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Dissipative self-assembly of vesicular

nanoreactors

Subhabrata Maiti, llaria Fortunati, Camilla Ferrante, Paolo Scrimin and Leonard J. Prins*

Dissipative self-assembly is exploited by nature to control important biological functions, such as cell division, motility and
signal transduction. The ability to construct synthetic supramolecular assemblies that require the continuous consumption
of energy to remain in the functional state is an essential premise for the design of synthetic systems with lifelike
properties. Here, we show a new strategy for the dissipative self-assembly of functional supramolecular structures with
high structural complexity. It relies on the transient stabilization of vesicles through noncovalent interactions between the
surfactants and adenosine triphosphate (ATP), which acts as the chemical fuel. It is shown that the lifetime of the vesicles
can be regulated by controlling the hydrolysis rate of ATP. The vesicles sustain a chemical reaction but only as long as
chemical fuel is present to keep the system in the out-of-equilibrium state. The lifetime of the vesicles determines the

amount of reaction product produced by the system.

systems for the execution of biological functions'. This has

served as an inspiration for chemists who, over the past
decades, have learned how to implement self-assembly as a straight-
forward tool to access a large variety of functional molecular struc-
tures®. However, there is a fundamental difference between synthetic
and natural self-assembly processes®. Synthetic self-assembly is
typically an energetically downhill process driven by the gain in
free energy on reaching the global or a local minimum in the free
energy landscape, resulting in structures that are stable in time. In
contrast, many natural self-assembly processes are energetically
uphill and require a continuous consumption of energy to maintain
assembly in the functional state®. This is referred to as dissipative
self-assembly™S, and it is used by nature to gain temporal control
over self-assembly processes and, in that way, regulate important
biological functions, such as cell division’, motility® and signal
transduction®. Scientists are currently perceiving the importance
of adding time as an extra dimension for the design of supramole-
cular systems with ‘life-like’ properties, such as autoconfiguration,
self-healing and adaptability®. Recent examples of chemical systems
that require energy to be operational (such as molecular motors'®!!,
transport systems'?~!4, surface gradients!® and materials!5~'°) show
that such systems indeed create an entirely new functional potential
in the fields of materials science and nanotechnology?®2!.

The range of supramolecular structures obtained via out-of-
equilibrium self-assembly is very limited, however, and they are
currently restricted to fibres with low structural complexity!6-1°.
This is in strong contrast with the enormous variety of supramole-
cular architectures that have been assembled under thermodynamic
or kinetic control?. The main reason for this is that the design of dis-
sipative molecular self-assembly processes requires the integration
of an energy-consuming process, which is evidently far from
trivial. Considering the higher complexity of such designs, it is
therefore not surprising that no examples of dissipative supramole-
cular assemblies have so far been reported in which the energy
consumption is actually used to control the chemical reactivity.
Here, we describe a new strategy for the dissipative self-assembly of
supramolecular structures and we use this strategy for the transient
formation of vesicular nanoreactors that are able to sustain a chemical
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reaction only as long as chemical fuel is present to keep the system in
the out-of-equilibrium state.

The presented strategy relies on the transient stabilization of a
supramolecular assembly driven by noncovalent interactions with
an additional molecule, which functions as the chemical fuel.
The in situ consumption of the fuel leads to the loss of stabilizing
interactions and, consequently, spontaneous dissociation of the
assembly. Previously, we have shown that adenosine 5'-triphos-
phate (ATP) can be used for transient signal generation by
temporarily displacing small fluorescent molecules from the
surface of monolayer-protected gold nanoparticles’’. This
approach has now been exploited for the dissipative self-assembly
of supramolecular structures with chemical functionality. The
current methodology relies on the ability of multiple charged
counterions to effectively stabilize micellar and vesicular aggregates
composed of surfactants with charged head groups®=2*. A decrease
in the critical aggregation concentration (CAC) by several orders of
magnitude in the presence of multivalent counterions has been
reported®. This effect originates from the ability of a single multi-
valent counterion to interact simultaneously with multiple surfac-
tant molecules, which is highly favourable from an entropic point
of view. Considering that a similar multivalent effect was also at
the origin of our previous work?*?®, we began our studies by
exploring the ability of ATP to stabilize aggregates formed by
surfactant C;sTACN-Zn>* (Fig. 1la). This surfactant contains the
identical 1,4,7-triazacyclononane-Zn** (TACN-Zn?>*) head group
as present in the previous nanoparticle system, but attached
instead to an apolar C;¢ chain.

The aggregation behaviour of C;sTACN-Zn”" alone was studied
by titrating increasing amounts of the surfactant to an aqueous
solution buffered at pH 7.0 containing the fluorescent apolar
probe 1,6-diphenyl-1,3,5-hexatriene (DPH, 2.5 uM, A =355 nm,
Aem =428 nm). This probe is solubilized by the apolar compartment
of the aggregates, leading to an increase in fluorescence intensity
after the CAC has been reached (Fig. 1b). The determined CAC
value of around 100 pM, confirmed by UV-vis measurements,
compares well to that of a related system reported previously
(Supplementary Figs 4 and 5)*. Dynamic light scattering (DLS)
measurements performed at a surfactant concentration of 200 uM
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Figure 1| Formation and characterization of vesicles. a, Schematic representation of the dissipative self-assembly of vesicles. b, Fluorescence intensity (FI)
at 428 nm as a function of the concentration of C;¢ TACN-Zn?* added to an aqueous buffer solution with different concentrations of ATP (0-50 pM) or AMP
(10 pM) +P; (20 pM) in the presence of DPH (2.5 pM) as the fluorescent probe. Experimental conditions: HEPES (5 mM, pH 7.0), T =37 °C, excitation
wavelength = 355 nm, slit width (ex/em) =5/10 nm. The lines represent the best fit to model T (see Supplementary Information, page 19). ¢, Hydrodynamic
diameter of the aggregates in the absence and presence of ATP measured by DLS in agueous buffer solution (HEPES, 5 mM; pH 7.0). d, TEM image of
vesicles with [C1sTACN-Zn?"]=25 M and [ATP] =6 pM (stained with 2% uranyl acetate solution). Scale bar, 200 nm. e, Cryo-TEM image of vesicles with
[C1TACN-Zn?*1=200 pM and [ATP] =50 pM. Scale bar, 50 nm. f, Time-domain intensity decay of C153 in aqueous buffer, [CiTACN-Zn?*1=25 puM and
vesicles with [C16TACN-Zn2+] =25 uM and [ATP] = 6 pM, excited by a 400 nm laser (HEPES, 5 mM, pH 7). g, Normalized FCS curves of C153 in aqueous
buffer solution, micelles with [C;e TACN-Zn?*1 =200 pM and vesicles with [C1eTACN-Zn?*]1=200 pM and [ATP] =50 pM. Solid lines are fits.

yielded a hydrodynamic diameter of 5.9 + 1.3 nm, indicating that
C16TACN-Zn>" aggregates into micelles (Fig. 1c).

A completely different behaviour was observed when the titrations
were repeated in the presence of ATP at different concentrations
(5-50 uM; Fig. 1b). In all cases, the fluorescence intensities started
to increase at significantly lower surfactant concentrations
(CAC~ 10 uM), but then levelled off at constant values before resum-
ing a further increase following the curve measured in the absence of
ATP (Fig. 1b). The lower CAC value shows that aggregates with
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higher stability are formed when ATP is present. The presence of
the intermediate phase, which has an onset and fluorescence intensity
that depends on the amount of ATP present, demonstrates that the
concentration of ATP determines how much aggregate is formed.
The titration curves were fitted to thermodynamic model T, which
takes into account two equilibria: the self-association of
C,6TACN-Zn>* to form micelles and the ATP-induced association
of C,sTACN-Zn** to form vesicles (see Supplementary Information,
page 19). Fitting of the experimental curves using model T reveals
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that, under these conditions, vesicles are formed under saturation
conditions and that ATP and C,sTACN-Zn*" are present in a
1:2.5(+0.3) ratio in the aggregates. Additional titration experiments
of ATP to a constant concentration of C,sTACN-Zn** yielded a
slightly higher ratio of ~1:3 (Supplementary Figs 6 and 7).
Turbidity experiments showed that at this ratio the obtained aggre-
gates are stable for long periods of up to 10 h (Supplementary Fig. 17).
At ratios of ATP:C;sTACN-Zn"" higher than 1:3, aggregation was
eventually observed, leading to the slow formation of precipitate,
starting approximately 1 h after the addition of ATP.

The structure of the aggregates was studied by a variety of
analytical techniques. DLS measurements at the same surfactant
concentration as before (200 uM), but in the presence of 50 uM
ATP, showed that the aggregates had a much higher hydrodynamic
diameter of 62 +22 nm, which excluded the formation of micelles
(Fig. 1c). The formation of spherical aggregates with diameters on
the order of 50-100 nm was confirmed by transmission electron
microscopy (TEM), cryogenic (cryo)-TEM and environmental
scanning electron microscopy (ESEM) measurements (Fig. 1d,e
and Supplementary Figs 10-12). In the absence of ATP, this
kind of structure was not observed by TEM or ESEM. The
structures visible in the TEM and cryo-TEM images all possessed
a strongly contrasting outer shell attributed to the presence of
Zn** metal ions. An observed increase in the fluorescence
lifetime 7 of coumarinl53 (C153, an apolar fluorophore used
in the confocal microscopy studies described below) from
2.01 £0.01 ns to 3.03 £0.26 on the addition of ATP (6 uM) to a
solution of C153 (0.5 uM) and surfactant (25 puM) is in agree-
ment with the localization of the fluorophore in an apolar environ-
ment (Fig. 1f, Supplementary Fig. 14 and also Supplementary
Table 1). Fluorescence correlation spectroscopy revealed a
strong decrease in the diffusion coefficient from 28.2+6.5 to
6.0+23um>s" following the addition of ATP, corresponding
to an increase in the hydrodynamic diameter from 15.8 +3.2 to
80+34nm (Fig. 1g and Supplementary Table 2). Altogether,
these results strongly suggest that the observed aggregates are ves-
icles with ATP associated non-covalently with the inner and outer
sides of the bilayer. The presence of an aqueous inner phase in
the aggregates was confirmed by the fact that a water-soluble, cat-
ionic fluorophore (rhodamine 6G) could be entrapped in the
interior (Supplementary Fig. 9).

Dissipative self-assembly requires the introduction of an
additional process to release the chemical energy stored in ATP
and eliminate the stabilizing interactions between ATP and
C16TACN-Zn**. We have previously shown that the enzyme
potato apyrase is excellent for this purpose as it rapidly hydrolyses
ATP into adenosine 5'-monophosphate (AMP) and two molecules
of orthophosphate P; (ref. 22). Evidently, it is of crucial importance
that hydrolysis products AMP and P; do not stabilize the vesicles
(Fig. 1b). The fluorescence response curve of a titration of
C,6TACN-Zn*" in the presence of AMP (10 uM) and P; (20 uM)
showed just a small increase in fluorescence at surfactant concen-
trations above 30 uM, but at a much lower extent (eight times)
than in an analogous experiment in the presence of ATP (10 uM).
DLS measurements performed at significantly higher concen-
trations of both surfactant and AMP + 2P; gave a hydrodynamic
diameter of 14 + 4 nm, which further confirmed that AMP and P;
do not induce vesicle formation (Supplementary Fig. 15). It was
decided to perform all further studies at a surfactant concentration
below 30 uM to avoid the induction of any kind of aggregation by
the hydrolysis products of ATP.

Kinetic fluorescence measurements showed a rapid increase
in fluorescence intensity following the addition of ATP (3 uM) to a
solution containing C;sTACN-Zn** (10 uM) and DPH (2.5 uM)
(Fig. 2a). In the absence of enzyme, the signal remained constant in
time, indicating the stability of the vesicles under these conditions.

NATURE CHEMISTRY | VOL 8 | JULY 2016 | www.nature.com/naturechemistry

We were pleased to observe that repeating the same experiment in
the presence of different enzyme concentrations (0.02-0.15 U ml™)
led to a nearly identical initial signal enhancement, but now followed
by a gradual signal decay with a rate that depended on enzyme con-
centration (Fig. 2a). Kinetic model K1 was developed to obtain
insight into the kinetic processes involved. Thise model takes into
account reversible vesicle formation between C,;sTACN-Zn>* and
ATP and the hydrolysis of ATP through Michaelis-Menten kinetics.
The fits to the experimental data show that model K1 accurately
describes transient vesicle formation (solid lines in Fig. 2a). Kinetic
model K1 was used to determine the half-life of the vesicles
(defined as the time required to reach 50% of the fluorescence
intensity in the absence of enzyme) as a function of enzyme con-
centration. Under these experimental conditions, half-lives ranging
from 5 min (0.15 U ml™) to 43 min (0.02 U ml™") were calculated
(Supplementary Fig. 28). Transient vesicle formation could also be
monitored by UV-vis spectroscopy following the appearance and
disappearance of turbidity (Supplementary Fig. 18). DLS measure-
ments confirmed that these observations indeed originate from
assembly formation and degradation, because a drop in the hydro-
dynamic diameter from 52+22nm to 17 +4 nm was measured
for an aged solution (45 min) to which both ATP and enzyme
were initially added (Supplementary Fig. 19). This end value corre-
sponds to that observed for the surfactant in the presence of
AMP + 2P;. The reversible nature of the process was demonstrated
by performing up to seven cycles with the same sample, adding
new batches of ATP each time the signal returned to the starting
value (Fig. 2b). The efficiency of ATP in re-inducing vesicle for-
mation decreased after each cycle, presumably because of the
accumulation of waste products (AMP + P;) in the closed reaction
system. Interestingly, laser scanning confocal microscopy studies per-
mitted direct visualization of vesicle formation and dissociation.
Although the size of the aggregates falls below the resolving power
of confocal microscopy, the accumulation of the C153 fluorophore
in the apolar bilayer of the vesicles permitted the aggregates to be
detected. Two cycles of vesicle formation and dissociation were
directly visualized by recording an image every 5s; these were
then quantified by counting the number of fluorescent objects
(Supplementary Information, page 25). Fluorescent objects
appeared immediately after each addition of ATP, after which they
gradually decreased in number (Fig. 2¢,d, Supplementary Figs 20-22
and Supplementary Movie 1). In the absence of ATP, distinguishable
fluorescent structures were never observed (Fig. 2d).

These experiments clearly demonstrate the transient formation
of vesicles with a lifetime that can be controlled by regulating the
hydrolysis rate of ATP. Compared to previously reported dissipative
assemblies that all rely on covalent modification of the building
blocks by a chemical fuel'*!¢-2, the novelty of this approach is
that ATP stabilizes the assembly through noncovalent interactions.
It is of interest to note that the formation of microtubules’ and actin
filaments®, which are some of the finest examples of dissipative
natural self-assembly, also rely on the noncovalent activation of
the subunits by guanosine 5'-triphosphate (GTP) and ATP, respect-
ively. The fast ‘on’ and ‘off’ rates of the complex between surfactants
and ATP allows dissipative self-assembly to occur in a kinetic
regime (minutes) that is very close to that of natural ones. To
achieve this using covalent bond formation is challenging, because
the reaction rates generally tend to drop significantly at low con-
centrations. Recently, Fyles and colleagues were able to circumvent
this problem by cleverly using an increase in local concentration for
activation of the building blocks by the chemical fuel and a sub-
sequent intramolecular reaction for deactivation'®. Another strategy
reported by Walther and colleagues to gain temporal control (from
minutes to days) over self-assembly processes relied on the transient
change in pH induced by the hydrolytic cleavage of deactivators
with varying chemical stability?.
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Figure 2 | Transient formation of vesicles. a, Fluorescent intensity (FI) at 428 nm as a function of time following addition of ATP (3 pM) to C;¢TACN-Zn?*
(10 pM) and DPH (2.5 uM) in the presence of different concentrations of potato apyrase. Experimental conditions: HEPES buffer (5 mM, pH 7.0);
[Ca?"]1=0.25 mM. All experiments were performed in triplicate (Supplementary Information, page 27). A representative data set is shown. Solid lines
represent the best fits to model K1 (Supplementary Information, page 28). b, Fl at 428 nm following seven repetitive additions of ATP (3.3 uM) to a solution
of C1cTACN-Zn?* (10 pM) and DPH (2.5 uM) in the presence of potato apyrase (0.45 U ml™). ¢, Confocal images over time, showing the appearance and
disappearance of fluorophore-bound vesicles in two cycles of ATP-fuelled vesicle formation and degradation. Samples were prepared using C;¢TACN-Zn?*
(25 pM), DPH (2.5 pM), potato apyrase (0.75 U mI™) and ATP (8 pM). d, Total number of fluorescent particle counts (calculated using ImageJ software;
Supplementary Information, page 25) detected by confocal microscopy as a function of time (measured every 5 s) in the presence and absence of ATP.
Numbers 1 to 6 denote the points corresponding to the images in c. Lines indicate standard deviations (¢ and 26) for the background (no ATP).
Experimental conditions in all cases: HEPES buffer (5 mM, pH 7), [Ca%*]1=0.25 mM, slit width (ex/em) =5/10 nm.

The next step forward towards functional dissipative assemblies
requires the implementation of a functional property that is only oper-
ational as long as the system finds itself in the out-of-equilibrium state.
It is well known that the apolar environment of aggregates such as
micelles or vesicles can serve as a medium for chemical reactions
that otherwise would not occur in water®. In our system, the apolar
bilayer is present only in the out-of-equilibrium state, so we investi-
gated the possibility of exploiting the vesicles as transient chemical
reactors. The nucleophilic aromatic substitution reaction between
4-chloro-7-nitrobenzofurazan (NBD-Cl) and 1-octanethiol (Cs-SH)
was chosen as the target reaction, because it was expected that the
reported localization of NBD-CI near the polar head groups in an
aqueous solution of vesicles®® and the solubilization of the apolar
thiol in the bilayer would favour their reaction through spatial confine-
ment (Fig. 3a,b). DLS measurement also confirmed that the presence of
these two reactants did not affect the ability of ATP to induce aggrega-
tion (Supplementary Fig. 36). The reaction between NBD-CI and
Cs-SH. in aqueous buffer resulted in the formation of just 9% of
product (4-nitro-7-octylthiobenzofurazan (NBD-SCg) after 30 min
(Fig. 3¢). The presence of only surfactant at 30 pM (below the CAC)
or just ATP (5.5 uM) did not have any effect on the reaction
(Fig. 3¢ and Supplementary Fig. 37). Considering that the concen-
tration of ATP determines the level of vesicle formation (because
of the well-defined ratio of ATP and C,;sTACN-Zn>" in the assem-
blies), the effect of ATP concentration (2.5, 4.0 and 5.5 uM) on
product formation was investigated first. Kinetic measurements fol-
lowed by ultra performance liquid chromatography (UPLC) showed
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a gradual increase in the concentration of product, reaching constant
values after about 25 min (Fig. 3¢ and Supplementary Fig. 34b).
Different ATP concentrations clearly affected the overall yield of
the reaction. Indeed, a linear relation was observed between the con-
centration of added ATP and the observed final yield after 30 min
(Fig. 3d and Supplementary Fig. 35a).

To explain these results, kinetic model K2 was developed to simu-
late product formation by a bimolecular reaction in transient vesicles
(Fig. 3b). This model is very similar to model K1, previously used to
fit the decay curves, but contains additional equilibria between the
reactants and products and the vesicles. In accordance with the exper-
imental observation that the background reaction in the absence of
vesicles hardly takes place, it was imposed that the bimolecular reac-
tion occurs exclusively in the vesicles. Simulations were performed
using parameters for vesicle formation and enzymatic ATP hydrolysis
largely based on those previously obtained using model K1. It was
assumed that the reaction product has a higher affinity for the ves-
icles than the reactants. This was based on a control experiment
that showed that the addition of NBD-Cl and Cg-SH to vesicles
pre-incubated with NBD-SCg yielded only a small amount of
additional product (Supplementary Information, page 43).
Product formation was calculated as a function of time for different
ATP concentrations (but in the absence of enzyme), yielding profiles
very similar to the experimental ones, and indicating that model K2
gives an accurate description of the kinetic processes occurring in the
system (Fig. 3e). Importantly, a plot of the final concentration of
product as a function of ATP concentration also provided a linear
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Figure 3 | Product formation as a function of vesicle lifetime. a, Scheme of the aromatic nucleophilic substitution reaction carried out in the vesicular
system. b, Representation of the kinetic processes implemented in model K1. ¢, Yield (%) of the NBD-SCg product as a function of time in a solution
containing C;¢TACN-Zn?* (30 pM), reactants [NBD-CI] =1 M, [Cg-SH] =1.4 pM and different concentrations of ATP. Black points denote the reaction
progress only in the presence of reactants in aqueous buffer solution without C;sTACN-Zn?" and ATP. d, Yield (%) of the NBD-SCg product as a function
of ATP after a reaction time of 30 min. e, Simulated product formation as a function of time using model K2 for different initial concentrations of ATP.

f, Simulated product formation at t = 30 as a function of initial concentration of ATP. g, Yield (%) of the NBD-SCg product as a function of time in the
presence of different concentrations of potato apyrase at a fixed ATP concentration (5.5 pM) in a solution containing C;sTACN-Zn?* (30 uM) and reactants
NBD-CI (1 uM) and Cg-SH (1.4 pM). h, Yield (%) of the NBD-SCg product as a function of enzyme concentration after a reaction time of 30 min.

i, Simulated product formation (shades of red and brown) as a function of time using model K2 for different initial concentrations of enzyme (the brown
arrow indicates increasing enzyme concentration), and calculated vesicle concentration (blue) for two different enzyme concentrations (0.5 and 5 U ml™,
respectively). j, Simulated product formation at t =30 as a function of initial enzyme concentration. Experimental condition in all cases: HEPES buffer

(5 mM, pH 7), [Ca®*1=0.25 mM. Error bars in c,d,g h denote standard deviation based on triplicate measurements.
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correlation up to yields of 80% (Fig. 3f). Based on this model, our
interpretation of the obtained results is that the amount of ATP dictates
the number of vesicles formed and thereby determines how much of
the hydrophobic reactants can be solubilized in the hydrophobic
bilayer. Product inhibition explains why the yields level off, and
suggests that the vesicles have to be regarded as reactors, not catalysts.

These results are interesting as they show how ATP—in an
indirect manner—controls how much product is formed.
Nevertheless, the key question is what would happen in the system
under dissipative conditions. This final experiment was encouraged
by the observation that the observed reaction kinetics under static
conditions are comparable to the decay rate of the vesicles under dis-
sipative conditions. Thus, product formation was measured by
varying the enzyme concentration (0.2, 0.5 and 0.8 U ml™") while
keeping the ATP concentration constant (5.5 uM) (Fig. 3g and
Supplementary Fig. 35b). The kinetic profiles suggest that the reac-
tion stops earlier as the enzyme concentration increases, resulting in
a lower final yield after 30 min. A plot of the yield as a function of
enzyme concentration indeed indicates a decrease in the final yield
as enzyme concentration increases (Fig. 3h). This is an impressive
correlation, in particular considering the complexity of the system.

For this system, we also performed a series of simulations using
model K2 (this time with the enzymatic degradation pathway of
ATP activated) to obtain a better understanding of the origin of
this observation. Simulations were performed by varying only the
enzyme concentrations and leaving all other parameters constant,
including the initial concentration of ATP. For this case, plots of
the calculated concentration of product as a function of time
again gave profiles similar to the experimental ones (Fig. 3i). Most
importantly, the final amount of generated product decreases as
the enzyme concentration increases (Fig. 3j). The nonlinear corre-
lation observed during the simulations (as compared to the exper-
imental one) originates from the fact that the simulations allow
the exploration of a much wider range of conditions, thus permit-
ting a complete visualization of the trends. The black points in
Fig. 3i indicate the time required to obtain 90% of the final
amount of product. These points show that the reaction indeed
slows down earlier as the enzyme concentration increases, which
was also observed experimentally, albeit in a less evident manner.
A plot of the calculated vesicle concentration as a function of time
for two enzyme concentrations provides an insight into the origin
of the observed effect (Fig. 3i). At lower enzyme concentrations,
larger amounts of vesicles are formed, which decay over a longer
period of time. This suggests the presence of a larger reaction
volume, which explains why more product is formed. On the
other hand, when a large amount of enzyme is present, the ATP
hydrolysis rate is so high that a smaller number of vesicles are
formed, which, in addition, also have a lower lifetime. This poses
a limit to the amount of product that can be produced by the
system. Evidently, the efficiency of this regulatory mechanism
depends also on the reaction rate between two reactants in the
vesicle. In our model we assumed a rapid reaction between the
reactants in the vesicle. If this rate is actually slow, the lifetime of
the vesicle becomes an even more important parameter. In any case,
this is the first example in which the chemical output of a synthetic
system is coupled to its lifetime and forms a significant step towards
the design of chemical systems able to mimic the complex regulatory
and communication pathways of natural systems.

In conclusion, we have shown the dissipative self-assembly of a
vesicular nanoreactor that requires chemical fuel to maintain the
functional out-of-equilibrium state. A novel strategy has been devel-
oped that relies on the transient stabilization of vesicles through
noncovalent interactions between the surfactants and ATP, which
acts as the chemical fuel. The noncovalent nature of the activation
process allows dissipative self-assembly to occur in a much faster
kinetic regime (minutes) compared to systems that rely on covalent
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bond formation. In addition, we also report on an important step
towards functional dissipative self-assembly by showing for the
first time that it is possible to couple chemical reactivity exclusively
to the transient state of the system. This represents an entirely new
way to control product formation by a chemical reaction and exempli-
fies the new possibilities offered by dissipative self-assembly. We
anticipate that the described strategy will permit a rapid advancement
from ‘traditional’ self-assembly under thermodynamic control
towards the self-assembly of complex chemical systems with life-like
properties, enabling a full exploration of their unique potential.

Methods

See Supplementary Information for details of the synthesis and characterization of
the surfactant C;,TACN.

Determination of the CAC of the metallo-surfactant C,sTACN-Zn>". Stock
solutions (20 mM) of both C;sTACN (by accurate weighing) and Zn(NOs), in
milli-Q water were mixed in a 1:1 ratio to obtain a 1 or 10 mM surfactant solutions
of C;sTACN-Zn**. Stock solutions were prepared freshly each day before use.

The CAC of the surfactant in the presence of 1 equiv. Zn>" was determined both
by fluorescence and UV-vis spectroscopy using procedures described in the
literature32.

Fluorescence spectroscopy. The fluorimetric determination®! of the CAC involves the
use of the hydrophobic probe DPH, which shows an increase in fluorescence
intensity at concentrations higher than the CAC due to the formation of aggregates
with an hydrophobic environment in which the hydrophobic fluorophore is
solubilized. DPH was initially dissolved in THF to obtain a 1 mM stock solution.
A 2.5 pl aliquot of this stock solution was added to a 1 ml cuvette containing
aqueous HEPES buffer (5 mM, pH 7.0) to obtain a final DPH concentration of
2.5 uM. The fluorescence intensities after subsequent additions of the surfactant
(C,6TACN-Zn>") were recorded after the signal had stabilized (3-5 min;
Supplementary Fig. 4a). The excitation and emission wavelengths were 355 and
428 nm, respectively. The temperature was maintained at 37 °C. A CAC of 106 pM
was determined by extrapolation of the last four points of the curve to a fluorescence
intensity of zero (Supplementary Fig. 4b).

UV-~vis spectroscopy. Determination of the CAC by UV-vis spectroscopy®? was
performed using the solubilization method of the hydrophobic dye DPH at 37 °C.
DPH was initially dissolved in THF to obtain a 1 mM stock solution. A 2.5 pl aliquot
of this solution was added to a 1 ml cuvette containing aqueous HEPES buffer

(5 mM, pH 7.0) solution to obtain a final DPH concentration of 2.5 uM. Absorption
spectra were recorded in the 250-450 nm range following additions of the
C,¢TACN-Zn”" solution (20-400 uM) after stabilization of the signal (3—4 min;
Supplementary Fig. 5a). The CAC value was determined from a plot of the ratio of
absorbance at 377 and 401 nm (A377/A401) versus the logarithmic of the surfactant
concentration (Supplementary Fig. 5b). A CAC value of 107 uM was determined
by this method.

Determination of the diffusion coefficient. The translational diffusion coefficient
of C153 was extrapolated from fluorescence correlation spectroscopy (FCS) analysis
under excitation at 400 nm. FCS curves were calculated from the cross-correlation
function of the fluorescence intensity fluctuations, over the mean intensity, collected
in each detection channel. C153 dissolved in a buffer solution at 500 nM
concentration was used for the calibration of the optical set-up. The diffusion
coefficient of C153 (660 um* s™") was calculated from the rotational diffusion
tensors under ‘slip conditions’ using the dimensions of a coumarin with a similar
molecular structure®.

The FCS curve of free-diffusion C153 in buffer was fitted with the following

expression:
-1 -12
1
Gr)==(1+ =z 1+
N T STy

where N is the average probe number in the focal volume, 7y, is the translational
diffusion coefficient and § is the laser beam shape factor (S = zy/w, where z; and w,
are respectively defined as the axial and lateral beam radius).

The FCS curves of C153 embedded in vesicular systems are fitted with a
two-components free diffusion equation®*:

1 T -1 T -1/2 - -1 p -1/2
=—|Al1l+— 1 1-A)1+— 1
o N|: ( +TD1> < +SZTD1> + )< +TD2) ( +SZTD2> :|

where 1p, is fixed to the value found for free-diffusion C153 in buffer, and 7, is the
diffusion time assigned to C153 embedded in vesicular structures. Parameter A
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represents the relative contribution of the free-diffusion term with respect to the
second longer contribution. The acquisition time of these measurements was
reduced to 15-20 s to avoid the detection of signals from large aggregates.
According to the Stokes-Einstein equation and the relation for the diffusion
coefficient, D = w3/41p, the hydrodynamic probe radius Ry, can be estimated from

R, - KT x 41p,

6mnwy
where Kp is Boltzmann’s constant, T is the absolute temperature (295 K) and 7 is the
solution viscosity.

The average diffusion coefficient and hydrodynamic radius of different samples
are reported in Supplementary Table 2, confirming the results obtained from DLS
data (for a comparison with DLS data see Fig. 1c).

All other synthetic procedure and experimental techniques are described in the
Supplementary Information.
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