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Local Self-Assembly of Dissipative Structures Sustained by Substrate

Diffusion

Haridas Kar, Lorenzo Goldin, Diego Frezzato, and Leonard J. Prins*

Abstract: The coupling between energy-consuming mo-
lecular processes and the macroscopic dimension plays
an important role in nature and in the development of
active matter. Here, we study the temporal evolution of
a macroscopic system upon the local activation of a
dissipative self-assembly process. Injection of surfactant
molecules in a substrate-containing hydrogel results in
the local substrate-templated formation of assemblies,
which are catalysts for the conversion of substrate into
waste. We show that the system develops into a macro-
scopic (pseudo-)non-equilibrium steady state (NESS)
characterized by the local presence of energy-dissipating
assemblies and persistent substrate and waste concen-
tration gradients. For elevated substrate concentrations,
this state can be maintained for more than 4 days. The
studies reveal an interdependence between the dissipa-
tive assemblies and the concentration gradients: catalytic
activity by the assemblies results in sustained concen-
tration gradients and, vice versa, continuous diffusion of
substrate to the assemblies stabilizes their size. The
possibility to activate dissipative processes with spatial
control and create long lasting non-equilibrium steady
states enables dissipative structures to be studied in the
space-time domain, which is of relevance for under-
standing biological systems and for the development of
active matter. )

Introduction

Inspired by the properties of living systems a strong interest
exists in the development of synthetic active matter.!'”!
Chemically fueled self-assembly aims at exploiting the
chemical energy stored in thermodynamically activated
molecules, so called chemical fuels, to drive self-assembly
processes away from thermodynamic equilibrium.*® The
archetypical biological example is microtubule formation
which relies on the coupling between endergonic tubulin
self-assembly and exergonic guanosine triphosphate (GTP)-
hydrolysis.™ In recent years, many chemically fueled
synthetic self-assembly processes have been reported and
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properties expected for a non-equilibrium structure, such as
dynamic instability!” and oscillatory behavior,''? have
indeed been observed. Yet, the development of active
matter requires that energy-consuming processes at the
molecular level are transduced to the macroscopic level. The
role of microtubules in shaping the cell and acting as
‘molecular tracks’ for intracellular transport indeed indicate
that in nature chemically fueled self-assembly is closely
connected to the spatial dimension. The notion that macro-
scopic GTP-concentration gradients play a key role in the
search and capture of kinetochores by microtubules during
cell division indicates that in nature non-equilibrium events
at the molecular (microtubule formation) and macroscopic
(concentration  gradients) scale can even  be
interdependent.’*'¥! Within the context of synthetic chemi-
cally fueled self-assembly there has been relatively little
exploration of the spatial dimension. Yet, initial observa-
tions that locally activated chemically fueled self-assembly
processes can lead to new macroscopic phenomena such as
pattern formation,'>!%1 active droplets,'”'™ and dissipative
adaptation,™ illustrate that an understanding of how local
energy dissipating events affect the macroscopic surrounding
and vice versa is essential for the development of synthetic
active matter.*?

Here, we show that the local activation of a chemically
fueled dissipative self-assembly process in a hydrogel matrix
results in the development of a macroscopic non-equilibrium
steady state (NESS)® characterized by the presence of
persistent substrate (fuel) and product (waste) concentration
gradients and a non-homogeneous macroscopic distribution
of energy dissipating assemblies. At elevated substrate
concentrations the steady state can be maintained for more
than 4 days. The studies reveal an interdependent relation-
ship between the dissipative structures and the concentra-
tion gradients: catalytic activity by the assemblies results in
sustained concentration gradients and, vice versa, continu-
ous diffusion of substrate to the assemblies stabilizes their
size.

Results and Discussion

Dissipative self-assembly. The system that is reported here
has been developed based on two insights obtained from
previous studies. Regarding the self-assembly of dissipative
structures, we have shown that 2-hydroxypropyl p-nitro-
phenyl phosphate (HPNPP) templates the self-assembly of
surfactants C;,TACN-Zn** (1, TACN: 1,4,7-triazacyclono-
nane, Figure 1a).’! Importantly, assembly formation acti-
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Figure 1. a) Schematic representation of the substrate-induced self-assembly of assemblies 1,-HPNPP,, that display cooperative catalysis in the
cleavage of HPNPP leading to waste-stabilized assemblies 1-W. b) Experimental setup for local activation. The numbers indicated in the gel refer
to the areas of which the absorbance or fluorescence intensity values are measured. Experimental data for areas 1-5 are reported in the following

Figures.

vates a pathway for the hydrolysis of HPNPP through the
cooperative  action  of  neighboring TACN-Zn?>*
-complexes.” This implies that by activating a self-assembly
process, HPNPP creates the conditions for its own
destruction.?*?” In chemically fueled self-assembly this is an
attractive property because the accelerated catalysis in the
assembled state is a source of kinetic asymmetry, which is
required to drive the system to a non-equilibrium
composition.”*! Regarding diffusion, we have recently
shown that the local injection of a small amount of
adenosine triphosphate (ATP) in the center of an agarose
hydrogel containing surfactant C,TACN-Zn’" resulted in
the local ATP-templated formation of assemblies with a
very high thermodynamic stability.” Since mass transport
in hydrogels is regulated by diffusion and not convection,
and since the assemblies are much larger than the free
surfactants, local assembly formation caused the diffusion of
free surfactant towards the center. Repetitive cycles of
ATP-injection followed by spontaneous surfactant diffusion
resulted in the gradual accumulation of assemblies in the
center of the hydrogel. These results prompted us to
investigate the dissipative self-assembly of 1,-HPNPP,, in
agarose gel (Figure 1b).

Development of a macroscopic NESS. Agarose gels
(1 mgml™', buffered at pH 7.0) containing a homogeneous
distribution of HPNPP (100 uM) were prepared in 6-well
microtiter plates. A tiny volume (1 uL) of a concentrated
stock solution of 1 (60 mM) was injected in the central
position 1 of the gel and the absorbance at 405 nm was
monitored with spatial resolution as a function of time
(Figure 2b). Upon injection, we observed that, after an
initial lag phase attributed to assembly formation, the
absorbance in the center increased indicating the local
formation of p-nitrophenolate (PNP, waste) from the
assembly-catalysed hydrolysis of HPNPP (Figure 2b—black
trace). The absorbance reached a maximum (after around
5 h, Figure 2b+2d-(@), after which it very slowly decayed.
Even after 15h the absorbance in position 1 remained
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significantly higher compared to other areas of the gel
(Figure 2b+2e-(®). The absorbance in positions 2-5 contin-
ued to gradually increase over the entire time interval as a
result of PNP-diffusion from position1 (Figure2b). An
important observation was made when plotting the overall
conversion of HPNPP as a function of time (Figure 2c—red
trace): the continuing increase in PNP concentration over
the entire time interval revealed that the system remained
catalytically active even after 19 h. The presence of catalytic
activity was confirmed by the immediate decrease in
absorbance in position 1 upon the injection of ATP, which is
a strong competitive inhibitor of HPNPP hydrolysis (Fig-
ure 2b). Injection of ATP at a position remote from the
center did not cause any change in absorbance (Figure S6).

Comparison of the overall catalytic performance with an
equilibrated gel in which the same amounts of 1 and HPNPP
were homogeneously distributed showed a remarkably high-
er activity for the non-equilibrium gel (Figure 2c+ Fig-
ure S7). After 15h the ongoing catalysis had already
converted 30 % of HPNPP against just 8 % for the equili-
brium gel.

Additional information on the catalytic activity in the gel
was obtained by UPLC analysis of samples taken from
positions 1 and 3, which permitted monitoring of both
substrate and waste concentrations as a function of time
(Figure 2f and Figure S5). The profiles of the PNP concen-
trations matched those obtained from absorbance measure-
ments. On the other hand, the substrate concentration in
position 1 drops relatively fast in the first 8 hours after which
it stabilizes, whereas the substrate concentration in posi-
tion 3 just shows a slow gradual decrease over the entire
time interval. Interestingly, comparison of the sum of
substrate and waste concentrations in position1 and 3
showed an increase in position 1 compared to position 3, a
difference that is maintained over time. This increase is
attributed to the presence of assemblies that bind substrate
and waste and therefore act as a local reservoir.
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Figure 2. (a) Schematic representation of the processes that occur in a gel containing HPNPP upon the injection of 1. b) Absorbance at 405 nm for
positions 1-5 as a function of time after the injection of 1 L of a 60 mM stock solution of 1 in the center of a gel containing HPNPP (100 pM).
After 19 h, 1 pL of a 5 mM stock solution of ATP was injected in the center. c) Plot of the HPNNPP-conversion in the gel as a function time for the
gel in which HPNPP was injected (red trace) and for a control gel in which the same amount of HPNPP was homogeneously distributed (blue
trace). d+e) 2D Contour plots of the absorbance at 405 nm of the gel at d) 5 h—(@—and e) 15 h—@—after the injection of 1 in position 1. The
insets are photographs of the gels with squares corresponding to the area of the 2D contour plots. f) Plot of the concentrations of substrate
(open) and waste (filled) in positions 1 (black) and 3 (green) as a function of time as determined by UPLC: The asterisks indicate the sum of
substrate and waste concentrations. The arrows indicate the direction of the concentration gradients for substrate and waste. g+h) Transmission
electron microscopy (TEM) images of position 1 of the gel taken at time=2 h (g) and 15 h (h). Additional TEM images are provided in section 9 of
the Supporting Information. The scale bars correspond to 500 nm. i) Fluorescence intensity at 428 nm for positions 1-5 as a function of time after
the injection of 1 pL of a 60 mM stock solution of 1 in the center of a gel containing DPH (2.5 pM), Ao, /A, =355/428, slits =5/10. Experimental
conditions: agarose =1 mg/ml, [HEPES buffer]=5 mM, T=25°C. Error bars indicate the standard deviation calculated from duplo measurements.

Confirmation that the catalytic activity was indeed linked
to a substrate-induced self-assembly process was obtained
by taking samples from the hydrogel for analysis by trans-
mission electron microscopy (TEM). A sample taken from
position 1 after 2 hours revealed the presence of assemblies
with a diameter of around 180+46 nm. The size is larger
compared to those reported for the same system in a
solution study,” which is attributed to the presence of
agarose.’l Importantly, assemblies were still clearly present
after 15 h (Figure 2g, S9b) although with a slightly dimin-
ished size (d~90+39 nm). A control sample taken from
position 5 did not reveal any assemblies (Figure S12).

These data show that the injection of 1 in the HPNPP-
containing gel results in the local formation of catalytically
active assemblies 1,-HPNPP,, that are sustained for very
long times. After an initial phase of around 8 hours in which
the formation of assemblies acts as a thermodynamic driving
force for the diffusion of substrate to the center, a macro-
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scopic non-equilibrium steady state (NESS) develops char-
acterized by the local presence of energy dissipating
assemblies and by substrate and waste concentration
gradients that hardly vary over an extended period of time.
The persistent concentration gradients are evidenced by the
stable differences in both substrate and product concen-
trations in positions 1 and 3 (Figure 2f) for up to 20 hours.
The approximately constant absorbance in position 1 in-
dicates that the amount of PNP produced in position 1
through catalysis equals the amount of PNP diffusing from
position 1 to 2. This implies that the amount of PNP that
diffuses from position 1 to 2 is compensated by the same
amount of HPNPP that diffuses from position2 to 1.
Although we use the term NESS it should be noted that the
closed compartment of the gel implies that it would be more
accurate to speak about a (pseudo-)NESS. Indeed, the
catalytic activity and the concentration gradients gradually
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Figure 3. (a) Absorbance at 405 nm for position 1 as a function of time after the injection of 1 pL of a 60 mM stock solution of 1 in the center of
gels containing HPNPP ranging from 50-500 pM. (b) Overall changes in the amount of PNP in gels as a function of time after the injection of 1

(1 pL of a 60 mM stock solution) in position 1. (c) Initial rates of HPNPP hydrolysis (t=1 h to 4.5 h) as a function of the initial amount of HPNPP
present in the gel. The dotted line represents a fit to a straight line. (d) Absorbance at 405 nm for positions 1-5 as a function of time after the
injection of 1 L of a 60 mM stock solution of 1 in the center of a gel containing HPNPP (100 pM). (e) Absorbance at 405 nm for positions 1-5 as
a function of time after the injection of 1 L of a 60 mM stock solution of 1 in the center of a gel containing HPNPP (500 pM). After 88 h, 1 puL of a
5 mM stock solution of ATP was injected in the center. f) Overall changes in the number of moles of PNP in gels containing HPNPP (100 yM and
500 pM) as a function of time after the injection of 1 (1 pL of a 60 mM stock solution) in position 1. In the control experiment (blue trace)
surfactant was not injected in a gel containing 500 yM HPNPP. (g) 2D Contour plot of the absorbance at 405 nm of the gel corresponding to (D00

in 3d, the inset is a photograph of the gel with the square corresponding to the area of the 2D contour plot, at time=380 h. (h) Transmission
electron microscopy (TEM) image of position 1 of the gel taken at time =100 h. The scale bar corresponds to 10 pm. (i) 2D Contour plot of the
absorbance at 405 nm of the gel corresponding to (Dsy in 3e, the inset is a photograph of the gel with the square corresponding to the area of the
2D contour plot, at time=380 h. (j) Transmission electron microscopy (TEM) image of position 1 of the gel taken at time=100 h. The scale bar
corresponds to 500 nm. Additional TEM images are provided in section 9 of the Supporting Information. Experimental conditions: agarose=1 mg/
ml, [HEPES buffer]=5 mM, T=25°C. Error bars indicate the standard deviation calculated from duplo measurements.

change over time because of a changing HPNPP:PNP ratio
in the gel.

The presence of HPNPP in the gel is essential to sustain
the existence of assemblies 1,,HPNPP, in the center as
evidenced by two control experiments.The system obtained
by injecting 1 into a gel without HPNPP (using 1,6-diphenyl-
1,3,5-hexatriene (DHP) as a fluorescent probe reporting on
assembly formation)® did not reach a steady state.
Assemblies were initially present, but over time the
assemblies disappeared as surfactant diffused away from the
center and, after 15 h, the system had reached an equili-
brium state (Figure 2i). In the second control experiment,
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we injected HPNPP (1 pL, 90 mM) into a gel containing 1
(100 uM, Supporting Information, section 7). Upon injec-
tion, we observed an increase in absorbance in the center
indicating the local formation of p-nitrophenolate (PNP).
The absorbance reached a maximum after around 200
minutes after which it gradually decreased over time (Fig-
ure S8). After around 20 hours a stable situation was
reached with a nearly homogeneous absorbance all over the
gel. TEM analysis revealed that templated assemblies were
no longer present (Figure S16).

The role of the substrate. The substrate HPNPP plays a
critical role in the development and sustainment of the
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Figure 4. (a) Size distribution of structures as a function of time as
observed in TEM images of gels containing 500 yM HPNPP (green) or
500 pM waste (blue) in which 1 was injected. TEM images of samples
taken at t=2 h (b) and 100 h (c) from position 1 of a waste-containing
gel (500 pM) in which 1 pL of a 60 mM stock solution of 1 was injected
in the center. Additional TEM images are provided in Figure S14. The
scale bars correspond to 200 and 500 nm, respectively. Error bars
indicate the standard deviation.

macroscopic NESS because of its involvement in three
processes: templated self-assembly, catalysis, and diffusion.
To better understand the role of HPNPP, we studied the
temporal evolution of gels with varying concentrations of
HPNPP (50-500 uM) that were subjected to the injection of
a constant amount of 1 (1 pL of a 60 mM stock solution,
Figure 3a, S9). Analysis of the PNP-absorbance in position 1
revealed that an increase in the concentration of HPNPP
had only a marginal effect on the time required to reach the
stationary state (Figure S10), but that the stationary state
absorbance in position 1 itself was proportionally related to
the HPNPP concentration. All gels evolved to a NESS with
a constant production of PNP, but at different rates (Fig-
ure 3b). This illustrates a higher catalytic activity in
position 1 when higher HPNPP concentrations are present
in the gel, even though the same amount of catalyst 1 was
injected. The higher catalytic activity can be rationalized by
considering the effect of increasing HPNPP concentrations
on the equilibrium n1+mHPNPP=1,HPNPP,,. From prior
studies it is known that the affinity of HPNPP for multi-
valent TACN-Zn(II) surfaces is relatively low (Kp gpnpp~
1x107> M).F'* This implies that higher substrate concen-
trations shift the equilibrium towards the assembled state,
which explains the higher catalytic activity. In the HPNPP
concentration range studied it can be observed that the
initial rate (t=1h to 4.5 h after the lag phase) as a function
of initial substrate concentration can be accurately fitted to
a straight line (Figure 3c).

Apart from increasing the catalytic activity, the shift of
the equilibrium towards the assembled state at higher
substrate concentration has also a favorable effect on the
lifetime of the dissipative assemblies. This property emerged
from extended kinetic studies aimed at deciphering how
long the NESS could be maintained. We repeated the
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previously described experiment—injection of 1 pL of a
60 mM stock solution of 1 in a gel with 100 uyM HPNPP—
but now continued monitoring PNP-production for almost
4 days. It was observed that the gradual decrease in the
absorbance at position 1, which to some extent was already
evident in the shorter kinetic run (Figure 2b), continued and
after four days a homogeneous gel was obtained that had
become catalytically inactive (Figure 3d+f+g). TEM analy-
sis of a sample taken at the end of the kinetics revealed that
assemblies were no longer present (Figure 3h, Figure S9c).
On the other hand, repetition of the experiment at 500 uM
HPNPP concentration revealed that even after 4 days, the
absorbance in position 1 remained significantly higher
compared to the other positions with just a minor decrease
(~7 %) compared to the maximum at t=8 h (Figure 3e +1i).
After 4 days catalytic activity was still occurring in the gel,
evidenced by the continuing overall increase in PNP
concentration (Figure 3f—red trace) and the observed drop
in local absorbance upon the injection of ATP (Figure 3e).
Also, TEM analysis confirmed that after 4 days (t=100 h)
assemblies (Figure 3j, Figure S13) were still present in
position 1 although the dimensions (d~96+32nm) had
decreased compared to those present in a sample taken after
15 hours (d~185+61nm) (see also Figure 4a). The in-
creased lifetime of the assemblies in the center of the gel at
500 uM substrate concentrations can be explained consider-
ing the higher thermodynamic stability of the assemblies. In
other words, high substrate concentrations slow down
‘leakage’ of 1 from assemblies 1,,HPNPP,, and this slows
down diffusion of 1 to other areas of the gel.

Even though at 500 pM substrate concentrations assem-
blies persisted in the center of the gel, their size gradually
decreased over time (Figure 4a). This decrease is attributed
to a gradual depletion of substrate in the system. Informa-
tion on the ‘thermodynamic endpoint’ of the system was
obtained by injecting 1 in the center of a gel containing the
waste mixture (500 uM of fully hydrolyzed HPNPP) and
sampling the assembly size at t=2h and 100 h. Coherent
with the known templating ability of waste,?! assemblies
also persisted in this gel for a long time, but the waste-
stabilized assemblies were significantly smaller in size (d=
50+10 nm) and, importantly, their size did not change over
time (Figure 4a—c, Figure S14). Altogether, these studies
reveal that local formation of a dissipative structure and
substrate/waste-concentration gradients is interdependent.
The effect of the dissipative self-assembly process on the
concentration gradients is clear: substrate and waste concen-
tration gradients do not emerge in the absence of catalysis.
Reversely, the continuous diffusion of the substrate towards
the assemblies enables the latter to maintain a large size.

A reaction-diffusion model. Despite the complexity of
the processes that are activated whensurfacants are injected
in the gel, we were interested whether a minimalistic
reaction-diffusion model could be built to qualitatively
support our interpretation of the experimental data. The
model is described in detail in the Supporting Information;
here we only give a concise presentation. In the model we
assume that the assemblies form in a fast initial phase after
the injection of the stock solution; the ‘time-zero’ corre-
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Figure 5. (a) Schematic representation of the processes included in the minimal reaction-diffusion model and relevant kinetic parameters.
Dissolution of the assemblies is modeled by assuming that leakage of compounds will start once the concentration of free surfactants falls below a
threshold concentration. b) Calculated profiles of the PNP total concentration (free PNP plus PNP in the assemblies) versus time and radial
distance from the center of the reaction well. Panels (b) and (c) refer to the HPNPP initial concentration 100 pM (‘Case 1’ below) while panels (d)
and (e) refer to 500 pM (‘Case 2’ below). Panels (b) and (d) show the full profile while panels (c) and (e) report the time evolution at the five
sampling distances of the experiments. The profiles were obtained from a minimal reaction-diffusion model (details are provided in the Supporting
Information). In all cases, the binding/unbinding rate constants were set equal to 510 s™". The dissolution rate constant were set equal to
5x10*s™"in Case 1 and to 10~*s™" in Case 2. The diffusion coefficient of each species was set equal to 5x107'° m?s™". The fraction of assembled
surfactants (¢) was set equal to 0.3 in Case 1 and 0.5 in Case 2. The threshold concentration (C_*) was set to 34 yM in Case 1 and 24 pM in

Case 2. The dimensions of the reaction well are the experimental ones (radius 1.745 cm, depth 3.1 mm) and the injected surfactants correspond to
1 pL of the 60 mM stock solution. The assemblies are assumed to initially have a bell-shaped distribution that drops to zero at the distance R* of
about 1.45 mm in both Case 1 and Case 2; the concentration of free surfactants is depleted accordingly. The rate constant of the HPNPP reaction
was taken equal to 7.1x107° s™'. The numerical solution was obtained by means of a finite-difference scheme. The irregular features of the profiles

are due to the dynamical dlscontinuities that are present in the model (see the Supporting Information).

sponds to the end of that phase. The parameter ¢ defines
the ratio of 1 in the free and assembled form. The radial
distribution of the assemblies around the injection point is
taken to have a bell-shaped profile, and beyond a distance
R* no assemblies are present. Then, the substrate HPNPP
(label S) and the waste product PNP (label W) can bind/
unbind to/from the assemblies with given first-order rate
constants; the ‘neutral’ binding/unbinding of the surfactant 1
(label L) is ignored as long as the assemblies are structurally
stable. The irreversible reaction of S to W is assumed to
take place only in/on the assemblies with a given first-order
rate constant. All species S, W and L are free to diffuse in
the gel phase. It is assumed that the assemblies become
unstable when the local concentration of free L drops below
a threshold value C| ; when this happens, it is assumed that
S and W stop binding to the assemblies which start
dissolving with a first-order process of given rate constant
kgs. During the dissolution, the assemblies release their
content of S, W and L into the solutlon It is likely to assume
that ¢ increases, while both CL and kg, decrease as the
initial concentration of the substrate is higher and higher.

Angew. Chem. Int. Ed. 2024, 63, €202404583 (6 of 8)

This is because HPNPP promotes the formation of the
assemblies and stabilize them both from the thermodynamic
and kinetic point of view. The initial conditions at time-zero
are of § homogeneously distributed (assuming that the
fraction of S incorporated in the assemblies is negligible), W
absent, and both free and assembled L distributed with a
bell-shaped* distribution (which sharply drops to zero at a
distance R for the assembled surfactants). With such a
setup, the reaction-diffusion partial derivative equations
were elaborated and numerically solved by means of a
finite-difference scheme (see Supporting Information sec-
tion 11 for details).

Figure 5 shows the outcomes for a set of kinetic
parameters tuned to achieve a qualitative agreement with
the experimental profiles. Figures 5b and 5d show the total
concentration of PNP (free and in the assemblies), versus
the time and the distance from the center, for the initial
substrate concentration 100 uM and 500 uM. Figures 5c¢ and
Se report the evolution of the total concentration of PNP at
the five sampling positions of the experiments. We can see
that these profiles are qualitatively close to the experimental
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trends of the absorbance (Figures 3d and 3e). Concerning
the profiles that refer to position 1 (center of the reaction
well), the initial growth is due to the binding of the substrate
to the assemblies, with consequent conversion into waste.
The maximum of the profile corresponds to the turning
point when the local concentration of free L drops below
the threshold value (because of diffusion of surfactants from
the center towards the periphery). This implies that the
assemblies start to dissolve and, in turn, this causes the
progressive reduction of PNP production. As the produced
PNP diffuses towards the periphery, its concentration at the
center decreases while the concentration at the sampling
positions 2, 3, 4 and 5 grows. In the very long timescale, not
reached in these simulations, the profiles for all positions
converge because all assemblies eventually dissolve and the
concentration of PNP tends to be uniform. In short, the
parameters that mainly control the evolution of the concen-
tration in the central position are the fraction ¢, the
threshold concentration C; which affects the turning point
on the time axis and, crucially, the rate constant of
dissolution kg, which controls the persistence of the pseudo-
stationary state during which the substrate continues to react
in the assemblies while they slowly dissolve.*We can also see
that the increase of ¢ and the decrease of C; and kg, which
likely accompany the increase of initial substrate concen-
tration, produce a more persistent pseudo-stationary state at
position 1 with a smaller drop after the turning point at the
maximum. This is in accord with the experimental finding.

Conclusion

In conclusion, we have shown that the local activation of a
dissipative self-assembly process in a macroscopic gel
containing substrate results in the formation of a macro-
scopic (pseudo-)stationary non-equilibrium state. This state
is characterized by the local presence of energy dissipating
assemblies and persistent substrate and waste concentration
gradients. The opposing concentration gradients of substrate
and waste ensure that the spatially confined assemblies
experience (semi-)chemostatted conditions that persist for
elongated periods. Our studies reveal an interdependence
between the energy-dissipating structures and the substrate/
waste concentration gradients. The importance of such an
interdependence between catalysis and concentration gra-
dients for developing macroscopic non-equilibrium proper-
ties was recently demonstrated.”@ The straightforward
approach to study dissipative structures under (semi-
)chemostatted conditions will facilitate the study of proper-
ties originating from the non-equilibrium state of energy-
dissipating structures. The development of reaction-diffusion
models that accurately provide a qualitative and quantitative
description will benefit from the use of simple dissipative
systems of which all processes are fully understood at the
molecular level. Finally, the introduction of space as a
dimension in the study of dissipative self-assembly processes
is crucial for our understanding how energy-dissipating
processes at the molecular level can be transposed to a
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macroscopic dimension, which is essential for the develop-
ment of synthetic active matter.?"?!!

Supporting Information

Procedures, experimental details and supporting data is
available. The authors have cited additional references
within the Supporting Information.
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