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/Abstract: The next generation of adaptive, intelligent chemi-
cal systems will rely on a continuous supply of energy to
maintain the functional state. Such systems will require
chemical methodology that provides precise control over
the energy dissipation process, and thus, the lifetime of the
transiently activated function. This manuscript reports on
the use of structurally diverse chemical fuels to control the
lifetime of two different systems under dissipative condi-
tions: transient signal generation and the transient forma-
tion of self-assembled aggregates. The energy stored in the
fuels is dissipated at different rates by an enzyme, which in-

stalls a dependence of the lifetime of the active system on\
the chemical structure of the fuel. In the case of transient
signal generation, it is shown that different chemical fuels
can be used to generate a vast range of signal profiles, al-
lowing temporal control over two orders of magnitude. Re-
garding self-assembly under dissipative conditions, the abili-
ty to control the lifetime using different fuels turns out to
be particularly important as stable aggregates are formed
only at well-defined surfactant/fuel ratios, meaning that tem-
poral control cannot be achieved by simply changing the
fuel concentration.

4

Introduction

Nature has long been an inspiration for chemists interested in
the design of molecular receptors, catalysts, and materials.!"
Over the past decades this has led to the generation of
a wealth of synthetic systems able to mimic basic natural func-
tions, whilst integrating also non-natural elements and operat-
ing also in non-physiological conditions. And yet the leap to-
wards synthetic systems that display advanced biological func-
tions, such as the ability to communicate grow, adapt and
even evolve is still a very large one.™™ One aspect currently re-
ceiving a great deal of attention is the development of syn-
thetic systems that require energy to be functional (Fig-
ure 1)."**2 Sych systems reside in an unproductive, native
resting state and energy input is required for activation and
for expression of the associated functions. Energy dissipa-
tion—through physical or chemical pathways—then leads to
a spontaneous return to the inactive state.”’ Several recent ex-
amples of chemical systems that employ energy for the con-
trolled self-assembly of functional structures have been report-
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Figure 1. Schematic representation of a system that requires a chemical fuel
for activation and expression of its associated functions.

ed,”* though much fewer systems are able to spontaneously
dissipate the added energy.”” The exciting initial reports of sys-
tems operating akin to living ones shed light on their enor-
mous potential in the fields of materials science,”’ nanotechno-
logy,?"® catalysis, and medicine.*®®

Nature itself uses predominantly the chemical energy stored
in high-energy molecules such as adenosine triphosphate
(ATP) or guanosine triphosphate (GTP) for the transient activa-
tion of biological processes."” Early examples of systems trig-
gered by the addition of high-energy molecules involve syn-
thetic systems coupled to natural dissipative systems""” or cou-
pled to chemical oscillators.'”? Although functional, these sys-
tems can be difficult to modulate and thus there is a need for
synthetic systems with greater flexibility."® Recently, examples
of synthetic, dissipative processes driven by a chemical fuel
have been developed for the transient formation of physical
structures such as gels,"™ vesicles,"™ and molecular cages,"®
but also for the regulation of chemical processes, such as
signal generation"” and catalysis.""*”
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To gain further advances in this field however, we need to
exploit the inherent advantages of dissipative systems. The
ability to dissipate energy gives a system the possibility to
return to the basal resting state and the capacity to respond
to another stimulus. What if the same system receives a differ-
ent stimulus? The ability of systems to react differently to di-
verse stimuli will allow for the construction of systems that are
truly adaptive and life-like. Towards this goal, we first need
strategies that possess a large degree of flexibility in terms of
building blocks, chemical fuels, and associated functions.
Herein we provide examples of synthetic systems that are able
to respond differently to a range of structurally diverse chemi-
cal fuels. It is shown that this provides an excellent way to
gain precise temporal control over the chemical functions as-
sociated with the system, which is not possible for systems at
thermodynamic equilibrium or kinetically trapped in a metasta-
ble state. In the longer term, one can envision that such transi-
ent systems will eventually allow the development of complex
chemical networks"® which are able to communicate and
adapt through an exchange of energy."»?? The flexibility of
the current methodology is demonstrated by showing that the
same approach can be used to regulate entirely different pro-
cesses, those of signal generation and self-assembly.

Results and Discussion
Transient signal generation

Cells and organelles in nature use small molecules for commu-
nication.™ Neurons, for example, release neurotransmitters
into the synaptic cleft that triggers a signal response in the
postsynaptic neuron. This signal, however, is short-lived. The
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Figure 2. a) Time-dependent signal generation vs. b) transient signal genera-
tion. The symbol A indicates the arrival of a trigger to the system.
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neurotransmitter is quickly degraded and the signal disap-
pears. The system returns to its basal resting state so that it
can be re-used and re-activated. The vast majority of supra-
molecular systems that have been used to produce a ‘signal’
rely on the attainment of an activated ‘steady state’ (Fig-
ure 2a).2” Here, with the system being at thermodynamic
equilibrium, the signal persists in time. Although this is a de-
sired situation for many applications, particularly in diagnos-
tics, it does not permit transient signal generation as used by
nature. In order to develop systems for transient signal genera-
tion, a mechanism must exist that causes the spontaneous dis-
appearance of the signal and a return of the system to the ini-
tial resting state, which can then be re-activated upon the ar-
rival of a new trigger (Figure 2b).

Recently, we reported a supramolecular system that uses
ATP as a chemical fuel to trigger the generation of signals that
are transient in nature."” It centres on gold nanoparticles (Au
NP 1) that are covered with a monolayer of thiols terminating
with positively charged triazacyclononane-Zn?* (TACN-Zn”>")
groups (Figure 3a).?" The surface of the monolayer is thus
highly positively charged and can attract oligoanions which
are present in the solution (aqueous buffer).”” The ‘signal’ in
this system is given by negatively charged fluorescent probes,
which are bound to the surface of the positively charged gold
nanoparticles in the resting state, in which the fluorescence of
the molecules is quenched by its proximity to the gold core
(Figure 3b).”® The addition of highly-charged ATP results in
the displacement of the fluorescent probes and the generation
of a fluorescent signal. The high affinity of ATP originates from
its ability to establish multiple, electrostatic interactions be-
tween its phosphate groups and the TACN-Zn?" complexes on
the surface of the Au nanoparticles. Establishing the same
number of electrostatic interactions with singly charged anions
is much more unfavourable from an entropic point of view.
Indeed, displacement studies demonstrated that ATP had
roughly 3x10° times higher affinity for the surface compared
to a mixture of AMP+ 2P; with the same number of negative
charges.'"” Thus, ATP is a high energy molecule, where entrop-
ic cost was paid during its synthesis. This chemical energy,
however, can be released by the enzyme-mediated hydrolysis
of ATP into AMP + 2P;, which allows a return of the system to
the initial resting state with the fluorescent probe bound to
the Au NPs. Thus, under the dissipative conditions installed by
the presence of the enzyme, ATP acts as a chemical fuel able
to transiently dislocate the fluorescent probe from the surface.
This system was exciting as it represented one of the first ex-
amples of transient signal generation in a supramolecular
system driven by molecules. It allowed the mimicking of sever-
al key features of natural signalling pathways such as control
over output signal intensity and signal duration through regu-
lation of the fuel-level and the rate of energy dissipation.

Nature, however, employs numerous different triggers to
elicit a variety of responses. For example, the purinergic signal-
ing pathway is involved in the regulation of various physiologi-
cal functions in the circulatory, immune and nervous systems,
amongst others.”” It operates through the activation of mem-
brane-bound purinergic receptors by extracellular nucleotides
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Figure 3. a) Schematic representation of the gold nanoparticles (Au NP 1) used in the system. b) Schematic showing the displacement of fluorescent probe
C343GDD from the surface of Au NP 1 upon the addition of a competitor. c) Percentage displacement of C343GDD as a function of the concentration of dif-

ferent phosphorylated molecules. Experimental conditions: [TACN] =10 um + 1 pm, [C343GDD] =

3.0 uM, [HEPES]=10 mm, pH 7.0, [Zn(NO;),] =100 um,

[MgCl,]=5 mm, T=37°C, 1, =450 nm, 4.,,=493 nm, slits=2.5/5.0 nm, the average error in these measurements is 5%.

and nucleosides. It is known that receptors belonging to the
P2Y family are stimulated by a variety of nucleotides, such as
ATP, ADP and UTP. In order to exploit the full potential of syn-
thetic dissipative systems, they need also to respond to differ-
ent chemical triggers, and preferably with unique responses.
Our system described above could utilize only ATP as a chemi-
cal fuel due to the substrate specificity of the employed
enzyme potato apyrase.””’ To expand the scope, our synthetic
system must be able to respond to more than a single chemi-
cal fuel. Towards this goal, we began to investigate different
enzymes which could be compatible with our system. We
were immediately drawn to phosphatases,” which are en-
zymes that cleave the phosphate group from phosphorylated
compounds. Our interest in phosphorylated compounds came
from our previous observations that, in particular, this class of
molecules (compared to, for example carboxylate-containing
compounds) have enhanced affinity for the surface of Au
nanoparticles that are covered with TACN-Zn** headgroups.”””
Ultimately, we chose alkaline phosphatase,”® a readily available
enzyme with broad substrate scope, which would allow us to
employ numerous phosphorylated compounds as chemical
fuels. We reasoned that different chemical fuels could be
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found that would interact differently with the nanoparticle sur-
face (different affinities) and that temporal control of energy
dissipation rates could be governed by the substrate prefer-
ence of the enzyme alkaline phosphatase. This would allow us
to control both the intensity and duration of a generated
signal by careful selection of the chemical trigger.

We began by investigating the affinity of several structurally
diverse phosphorylated molecules for Au NP 1. This was ach-
ieved by monitoring the displacement of the fluorescent
probe C343GDD (3.0 um) from the monolayer surface upon the
addition of each of the phosphorylated molecules at increasing
concentrations (Figure 3c). The compounds tested included
phosphorylated carbohydrates, phosphorylated amino acids
and nucleoside phosphates. Of all the compounds tested, di-
phosphoglyceric acid (DPGA) had the lowest affinity for the
nanoparticle surface, displacing only 30% of the fluorescent
probe at a concentration of 10 um. Of slightly higher, but
nearly identical, affinity for the Au NP surface were ATP and in-
organic triphosphate and therefore these three compounds
were grouped together as the ‘low affinity’ chemical fuels.
Other molecules were found which possessed significantly
stronger affinity for Au NP 1, which included dADP\\
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Figure 4. a) Schematic representation of the system for dissipative signal generation. b) Fluorescence intensity at 493 nm as a function of time upon the addi-
tion of ‘high affinity” chemical triggers and c) ‘low affinity’ chemical triggers. Experimental conditions for b) and c): [TACN]=10+1 um, [C343GDD]=3.0 um,
[HEPES] =10 mm, pH 7.0, [Zn(NOs),] =100 pm, [MgCl,]=5 mwm, [alkaline phosphatase] =1 UmL™", [chemical fuel]=10 uM, T=37°C, 1o,=450 nm, A, =493 nm,
slits =2.5/5.0 nm. d) Fluorescence intensity at 493 nm upon 6 repetitive additions of DPGA. Experimental conditions: [TACN]=10=+1 pm, [C343GDD]=3.0 um,
[HEPES]=10 mm, pH 7.0, [Zn(NO;),]= 100 pm, [MgCl,]=5 mwm, [alkaline phosphatase]=3 UmL"™', [DPGA]=10 um (x6), T=37°C, Lo, =450 nm, L., =493 nm,
slits=2.5/5.0 nm. e) Fluorescence intensity at 493 nm following sequential additions of DPGA and ATP. Experimental conditions: [TACN]=10+1 um,
[C343GDD] = 3.0 pum, [HEPES]=10 mm, pH 7.0, [Zn(NO5),] =100 um, [MgCl,]=5 mwm, [alkaline phosphatase] =5 UmL™', [DPGA]=10 um (x3), [ATP]=8 um (x3),

T=37°C, Ax=450 nm, ., =493 nm, slits=2.5/5.0 nm.

dATPyanr and the phosphophorylated amino acid Fmoc-phos-
phoserine (FmocPSer). The significantly higher binding affinity
of this group of molecules can be ascribed to strong hydro-
phobic contributions from the aromatic ‘mant’ (methylanthra-
niloyl) and Fmoc-groups that complement the electrostatic in-
teractions. These hydrophobic interactions have been previ-
ously observed to significantly increase the affinity of oligoan-
ions for the surface of these monolayer covered nanopart-
icles.??? This second group of three molecules all displaced
>70% of the fluorescent probe at a concentration of 10 pum,
and were grouped together as the ‘high affinity’ chemical fuels
(FmocPSer, dADPy,qr and dATPyanD)-

Experiments were next set up to investigate transient signal
generation by these chemical fuels under dissipative condi-
tions, that is, in the presence of the enzyme alkaline phospha-
tase. Each fuel (10 um) was added to a buffered solution pre-
equilibrated with Au NP 1 ([TACN-Zn?"1=10 um), the fluores-
cent probe C343GDD (3 pm) and the enzyme alkaline phospha-
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tase (1 UmL™"). Addition of a specific fuel triggered the imme-
diate appearance of a fluorescent signal due to the displace-
ment of C343GDD from the surface of the Au NPs (Figure 4a).
This signal gradually disappeared as the alkaline phosphatase
hydrolysed the chemical fuel to form the dephosphorylated,
low affinity products. The decay rate for the signal generated
by each compound was dependent on a combination of the
enzyme’s substrate-dependent hydrolysis rate, and the degree
of phosphorylation of the compound employed. From the
‘high affinity’ group of chemical triggers, FmocPSer was hydro-
lysed the most rapidly by alkaline phosphatase, with a signal
decrease of 50% after just 1.7 min (Figure 4b). Addition of the
same amount of dADP.r generated an initial signal of similar
intensity, but this signal was dissipated 17 times slower, requir-
ing 28 min for a 50% reduction of the signal. Likewise, the use
of the same amount of dATP,,\r as a trigger resulted in an
almost identical signal intensity, but this time the duration of
the induced signal was longer still, by a further factor of 11
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(ts00,=300 min). Thus, by simply changing the chemical fuel
used to activate the system, temporal control of the generated
signal is readily achieved, with the duration of the induced
signal able to span more than two orders of magnitude
(ts09 atpmANT © T5006, Fmocpser = 176, Note the logarithmic scale in Fig-
ure 4b).

A similar effect could also be achieved with the series of
‘low affinity’ binders (Figure 4c). These three chemical triggers,
DPGA, ATP and triphosphate all bind Au NP 1 more weakly,
causing partial displacement of the fluorescent probes at the
same fixed concentration of 10 um as used before. In this case,
the addition of DPGA (10 um) generates a low intensity signal
which very rapidly (ts,, = 1.2 min) disappears by the action of
alkaline phosphatase. Alternatively, a signal which lasts 10
times longer can be generated by the addition of ATP (ts,,=
12.5 min). Triphosphate is a much poorer substrate for alkaline
phosphatase, with a hydrolysis rate so slow that the signal
lasts for longer than 300 min (t5,, = 33.3 min). Figure 4d shows
the possibility to reactivate the system following energy dissi-
pation. DPGA was used because of the speed at which the
signal disappears in the presence of alkaline phosphatase. In
this experiment, DPGA (10 pm) was used to repeatedly activate
the system six times. The baseline can be seen to gradually
rise over time due to the build-up of waste (inorganic phos-
phate) as a by-product of phosphatase activity, slowly reaching
concentrations at which it can compete with A for binding to
Au NP 1. Interestingly, the same system can also effectively re-
spond to a combination of different chemical triggers. In Fig-
ure 4e, the system is shown to be first activated by DPGA
(10 um), which is quickly hydrolysed prior to the addition of
a second chemical trigger (ATP, 10 um) which is slowly deplet-
ed. This sequence can be repeated, demonstrating the possi-
bility to effectively control signal duration using chemical fuels.

The above experiments demonstrate that the enzyme alka-
line phosphatase provides versatility and robustness to the
signal generation process. Six different chemical fuels have
been used, each producing a distinctive signal profile in time
in terms of intensity and duration when added at the same
concentration. Countless other chemical triggers could be
easily designed and tailored to give the desired intensity and
duration of signal, which makes this system an excellent plat-
form for the generation of more complex systems.

Self-assembly under dissipative conditions

Dissipative systems are found in nature not only for signal gen-
eration, but perhaps even more importantly, for the transient
formation of physical structures.”’ Notably, nature uses high-
energy molecules (such as ATP and GTP) as chemical fuels to
drive these processes. Microtubules for example are formed
when required (during cell division) and destroyed when they
are not.?” Microtubules are hollow cylinders made up of poly-
merized a- and B-tubulin dimers. Yet, polymerization of these
dimers requires a change in their innate conformation which
occurs upon the complexation of GTP. Subsequent to assem-
bly, the GTP bound to p-tubulin is hydrolyzed, dissipating the
energy stored in GTP. This pushes the dimer to a strained, high
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energy state in the polymer leading to spontaneous dissocia-
tion at the ends of the microtubules. Thus, in this process,
energy dissipation leads to structural instability.

Recently, we have shown that a similar mechanism can be
installed in a synthetic system™® by demonstrating that ATP
can act as a chemical fuel for the transient formation of vesi-
cles (Figure 5).2% The approach relied on the stabilization of
cationic vesicles through non-covalent interactions between
ATP and Cl6-surfactants terminating with the same
TACN-Zn*"-head group as used in the AuNP-based system dis-
cussed above (C,,TACN-Zn>", Figure 5b). The inspiration for
ATP-induced formation of vesicles came from prior reports that
the stabilization of such structures formed from charged sur-
factant molecules could be promoted by the presence of mul-
tiply charged counter ions.®” Importantly, like in microtubule
formation, the in situ hydrolysis of ATP by the enzyme potato
apyrase leads to dynamic instability, because the removal of
ATP brings the aggregated surfactant molecules into an unsta-
ble high-energy state. In the case where a new ATP molecule
is present to stabilize the system, the aggregate will persist,
otherwise disaggregation of the structure will occur (see Fig-
ure 5a). This implies that under dissipative conditions, installed
by the presence of the enzyme, a continuous supply of fresh
ATP is required to maintain structural stability. It is worth
noting though, that a difference exists between this system
and microtubule formation. Microtubule formation is an in-
trinsically dissipative process, because it is the assembly itself
which catalyses the hydrolysis of the fuel. Our system, like
most, but not all, synthetic systems relies on an external con-
stituent—the enzyme—for energy dissipation."®"!

Considering the success in regulating transient signal gener-
ation with different chemical fuels, we became interested to
determine whether different fuels could be used in a similar
way to control the transient self-assembly process. In particu-
lar, we were interested to determine if different chemical fuels
could be employed to control the lifetime of these supra-
molecular structures. DPGA and triphosphate were chosen as
two chemical fuels to compare with the results obtained for
vesicle formation with ATP. The nanoparticle studies had
shown that, together with ATP, these molecules cover a wide
range of lifetimes at the same concentration.

First, the aggregation behaviour of C;,,TACN-Zn*>" in the ab-
sence of fuels was monitored by the addition of increasing
amounts of the surfactant into an aqueous solution buffered
at pH 7.0 containing the fluorescent apolar probe 1,6-diphenyl-
1,3,5-hexatriene (DPH, A,,=355 nm, A.,=428 nm). DPH is solu-
bilized by the hydrophobic environment of the aggregates
and therefore an increase in fluorescence intensity is observed
once the critical aggregation concentration (CAC) is reached
(Figure 5¢). In the absence of any additives, the CAC value for
C,6TACN-Zn** was determined to be around 100 um, a figure
which compares well with previous reports.®? The hydrody-
namic diameter of the structures formed at a surfactant con-
centration of 200 um was determined using dynamic light scat-
tering (DLS) to be 594 1.3 nm, which indicated that the struc-
tures formed at concentrations of surfactant above 100 um
were micellar aggregates (Figure 5d).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Schematic showing the dynamic nature of a dissipative self-assembled system stabilized by a chemical fuel. b) Schematic representation of the
dissipative self-assembly of vesicles. c) Fluorescence intensity at 428 nm as a function of the concentration of C;sTACN-Zn>* (0-300 um) added to an aqueous
buffer solution containing different concentrations of phosphorylated compounds (10 um) in the presence of DPH (2.5 um) as the fluorescent probe. Experi-
mental conditions: [HEPES]=5 mwm, pH 7.0, T=37°C, 1,,=355 nm, 4,,,=428, slits=5/10 nm. d) Hydrodynamic diameter of the aggregates formed from
C;6TACN-Zn?" (200 um) in the absence and presence of different phosphorylated compounds (40 um) measured by DLS in aqueous buffer solution (HEPES,

5 mwm, pH 7.0). ) TEM image of vesicles with [C;sTACN-Zn**1=25 pm in HEPES buffer (5 mm, pH 7) with either [ATP]=5 um, [DPGA]=5 um or [triphos-
phate] =5 pm.
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Next, we wanted to examine if different self-assembled
structures could be induced by the presence of the different
chemical fuels. Titrations of surfactant C;sTACN-Zn*" were thus
conducted in the presence of 10 um of the phosphorylated
molecules DPGA and triphosphate and compared to the re-
sults previously obtained for ATP (Figure 5c¢). In both cases, the
fluorescence intensities of the solutions began to increase at
similar concentrations of surfactant as in the case for ATP,
giving CAC concentrations around 10 pum. For all the samples
involving an added oligoanion, the fluorescence values levelled
off at well-defined surfactant concentration before increasing
again at 100 pm, following the curve measured in the absence
of added oligoanions (Figure 5c). The lowering of the CAC
shows the effectiveness of all the added molecules in stabiliz-
ing the formation of the supramolecular structures. Although
globally similar, certain differences exist between the three
samples.

The first is the oligoanion/surfactant ratio at which the pla-
teau level is reached (1:2.4, 1:3.3, and 1:4.2, for ATP, DPGA, and
triphosphate, respectively), which clearly indicates the different
compositions of these aggregates. This also implies that the
chemical structure of the fuel determines the amount of ag-
gregates formed at a given fuel concentration. This is con-
firmed by the observation that the fluorescence intensity at
the plateau-level increases as the ratio of fuel/surfactant in-
creases. It is noted that the fluorescence intensity depends on
the amount of fluorescent probe DPH that is taken up by the
aggregates, that is, the amount of hydrophobic domain gener-
ated. The trace with triphosphate shows a peculiar increase in
fluorescence intensity, followed by a slight decrease, before in-
creasing sharply again at 100 pum. This suggests that the actual
supramolecular structures that are formed may differ at differ-
ent oligoanion/surfactant ratios. This aspect was further inves-
tigated using DLS measurements.

DLS measurements of solutions containing 30 um of
C,6TACN-Zn?* and 10 pm of ATP (surfactant/ATP =3:1) demon-
strated the formation of structures with a hydrodynamic diam-
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Figure 6. DLS data showing the size of aggregates at different ratios of sur-
factant to chemical fuel, with error bars showing the standard deviation in
nm. Experimental conditions: [C;;TACN-Zn?*1=30 um in 5 mm HEPES (pH 7)
and varying concentrations of ATP, DPGA and triphosphate.
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eter of 58+ 16 nm (Figure 6), which based on a combination
of analytical techniques and experiments described earlier,
were found to be consistent with a vesicular structure."* This
was confirmed by transmission electron microscopy (TEM), in
which the formation of vesicle-like spherical aggregates was
observed (see Figure 5e). At the same concentration of surfac-
tant (30 um), but with lower amounts of ATP (2-4 pm, that is,
surfactant/ATP ratios of around 10:1 to 7:1), aggregates with
similar average sizes of around 40-50 nm were measured
(Figure 6), but these values were characterized by poor repro-
ducibility. This was due to the low concentration of aggregates
present at these concentrations, which was highlighted also by
the large attenuator reading given by the DLS instrument (see
experimental section). Good quality DLS data could be ob-
tained once the ATP concentration reached a range of 6-
10 um (ratio=5:1-3:1). This was characterized by very little
variation between replicate readings and low dispersity (<0.2,
see experimental section). The presence of a substantial
amount of aggregates was also apparent due to the decrease
in the attenuator value given by the DLS instrument at these
conditions. The addition of higher amounts of ATP, however,
induced the formation of much larger aggregates (surfactant/
ATP ratio of 2.7:1 gave an initial size of 230+ 105 nm). These
aggregates continued to increase in size over time, with even-
tual precipitation of the components out of the solution. With
this study, it became obvious that there was an optimum
range of surfactant/fuel ratios that allowed the formation of
stable vesicles. At too high ratios of surfactant/fuel, the con-
centration of the added chemical fuel is not yet sufficient to ef-
fectively stabilize the formation of vesicles-resulting in a low
concentration of aggregates. On the other hand, at low surfac-
tant/fuel concentrations, the uncontrolled formation of larger
aggregates is observed. For ATP, this upper limit of surfactant/
fuel is around 3 surfactant molecules to 1 ATP molecule as de-
termined by DLS measurements, which is slightly higher than
the ratio obtained in the above fluorescence studies (Fig-
ure 5¢) and is in agreement with earlier work."*® These aggre-
gates were found to be stable over prolonged periods of time
(10 hours).

The same DLS study was conducted using DPGA and tri-
phosphate to determine the optimal conditions for aggregate
formation with these new chemical triggers. First, increasing
amounts of the chemical fuel DPGA was added to a fixed con-
centration of surfactant C,,TACN-Zn?>" (30 pum) in HEPES pH 7
buffer (5 mm). At low concentrations of DPGA (surfactant/
DPGA=9:1), the size of the particles measured were 46+
20 nm though again there was poor reproducibility between
measurements. This, combined with the high attenuation
value required for the measurement suggested a low concen-
tration of aggregates present. Effective aggregate formation
was observed at surfactant/DPGA ratios of around 5:1 down to
around 3.5:1, where sizes of 34+9 nm and 48+13 nm were
observed, respectively. At surfactant/DPGA ratios lower than
3.5:1, an initial size distribution of 216+77 nm was observed,
which steadily increased in size over time. This maximum sur-
factant/fuel ratio is higher than the ratio obtained using ATP as
the chemical fuel and suggests that a higher ratio of surfac-
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tant/chemical fuel is present in these aggregates formed with
DPGA. This is consistent with the data obtained by the fluores-
cence studies in Figure 5c.

Finally, the same experiment was performed using triphos-
phate as the chemical trigger. As expected, poor DLS data was
collected at low concentrations of triphosphate (surfactant/tri-
phosphate=9:1 to 6:1), with readings of 20+4 nm and 31+
11 nm, respectively at these two ratios. A very narrow window
was observed for stable aggregate formation, attainable only
at surfactant/triphosphate ratios of around 5.6:1 down to 5:1,
where readings of 36 +10 and 50415 nm, respectively, were
observed. The formation of much larger aggregates was in-
duced at a surfactant/fuel ratio of 4.5:1, much earlier than for
the previous two investigated fuels. This is again in agreement
with the data obtained from the fluorescence studies reported
in Figure 5c.

These initial investigations into the composition of the self-
assembled vesicles allowed us to appreciate the complexity of
systems where self-assembly is controlled by diverse chemical
fuels. Not only does the composition of the supramolecular
structures change, but different structures are also formed at
different surfactant/trigger ratios. Fortunately, we were able to
find a concentration window where it would be possible to
utilize all these fuels under the same experimental conditions
(Figure 6). We chose a surfactant/chemical fuel ratio of 5:1,
where similar sized vesicular structures would be formed for all
three chemical fuels of interest. To confirm the stability of the
structures formed under these conditions, solutions of
C,6TACN-Zn?* (25 um) in the presence of DPGA (5 um) or tri-

phosphate (5 um) were made and found to be stable over
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16 h-the formation of large aggregates and precipitation were
not detected using DLS measurements. The formation of
spherical aggregates with diameters in the order of 40-70 nm
could also be confirmed by TEM measurements (Figure 5¢). In
the absence of chemical triggers, these large sized structures
could not be observed using DLS or TEM measurements.

Importantly, the DLS measurements demonstrate that the
size, size distribution and stability of the aggregates critically
depends on the surfactant/fuel ratio. This indicates that control
over the lifetime of the assembly cannot be achieved by
simply changing the concentration of the fuel employed (the
addition of high concentrations of fuel will induce the forma-
tion of large, unstable aggregates), such as was possible for
the nanoparticle system described earlier. From this perspec-
tive, the ability to use structural diversity as a mechanism to
regulate the lifetime of the aggregates gains significantly in
importance.

The behaviour of this system in the presence of different
chemical fuels was next examined under dissipative conditions.
The lifetime of the supramolecular structures was coupled
again to the substrate specificity of the enzyme alkaline phos-
phatase. Thus, each of the fuels ATP, DPGA, or triphosphate (all
at 5um) were added to separate solutions containing
C,6TACN-Zn?* (25 um), the fluorescent probe DPH (2.5 um), and
the enzyme alkaline phosphatase (5 UmL™") in aqueous buffer
(HEPES, 5 mm) at pH 7. At this surfactant/fuel ratio (5:1), DLS
measurements had shown the formation of stable, narrowly-
sized aggregates with similar dimensions. The addition of fuel
caused in all cases an immediate increase in fluorescence in-
tensity, indicative of aggregate formation (Figure 7a). For ATP,

b) 1s0
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o 100 200 300 400 500 600 700 800
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Figure 7. a) Fluorescence intensity (FI) at 428 nm as a function of time following the addition of different chemical fuels (5 um) to C;;TACN-Zn?" (25 pm) and
DPH (2.5 um) in the presence of alkaline phosphatase (5 UmL™") in HEPES (5 mm, pH 7.0). b) FI at 428 nm following three repetitive additions of DPGA (5 um)
to a solution of C;,,TACN-Zn*" (25 um) and DPH (2.5 um) in the presence of alkaline phosphatase (5 UmL™"). ¢) Confocal images over time, showing the ap-
pearance and disappearance of fluorophore-bound vesicles in two cycles of DPGA-fuelled vesicle formation and degradation. Experimental conditions:
[C,sTACN-Zn**1=25 pm, [C153]1=1 um, [alkaline phosphatase] =5 UmL"", [HEPES]=5 mm, pH 7.0, A,,=400 nm, A,,,>510 nm.
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the fluorescence intensity continued to increase for 5 minutes
following addition, and then steadily decreased as the concen-
tration of ATP diminished. We were pleased to observe that
also DPGA and triphosphate produced similar transient fluores-
cence signals. Critically, much different lifetimes of the aggre-
gates were observed for the three compounds, which is in line
with the results obtained in the transient signal generation
studies. Using DPGA as the chemical fuel caused the formation
of short-lived aggregates (31 minutes to reach the arbitrary
end point of 50 a.u.). The aggregates induced by the addition
of ATP lasted around an order of magnitude longer than the
enzyme (260 minutes to reach the same end point). Finally, the
structures formed by triphosphate were depleted another
order of magnitude slower, this time persisting for 2800 mi-
nutes.

The transient nature of the process was demonstrated by
performing three cycles upon the repeated addition of DPGA
(Figure 7b). The efficiency of DPGA in re-inducing aggregate
formation reduced slightly with each cycle as a result of the ac-
cumulation of waste products. This cycling of aggregate forma-
tion could also be visually observed using laser scanning con-
focal microscopy studies (Figure 7c). Although the size of the
aggregates is below the limit of detection of confocal micros-
copy, the accumulation of the hydrophobic Coumarin 152
(C153) fluorophore within the apolar part of the vesicles al-
lowed these aggregates to be detected. Two cycles of vesicle
formation and dissociation were directly visualized by record-
ing an image every 3 seconds. Fluorescent objects appeared
10-15 seconds after the addition of each batch of DPGA, after
which they decreased in number. In the absence of a chemical
fuel, distinguishable fluorescent structures were not observed.

Conclusion

We have shown that temporal control over self-assembled dis-
sipative systems can be achieved by structurally diverse chemi-
cal fuels. This was realized by coupling the transient lifetime of
two different systems to the chemical structure of the fuels by
using an enzyme with broad substrate specificity. It was shown
that the lifetime of a fluorescent signal generated by the tran-
sient dissociation of a nanoparticle/fluorophore complex could
be controlled over two orders of magnitude. The ability to
control the lifetime of a transient process using different chem-
ical fuels was found to be essential for regulating the self-as-
sembly of vesicles. It was found that stable structures are only
formed for a restricted ratio of fuels and surfactants, implying
that in this case the lifetime of the structure cannot simply be
changed by changing the fuel concentration. The availability
of general methodology for controlling dissipative processes is
an important step for the development of the next generation
of adaptive, intelligent systems. The fact that this methodology
can be applied for two different system shows both its robust-
ness and flexibility. These are essential features for the con-
struction of novel systems and networks that approach the
functional complexity of natural systems.
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Experimental Section
General

All commercially available reagents were used as received. 4-(2-Hy-
droxyethyl)-1-piperazineethanesulfonic acid (HEPES), fluorophore
1,6-diphenyl-1,3,5-hexatriene (DPH), ATP and 2,3-diphospho-bp-glyc-
eric acid penta(cyclohexalammonium) salt (DPGA) were procured
from Sigma-Aldrich; 2’-deoxy-3'-O-(N-methylanthraniloyl)adeno-
sine-5"-O-triphos-phate (MANT-dATP) and 2'-deoxy-3"-O-(N-methyl-
anthraniloyl)adenosine-5"-O-diphosphate (MANT-dADP) were pro-
cured from Biolog Life Science Institute GmbH; and Fmoc-
Ser(PO;H,)-OH was procured from Bachem. AuNP 1,%" surfactant
C,6TACN'™ and fluorescent probe C343GDD™ were synthesized as
previously described. All the above compounds were used as solu-
tions made with mQ water. Alkaline phosphatase from bovine in-
testinal mucosa (P6774 Sigma) was procured from Sigma-Aldrich
and stored as a 1 kUmL™" solution containing 10 mm Tris buffer at
pH 7.0, 5 mm MgCl, and 0.1 mm ZnCl, at 4°C.

Instrumentation

Fluorescence measurements were performed on a Varian Cary
Eclipse fluorescence spectrophotometer equipped with a thermo-
statted cell holder. TEM images were recorded on a Jeol 300 PX
electron microscope. Dynamic light scattering measurements were
recorded on a Zetasizer Nano-S (Malvern, Worcestershire, UK)
equipped with a thermostatted cell holder and an Ar Laser operat-
ing at 633 nm. Confocal images were taken using a laser scanning
confocal microscope (BX51WI-FV300-Olympus) coupled to a fre-
quency doubled Ti:Sapphire femtosecond laser at 400 nm, 76 MHz
(VerdiV5- Mira900-F Coherent). The laser beam was scanned on
a 40x40 um sample area with a 512x512 resolution, using a 60x
water immersion objective (UPLSAPO60xW-Olympus).

Experimental Protocols

Nanoparticle concentration is expressed as a concentration of the
TACN head groups on the surface of the gold nanoparticles.®

Determination of surface saturation concentration (SSC)

The SSC of fluorescent probe C343GDD on Au NP 1 was deter-
mined from a fluorescence titration of probe C343GDD to Au NP
1 (10 mm). The FI at 493 nm was measured as a function of the
amount of C343GDD added.?" Fitting of the experimental data
yielded a SSC of 3.7 £0.1 um. For the experiments in Figures 3 and
4, sub-saturation concentrations (3.0 um) of fluorescent probe are
used to reduce background fluorescence. Experimental conditions:
[TACN-Zn?*1=10+1 um, [HEPES]=10 mm, pH 7.0, T=37°C, A=
450 nm, Ao, =493 nm (slits 2.5/5.0 nm).

Displacement studies

The relative affinities of the chemical probes ATP, DPGA, triphos-
phate, FmocPSer, dADPmant and dADPmant for the surface of Au
NP 1 were determined from a series of competition experiments.*!
The displacement studies were performed by measuring the Fl at
493 nm upon the addition of increasing amounts of either one of
the chemical fuels to a solution of Au NP 1 (10 um) and the fluo-
rescent probe C343GDD (3.0 um).
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Energy dissipation

To investigate the rate at which each of the chemical fuels would
be dephosphorylated by alkaline phosphatase, each chemical fuel
(10 um) was added to a pre-equilibrated solution containing Au NP
1 (10£1 pm), the fluorescent probe C343GDD (3.0 um) and alkaline
phosphatase (1TUmL™"). The chemical fuel was added at t=>5 min
and the fluorescence intensity at A.,=493 nm (with 4., =450 nm)
was measured for the lifetime of the signal.

Transient signal generation

To demonstrate the ability of the system to sequentially respond
to additional stimuli, the chemical fuels DPGA (10 um) and ATP
(8 um) were added at the specified intervals to a pre-equilibrated
solution containing Au NP 1 (10£1 pm), the fluorescent probe
C343GDD (3.0 pm) and alkaline phosphatase (5 UmL™").

Fluorescence spectroscopy for aggregate formation

The fluorometric 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 forma-
tion of aggregates with an hydrophobic environment in which the
hydrophobic fluorophore is solubilized."*” DPH was initially dis-
solved in THF to obtain a T mm stock solution. A 2.5 ulL aliquot of
this stock solution was added to a 1 mL cuvette containing aque-
ous HEPES buffer (5 mm, pH 7.0) to obtain a final DPH concentra-
tion of 2.5 um. The fluorescence intensities after subsequent addi-
tions of the surfactant (C,,TACN-Zn’>") were recorded after the
signal had stabilized (3-5 min), at 1,,=355nm and A.,=428 nm.
The temperature was maintained at 37°C. A CAC of 106 um was
determined by extrapolation of the last four points of the curve to
a fluorescence intensity of zero.!*

Dynamic light scattering measurements

The hydrodynamic diameter of the aggregates formed by
C,6TACN-Zn?* (200 um, above the CMC) was measured in the ab-
sence of chemical fuels and in the presence of different chemical
fuels (Figure 5d). DLS experiments were also performed at different
surfactant/chemical fuel ratios to understand the different supra-
molecular structures formed under these different conditions
(Figure 6). These experiments were conducted with the Zetasizer
Nano in automatic mode, where the attenuator value is adjusted
by the instrument depending on sample concentration. The at-
tenuator value is an indication of the laser power the instrument is
using and varies from 1-11 with 11 signifying the highest laser
power. Samples that are low in concentration or very small in size
do not scatter much light, and the machine automatically increases
the attenuator value to allow more light through to the sample. A
high attenuator value is thus indicative of low concentrations of
aggregates in the above discussion. The dispersity index is a mea-
sure of the broadness of the size distribution of the particles mea-
sured in solution. With the Zetasizer, low values indicate samples
which are closer to being uniform, while higher values indicate
non-uniformity (polydispersity.

TEM imaging

Samples for TEM imaging were prepared by premixing
C,6TACN-Zn?* (25 pm) and the chemical fuel of interest (5 um) in
HEPES pH 7 buffer (5 mm). These samples were equilibrated for
1 hour before imaging, and the samples were prepared by staining
with 2% uranyl acetate solution for 30 seconds.
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Fluorescence confocal microscopy studies

Fluorescence confocal images were collected of an aqueous buf-
fered solution containing C,,TACN-Zn*" (25 um) and alkaline phos-
phatase (5UmL™"), in the presence of Coumarin 153 (C153, an
apolar fluorophore; 1 um)."* The sample was kept inside a perfu-
sion chamber at room temperature and after 1 minute a solution
containing DPGA (final concentration of 5 um) was rapidly injected
into the chamber by a Hamilton syringe. The dynamics of vesicle
formation and degradation was followed by collecting a time-
series of images at the confocal microscope with temporal inter-
vals of 3s.
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