display complex
self-assembly pathways offers a new direction to control structure
and function in a similar way as happens in Nature.32

Here, we show an ATP-templated self-assembly process that
involves three states (unassembled - vesicle-like assemblies
- aggregates), which get populated depending on the ATP-
concentration (low-intermediate-high, respectively) (Fig. 1a).
We couple this fuelled self-assembly process with an enzymatic
fuel depletion process to create a temporal concentration
gradient of ATP in the system. We show that this system
displays time-gated signal generation, which implies the
presence of a lag time between the addition of the chemical
trigger and the generation of the output signal. The lag time
originates from the fact that only the metastable intermediate
state – formed at intermediate ATP concentrations – is fluores-
cently active (Fig. 1b). We demonstrate that the lag time is
determined by the amount of ATP added to the system and that
the system can be reactivated by adding a new batch of ATP.
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In recent years, we have extensively studied the ATP-
templated self-assembly of amphiphiles composed of a Zn(II)-
TACN (1,4,7-triazacyclonane) complex attached to hydrophobic
saturated carbon chains of different length (C12–C20)
(Fig. 2a).15,23,27 In the presence of ATP the critical aggregation
concentration (CAC) of the amphiphile is lowered, which is
attributed to a combination of favourable entropic (multivalent
counterion) and enthalpic (interactions between phosphate
and Zn(II)-complex) contributions. The length of the carbon
chain plays an important role in defining the structure of the
templated assembly – ranging from flat disks for C2027 to
spherical vesicle-like structures for C1615 and C1223 – and the
kinetic stability. An important feature of these templated
assemblies is that they have a limited lifetime under dissipative
conditions installed by the presence of a phosphatase enzyme,
because the waste products of ATP hydrolysis have a much
lower templating ability.

In the present study we use C12TACN�Zn2+ as the amphi-
phile which is known to form vesicle-like aggregate far below its
CAC (41 mM) in the presence of low ATP concentration (0–50
mM).23 Here, our objective was to explore the effect of ATP
concentration on the assembly behaviour of the amphiphile.
The formation of amphiphile-based assemblies can be conve-
niently followed by fluorescence spectroscopy owing to the
capacity of the assemblies to up take a hydrophobic fluoro-
phore in the apolar domains of the assemblies. Towards this
objective we first titrated a fixed concentration (100 mM, far
below its CAC) of C12TACN�Zn2+ with increasing concentration
of ATP. Laurdan dye (2 mM), a fluorophore which is widely used
to study membrane properties, was present as a fluorescent

probe to report on assembly formation.33,34 Laurdan dye is
hardly soluble in water and its fluorescence quantum yield is
much higher in membranes compared to aqueous environ-
ments, resulting in a turn-on of the fluorescence intensity when
the dye partitions into hydrophobic membranes. As expected,
the fluorescence intensity increased upon the addition of ATP,
indicating templated self-assembly (Fig. 2b). However, to our
surprise the fluorescence intensity reached a maximum at
around 50 mM of ATP after which it gradually decreased and
completely disappeared at higher concentrations indicating a
structural change in the self-assembly product (Fig. 2b).

This ATP concentration dependent fluorescence signalling
intrigued us to perform morphological studies of the system.
Previously reported studies on C12TACN�Zn2+ amphiphiles had
already shown the formation of vesicle-like structures at low
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Fig. 1 (a) Three-state templated self-assembly under dissipative condi-
tions. Addition of a chemical trigger activates building blocks for self-
assembly, but at higher concentrations a second transition occurs to an
inactive state. Dissipative conditions cause a gradual decrease to the
original unassembled state. (b) Schematic illustration of the complex
pathway towards temporal fluorescent signal generation in response to
the fuel concentration gradient under dissipative condition.

Fig. 2 Formation and characterization of ATP-templated assemblies. (a)
Schematic representation of the ATP-templated assembly of C12TACN�
Zn2+ into spherical assemblies and, at higher ATP concentrations, aggre-
gates. A disassembly pathway is installed in the presence of the ATP-
cleaving enzyme alkaline phosphatase. (b) Fluorescence intensity (FI) at
472 nm as a function of the ATP concentration added to solution of
C12TACN�Zn2+ (100 mM) and laurdan dye (2 mM). (c) Hydrodynamic dia-
meter of assemblies in the presence of ATP at different concentrations
measured by DLS ([C12TACN�Zn2+] = 500 mM). (d) TEM (above) and LSCM
(below) images of aggregates with [C12TACN�Zn2+] = 100 mM and [ATP] =
50 mM (left) and [C12TACN�Zn2+] = 100 mM and [ATP] = 200 mM (right). For
LSCM measurements Coumarin 153 was used as a hydrophobic fluores-
cent probe. TEM images are stained with 2% uranyl acetate solution. The
TEM and LSCM-images at [ATP] = 50 mM have been previously reported.21

General experimental conditions: [HEPES] = 5 mM, pH 7.0, T = 25 1C, lex =
370 nm, slits = 5/10 nm (ex/em) for laurdan dye and lex = 400 nm for
Coumarin 153.
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ATP concentrations.23 Hence we first employed DLS measure-
ments to confirm the formation of assemblies upon the addi-
tion of ATP (25–150 mM) to C12TACN�Zn2+ (500 mM) (Fig. 2c). At
low ATP concentrations structures with a hydrodynamic radius
of around 40 nm were detected, which is indeed in line with
those reported before.23 Yet, an increase in hydrodynamic
radius up to 1000 nm was observed when the ATP concen-
tration was gradually increased to 150 mM. Slow precipitation
over night was observed when the ATP concentration exceeded
100 mM. Further structural information on the assemblies was
obtained from transmission electron microscopy (TEM) and
laser scanning confocal microscopy (LSCM) (Fig. 2d and Fig. S3,
S4, ESI†). TEM images obtained from a solution of C12TACN�
Zn2+ (100 mM) and low ATP (50 mM) showed spherical assem-
blies with dimensions in line with those measured using DLS.
Yet, at higher ATP concentrations (200 mM), the assemblies
were much less defined and appeared as elongated aggregates
(Fig. 2d). Similar observations were made by LSCM (Fig. 2d).

Altogether, the data confirm that ATP templates the self-
assembly of C12TACN�Zn2+ in spherical vesicle-like assemblies,
but at higher ATP:C12TACN�Zn2+ ratios these assemblies
further aggregate into larger sized objects with a rather unde-
fined structure. This effectively means that the system can be
present in three different states depending on the concen-
tration of ATP; an unassembled state in the absence of ATP, a
vesicular state in the presence of low amounts of ATP and a
condensed aggregated state at higher ATP concentrations. The
three different states present three different chemical environ-
ments with different properties. Indeed, the fluorescence titra-
tions demonstrate that only the intermediate vesicular state
generates a fluorescent signal. From biophysical studies of
membranes it is known that the increased amount of water
in distorted membranes causes a significant quenching of the
fluorescence emission of laurdan dye.35 The observation of
fused, irregularly shaped structures in TEM images of the
aggregates (Fig. 2d and Fig. S3, ESI†) leads us to postulate that
the lower structural order of the aggregates leads to a quench-
ing of the fluorescence emission of laurdan dye by water.

The presence of an ATP-concentration dependent three state
assembly process and the observation of fluorescent signalling
exclusively for the intermediate assembly state prompted us to
investigate whether we could generate time-gated fluorescent
signalling by creating a temporal high-to-low ATP concen-
tration gradient in the presence of an enzyme. Time-gated
signalling implies the presence of a lag time between the
addition of the trigger and the emergence of the signal and
would generate a temporal signal profile that is markedly
different from those typically observed in equilibrium systems.
In equilibrium systems, a trigger changes the equilibrium
position according to Le Chatelier’s principle leading to a
new equilibrium state accompanied with the generation of a
signal that remains constant over time (Fig. 3a). Recently, we
have shown that under dissipative conditions – in which the
chemical trigger is gradually deactivated in the system – the
profile is characterized by a (rapid) increase in signal followed
by a spontaneous gradual decrease (Fig. 3a).15,36,37 As opposed

to an equilibrium assay, such a system can respond to the
arrival of a new trigger. Yet, the potential introduction of a lag
time in the current system is fascinating as it would indicate
the possibility of temporal programming of events in a complex
system regulated by chemical triggers.15,36–39

In a first experiment, ATP was added to a solution of
C12TACN�Zn2+ (100 mM), laurdan dye (2.5 mM) and alkaline
phosphatase (0.5 U) at a concentration (200 mM) at which
aggregates are formed. As we have shown before, the presence
of alkaline phosphatase causes the gradual conversion of ATP
in the waste products adenosine (A) and phosphate (Pi) which
are unable to template assembly formation at these
concentrations.23 After addition of ATP, no fluorescence was
initially observed, but within minutes the fluorescence inten-
sity started to increase and reached a maximum after around 40
minutes after which the signal gradually decreased in intensity
(Fig. 3c). This observation can be explained by the enzymatic
degradation of ATP, which causes the transition from non-
fluorescent aggregates to fluorescent vesicles and finally to a
non-fluorescent disassembled state. This delayed increase in
fluorescence intensity was even more pronounced for samples
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Fig. 3 Time-gated signal generation. (a) Signal output as a function of
time in a system operating under thermodynamic (blue) and dissipative
(red) conditions and the current system (green). (b) Normalized fluorescent
intensity (FI) at 472 nm as a function of time following the addition of
different concentrations of ATP to C12TACN�Zn2+ (100 mM) and laurdan
dye (2 mM) in the presence of alkaline phosphatase (0.5 U). (c) Periodic
photos taken when different ATP concentrations were added to solution
of C12TACN�Zn2+ (100 mM), laurdan dye (3 mM) and alkaline phosphatase
(10 U). Numbers indicate the time interval between the addition of ATP and
the moment the image was taken. (d) Normalized fluorescent intensity (FI)
at 472 nm following additions of ATP (200 mM) to a solution of C12TACN�
Zn2+ (100 mM) and laurdan dye (2 mM) in the presence of different
concentrations of alkaline phosphatase. (e) Normalized fluorescent inten-
sity (FI) at 472 nm following sequential additions of ATP (50 mM, 200 mM) to
a solution of C12TACN�Zn2+ (100 mM) and laurdan dye (2 mM) in the
presence of alkaline phosphatase (0.3 U). General experimental conditions:
lex = 370 nm, slits = 5/10 nm (ex/em), [HEPES] = 5 mM, pH 7.0, T = 25 1C.
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in which ATP was added at higher concentrations of 500 and 750
mM, respectively. Delay times of 70 and 200 minutes, respectively,
were observed between the addition of the enzyme and the onset
of the transient fluorescent signal (Fig. 3c). The lag times are
determined by the time required for the enzyme to reduce the ATP
concentration down to around 150 mM, which is the concentration
around which the transition from aggregates to vesicles takes
place. In a separate experiment, ATP-regulated time-gated fluores-
cence could be directly visualized by adding four different con-
centrations of ATP (10, 50, 200 and 400 mM) to a solution
containing C12TACN�Zn2+, laurdan dye and the enzyme AP and
taking photographs at regular time intervals under irradiation with
UV-light. It can be clearly seen that the time required to observe
the maximum in fluorescence intensity increases as a function of
ATP. The dependence on enzyme activity emerged from an
experiment in which different amounts of enzyme (0.25–2 U) were
added to a solution containing a constant concentration of ATP
(200 mM) and C12TACN�Zn2+ (100 mM) (Fig. 3e). The time required
to reach the maximum of FI increased from 61 minutes to 365
minutes (which is nearly 6 hours!) when the enzyme concentration
decreased from 2 U to 0.25 U. The unique response of this system
to ATP was illustrated in an experiment in which the system was
initially activated with 50 mM of ATP (Fig. 3f). During the decay
phase of the signal, a new batch of ATP (200 mM) was added which
provoked an immediate drop in fluorescence intensity illustrating
that the transition into non-fluorescent aggregates occurred
instantaneously. Yet, after a short lag time the fluorescence
intensity increased again to reach a maximum before it decreased
again until complete disappearance. It is important to note that
the ATP-templated assemblies at these concentrations were stable
over night in the absence of enzyme, indicating that the decrease
in FI is not simply a result of precipitation. This is also evident
from the homogeneous emergence of fluorescence in the unstirred
cuvettes shown in the images of Fig. 3d and from the observation
that shaking cuvettes after fluorescent decay did not result in an
increase in fluorescence intensity.

In conclusion, we have shown that the sequential popula-
tion of different assembly states in a chemically fuelled self-
assembly process under dissipative conditions offers an attrac-
tive possibility to control systems’ properties in the time
domain. By installing an ATP-concentration gradient in time
it is possible to temporally activate the fluorescence signalling
of an assembly that is only present in a certain ATP-
concentration regime. Importantly, the ATP-concentration not
only determines the lifetime of the signal, but also regulates at
which future moment after addition of the trigger the signal
starts to appear. We envisage that this strategy will become an
important tool to rationally programme the temporal emer-
gence of functions in complex chemical systems.
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