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Enhanced catalytic activity under non-equilibrium
conditions

RuiChen, SimonaNeri and Leonard J. Prins ®

The development of non-equilibrium synthetic systems provides access to innovative materials with life-like properties.
Non-equilibrium systems require a continuous input of energy to retain their functional state, which makes for a fundamental
difference to systems that operate at thermodynamic equilibrium. Kinetic asymmetry in the energy consumption pathway is
required to drive systems out of equilibrium. This understanding has permitted chemists to design dissipative synthetic molec-
ular machines and high-energy materials. Here we show that kinetic asymmetry also emerges at the macroscopic level by dem-
onstrating that local energy delivery in the form of light to a hydrogel containing gold nanoparticles installs a non-equilibrium
steady state. The instalment and maintenance of the macroscopic non-equilibrium state is facilitated by the gel matrix in which
motion is governed by diffusion rather than convection. The non-equilibrium state is characterized by a persistent gradient in
the surface composition of the nanoparticles embedded in the gel, which affects the fluorescent and catalytic properties of the
system. We show that the overall catalytic performance of the system is enhanced under these non-equilibrium conditions. In
perspective it will be possible to develop out-of-equilibrium matrices in which functional properties emerge as a result of spa-

tially controlled energy delivery and spatially controlled chemistries.

getically uphill. The non-equilibrium nature of biologi-

cal systems manifests itself both at the molecular and
macroscopic level"”. The directional motion of motor enzymes’
and the self-assembly of high-energy structures, such as micro-
tubules®, exemplify how chemical fuels can drive molecular pro-
cesses. At the macroscopic level, energy is used to control the
chemical composition inside cellular compartments’ and to
install spatial concentration gradients in the cytosol, which are
important for many developmental processes®. The extraordinary
functional properties of the cell are a strong impetus to develop
non-equilibrium synthetic systems for innovative applications
in materials science and nanotechnology’-'’. Recent studies have
shown how kinetic asymmetry in the energy consumption path-
way can drive synthetic molecular machinery'"">. Here, we show
that kinetic asymmetry can also emerge at the macroscopic
scale by demonstrating that local light irradiation of a complex
matrix results in a non-equilibrium steady-state distribution of
molecules within it. The system relies on the coupling between
light-induced conformational change of a photosensitive regula-
tory element and chemical exchange process that takes place on
the surface of nanoparticles. Stable concentration gradients of the
regulatory element in the system are maintained as long as energy
is locally provided. This concentration gradient is transposed on
the surface composition of the nanoparticles and affects the fluo-
rescence and catalytic properties of the system. We also show that
diffusion processes installed by light-induced concentration gra-
dients lead to an enhanced catalytic activity in the system under
non-equilibrium conditions.

N ature exploits energy to drive chemical processes ener-

Catalytic nanoparticles with enzyme-like properties

In recent years, we have extensively studied AuNP 1, which are gold
nanoparticles (d,,~1.8+0.4nm) passivated with alkyl thiols con-
taining a 1,4,7-triazacyclononane (TACN)-Zn** complex as head
group (Fig. 1)”. Our interest in these nanoparticles stems from

their remarkable catalytic efficiency in the transphosphorylation of
2-hydroxypropyl-4-nitrophenylphosphate (HPNPP), a model sub-
strate for RNA-hydrolysis'*. A second attractive feature of AuNP 1
is their multivalent cationic monolayer surface that allows small
oligoanionic (bio)molecules to bind under saturation conditions at
low micromolar concentrations in aqueous buffer'>. Where differ-
ent anionic molecules compete for binding to AuNP 1, the surface
coverage is determined by their relative affinities for the monolayer.
Where at least one of the molecules is fluorescent, the exchange
process can be monitored with fluorescence measurements owing
to the quenching of surface-bound fluorophores by the gold core
(Fig. 1a)'®. Recently, we have shown that both the catalytic activity
of AuNP 1 and fluorescent probe displacement can be controlled by
light using a carboxylic acid-functionalized azobenzene as photo-
sensitive regulatory element'”. The regulatory effect originated from
the different affinities of the cis- and trans-isomers of azobenzene
for AuNP 1 (Fig. 1a). Altogether, AuNP 1 and analogues share many
similarities with enzymes—Michaelis—-Menten saturation kinetics,
cooperative catalysis and competitive binding of inhibitors—and
for that reason have been referred to as nanozymes'*'®. Yet, so far all
studies have been performed in diluted solutions, which are poorly
comparable with the biological matrices in which natural enzymes
are operative. To make for a closer analogy with a natural situation,
we were interested in how the chemical processes occurring at the
surface of AuNP 1 would be affected by a matrix in which mass
transport is controlled by diffusion rather than convection. To that
end, we decided to study light-controlled probe displacement and
catalytic activity in agarose gel.

Local signal generation through spatially controlled
ultraviolet (UV) irradiation

We first improved our light-responsive system to overcome some
of the limitations of the previously reported one (Fig. la and
Supplementary Information)”. A new azobenzene derivative A
was synthesized containing a phosphate group, because previous
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Fig. 1| Spatially controlled signal generation in a hydrogel. a, Schematic representation that shows how the light-triggered interconversion between cis-
and trans-A affects the binding of the fluorophore Alexa555 (fluorescence) and the substrate HPNPP (catalysis) to AuNP 1. b, Experimental setup for local
UV irradiation. The numbers indicated in the gel refer to the positions at which either fluorescence or absorbance values were measured. ¢, Changes in the
relative fluorescence intensity at 564 nm as a function of time after initial local irradiation of a gel with UV light (365 nm, 60 min) followed by 20 h in the
dark and final exposure of the entire gel to vis light (465 nm) for 20 min. The relative intensities are reported for positions 1 (blue), 2 (red), 3 (green) and

6 (dark grey) of the gel. 3D maps of the fluorescence intensities of the entire gel are provided for t=60, 1,200 and 1,220 min as indicated by the encircled
letters A-C. Each point is the average of two experiments. Error bars indicate the standard deviation. d, Changes in the relative fluorescence intensity at
564 nm as a function of time during continuous local irradiation of a gel with UV light (365 nm, 60 min) for 33 h followed by exposure of the entire gel to
vis light (465 nm for 20 min). The relative intensities are reported for positions 1 (blue), 2 (red), 3 (green) and 6 (dark grey) of the gel. 3D maps of the
fluorescence intensities of the entire gel are provided for t=60, 2,000 and 2,020 min as indicated by the encircled letters A-C. Each point is the average of

three experiments. Error bars indicate the standard deviation.

studies had shown that phosphates have a substantially higher
affinity for AuNP 1 compared to carboxylates”. Fluorescent probe
Alexa555 (Aoyem=>551/564nm) was used in these studies rather than
the 6,8-dihydroxy-1,3-pyrenedisulfonic acid probe. Alexa555 has
no absorption bands at the wavelengths used for isomerization of
A (trans — cis: 365nm and cis — trans: 465nm), which reduces the
problem of photobleaching. The improved properties in terms of
difference in binding affinity between cis- and trans-A for AuNP
1 and the absence of photobleaching were confirmed by solution
studies (Supplementary Fig. 16a).
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Our exploration of the systems’ properties in a hydrogel started
with a study of agarose gel (1 mgml™, buffered at pH7.0) contain-
ing AuNP 1 ([TACN-Zn**]=20pM), Alexa555 (0.91pM) and A
(10pM) (Fig. 1b). Gels were prepared in six-well microtiter plates to
permit spatially controlled measurement of the fluorescence inten-
sity using multispot analysis. We were pleased to observe that the
fluorescence intensity could be reversibly cycled between two val-
ues by irradiating the gels sequentially with 365nm (60min) and
465nm (20min) (Supplementary Fig. 16b,c). A total of five cycles
were performed without any notable decrease in signal intensity.
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The analogy with the results obtained in solution indicate that the
basic working principle of the system, light-induced probe displace-
ment, is not altered in the gel state.

It has been previously demonstrated that spatially controlled
irradiation of a solution containing a photoacid, which is a com-
pound that becomes more acidic when irradiated with UV light,
locally altered the pH of the solution®. Continuous light irradiation
resulted in a stationary non-equilibrium situation with a persistent
proton gradient, which was exploited to spatially control the rate
of a pH-sensitive reaction”’. Although this approach is an attrac-
tive way to maintain a system in a non-equilibrium steady state, a
widespread application has been hampered by the high rates of mass
transport in solution and the challenge to couple the proton gradi-
ent effectively to other chemical processes. We reasoned that both
issues could be resolved in our system. First, mass transport in a
hydrogel is much slower because it is controlled by diffusion rather
than convection. Second, an energy-driven concentration gradient
of the photoresponsive element A can be coupled to other compo-
nents through AuNP 1, which plays a role as transducer element
by interacting both with A and other species present in the system.

To demonstrate spatially controlled activation by light, the
gel was irradiated at 365nm through a mask containing a 3mm
hole in the centre (Fig. 1b). This indicates that only locally
trans — cis-isomerization of A takes place and that only at the cor-
responding position the relative affinity of Alexa555 for AuNP 1
compared to A increases (Supplementary Fig. 17). The fluorescence
intensity was measured at positions 1-7, corresponding to areas at
increasing distances from the centre.

To understand how local irradiation affected the properties
of the system, we carried out two experiments. In a first experi-
ment, the gel was locally irradiated at 365 nm for just 1 h to induce
trans — cis-isomerization and then left in the dark for 20h (Fig. 1¢).
It was observed that UV irradiation caused a decrease of fluores-
cence intensity in position 1 and, to a smaller extent, position 2,
but hardly affected the other positions. After having put the gel in
the dark, the fluorescent intensities in positions 1 and 2 returned
to the original values in around 6 h after which they remained con-
stant. After 20h in the dark, the entire gel was irradiated at 465nm
for 20min to ensure complete conversion of cis-A to trans-A, but
this just caused a very minor increase in the fluorescence intensity
(Fig. 1c). On the basis of this final observation it could be concluded
that after 20h in the dark the gel had returned to the original com-
position before visible light (vis)-irradiation.

Very different observations were made in the second experi-
ment, in which the gel was exposed to continuous local UV irradia-
tion for a period of 33h (Fig. 1d). Also in this case, the fluorescence
intensity in position 1 decreased initially before gradually increas-
ing again. Yet, the increase occurred at a lower rate and the original
intensity was never reached. At difference with the previous experi-
ment, the fluorescence intensities in all other positions 2-6 also
decreased gradually with a delay time that depended on the distance
from position 1. After around 20h a stable situation was reached
with a nearly homogeneous fluorescence intensity all over the gel,
which was, however, significantly lower than the original one (FI/
FI,~0.8) (three-dimensional (3D) map 2 in Fig. 1d). Exposure of
the entire gel to 20 min 465 nm irradiation after this period resulted
in a strong peak in fluorescence centred at position 1 with an inten-
sity that was higher than the original one (3D map 3 in Fig. 1d). This
observation indicated that continuous local UV irradiation had led
to an accumulation of Alexa555 in the centre of the gel.

Kinetic model for the simulation of signal generation under
non-equilibrium conditions

To explain these observations a kinetic model was devel-
oped that takes into consideration the key kinetic processes
that regulate compound distribution in the gel: photoinduced
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trans — cis-isomerization of A, spontaneous thermally induced back
isomerization of A, diffusion, and exchange processes occurring on
the surface of AuNP 1 (Fig. 2a and Supplementary Fig. 34). The
model represents the gel divided in three sectors. Each sector con-
tains all species present in the gel and diffusion is introduced as the
kinetic exchange of species of the same kind between sectors. The
kinetic parameters of each sector can be individually adjusted; for
example, local UV irradiation can be simulated by imposing a high
rate constant for trans— cis-isomerization just in sector 1. Values
for the kinetic parameters (related to diffusion, isomerization and
dissociation rates) were determined from experimental measure-
ments (see sections 2, 3 and 8 of the Supplementary Information).
It is important to note that diffusion-ordered spectroscopy experi-
ments revealed for none of the species a difference in diffusion
coefficient between the hydrogel and solution state (Supplementary
Table 15). This illustrated that the functional role of the gel matrix is
to suppress convection. Moreover, a fivefold lower diffusion coeffi-
cient was measured for AuNP 1 compared to the other components,
which indicates that on the experimental time scale the diffusion of
AuNP 1, and molecules complexed on its surface (Supplementary
Fig. 31), can be ignored.

The kinetic model was used to simulate the two experiments
described here. For both cases a plot of the calculated signal inten-
sity in each sector—which is proportional to the concentration of
free Alexa555—as a function of time provided profiles that closely
matched the experimentally determined ones (compare Fig. 2b to
Fig. 1c). The observation that signal evolution in the simulation
also matched the experimental time confirmed the validity of the
imposed rate constants.

Analysis of the calculated concentrations of each species as a
function of time explains how the compound distribution in the
gel is affected by local irradiation. The key component that drives
the entire process is the photoresponsive element A. Spatially con-
trolled irradiation locally converts trans-A in cis-A and the lower
affinity of the latter for AuNP 1 leads to an increase in the amount of
Alexa555 bound to AuNP 1 and hence fluorescence quenching. The
local alteration of concentrations in sector 1 installs concentration
gradients and the diffusion of species along those gradients. The
directional movement of the species emerges from an analysis of the
currents, defined as the forward reaction flux minus the backward
reaction flux, between the different sectors (Fig. 2c,e). Local irra-
diation depletes trans-A in sector 1 that installs a positive current
for trans-A from the other sectors. Oppositely, the local increase
in concentration of cis-A installs negative currents. Capture of
Alexa555 on AuNP 1 causes a local depletion of free Alexa555 in
sector 1 that also installs a positive current for this species leading to
accumulation of the dye in sector 1. For experiment 1, these effects
are transient and as soon as irradiation is turned off, the system
relaxes slowly back to the equilibrium state (Fig. 2c). At difference,
the simulation of experiment 2 illustrates that continuous energy
delivery leads to the instalment of a non-equilibrium steady state
characterized by persistent currents for trans- and cis-A (Fig. 2e).

An important role in the system is played by AuNP 1, which
acts a transducer element between the photosensitive regulator A
and Alexa555. Indeed, despite the fact that Alexa555 is not photo-
responsive, its local concentration is anyway affected by light irra-
diation, because Alexa555 is in competition with A for binding to
AuNP 1. As long as UV irradiation maintains the high concentra-
tion of cis-A in sector 1, the amount of Alexa555 bound to AuNP 1
will be higher there than in other parts of the gel. In other words, the
concentration gradients of cis- and trans-A in the gel are transposed
on the surface composition of AuNP 1. The persistence of a gradient
in the surface composition of AuNP 1 in the gel was experimentally
observed in the gradient in fluorescent intensity with a maximum
at position 1 after exposure of the gel to vis irradiation (Figs. 1d and
2d). It is relevant to emphasize that at the non-equilibrium steady
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Fig. 2 | Simulations of light-induced diffusion in the hydrogel. a, Kinetic model describing the concentration gradients of the cis- and trans-isomers of
photoresponsive element A and the free and bound Alexa555 fluorophore. The model is composed of three sectors 1-3 that communicate through diffusive
processes (i)-(vi). A full description of the model can be found in the Supplementary Information (section 9). b, Simulated signal intensity as a function

of time for the experiment described in Fig. 1c and the relative concentrations of free and bound Alexa555 at times A and B. ¢, Calculated currents in the
system (green, positive and brown, negative) as a function of time for the equilibria given in a after initial local irradiation followed by a long period in the
dark. Solid lines refer to diffusion between sectors 1and 2, dashed lines refer to diffusion between sectors 2 and 3. d, Simulated signal intensity as a function
of time for the experiment described in Fig. 1d and the relative concentrations of free and bound Alexa555 at times C and D. e, Calculated currents in the
system (green: positive, brown: negative) as a function of time for the equilibria given in a during continuous local irradiation with UV light. Solid lines refer
to diffusion between sectors 1 and 2, dashed lines refer to diffusion between sectors 2 and 3.

state (position C in Fig. 2d) no concentration gradient is present for
unbound Alexa555, which is evidenced by the absence of currents
for equilibria v and vi (Fig. 2e). This explains the homogeneous
fluorescence intensity at the dynamic steady state.

Local catalyst activation through spatially controlled UV
irradiation
The observation that the concentration gradient of cis- and trans-A
is transposed on the surface composition of AuNP 1, prompted us to
study the catalytic activity of AuNP 1 in the transphosphorylation of
HPNPP under non-equilibrium steady-state conditions (Fig. 1a). A
characteristic feature of enzyme catalysis is that the reaction rates are
described by Michaelis—Menten saturation kinetics, which indicates
that complex formation between substrate and enzyme precedes
the catalytic event”. Consequently, the extend of enzyme saturation
by the substrate plays an important role in determining the reac-
tion rate (see next). Considering that also the catalytic activity of
AuNP 1 in the transphosphorylation of HPNPP can be described
using similar saturation kinetics', we were intrigued to find out
whether the instalment of a gradient in AuNP 1 surface composi-
tion under non-equilibrium conditions would result in spatially
differentiated catalytic activity. Agarose gels (1 mgml~!, buffered at
pH7.0) were prepared containing AuNP 1 ([TACN-Zn**] =40 uM),
trans-A (30 uM) and HPNPP (1 mM). Concentrations were opti-
mized to have the maximum difference in rate between the cis- and
trans-isomers of A. Reactions could be conveniently monitored by
measuring the absorbance at 413nm—which corresponds to the
isosbestic point of cis- and trans-A—originating from the liberated
p-nitrophenol product.

The first experiment aimed at demonstrating that the presence
of either trans- or cis-A in the gel affected the catalytic activity of
AuNP 1 to different extents. For trans-A, this indicated keeping the
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gel in the dark and measuring the absorbance at regular time inter-
vals. To study the effect of cis-A on the catalytic activity the entire
gel was kept under continuous UV irradiation with short interrup-
tions to measure the absorbance. The absorbance was measured at
different areas of each gel corresponding to the positions 1-7. It was
found that in both cases, the average absorbance increased homoge-
neously all over the gels (Fig. 3b, open circles). The measurements
confirmed the higher catalytic activity of AuNP 1 in the presence of
cis-A, which is consistent with the lower affinity of cis-A for AuNP
1. Exposure of both gels to vis irradiation after 12h caused a notable
change in rate for the gel containing cis-A, caused by the conver-
sion of cis-A in the stronger inhibitor trans-A. For the gel contain-
ing trans-A no change in rate was observed after vis irradiation
(Fig. 3b, open circles).

Catalytic activity was then studied under non-equilibrium con-
ditions installed by continuous local UV irradiation of the centre
of a gel prepared with trans-A. Control experiments showed that
local UV irradiation did not install temperature gradients in the gel
(Supplementary Fig. 21c). Absorbance data was again spatially col-
lected for positions 1-7. At difference with the all-cis or all-trans
gels, the increase in rate was not homogeneous (Fig. 3b, filled cir-
cles). The rate was highest in position 1 and gradually decreased
as the distance from the irradiation centre increased. Yet, the rate
in position 1 was substantially lower than the rate observed for the
gel containing just cis-A and the differences in rate between posi-
tions 1-6 were relatively modest. Exposure of the entire gel to vis
irradiation after 12h caused a transient delay in the increase in
absorbance in positions close to the centre, after which the absor-
bance continued to increase homogeneously all over the gel (Fig. 3b,
filled circles). Overall, the data show a spatially differentiated cata-
lytic response to local irradiation. In addition, the fact that 20 min
vis irradiation after 12h induced a local change indicated that the
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Fig. 3 | Experimental and simulated catalytic activity on local irradiation. a, Kinetic model describing the concentration gradients of the cis- and trans-isomers
of photoresponsive element A, substrate and product. A full description of the model can be found in the Supplementary Information (section 10).

b, Increase in concentration of product (p-nitrophenol) as function of time in an agarose gel (1mgml~") containing AuNP 1 ([TACN-Zn*]=40 pM), trans-A
(30 pM) and HPNPP (1mM). Gels were kept in the dark (all trans, open red circles), exposed entirely to UV irradiation (all cis, open blue circles) or irradiated
with UV irradiation just in the centre through a mask (coloured filled circles 1-3, 6). For the first two cases, the concentrations were taken as average values
of positions 1-6. In the third case, the concentrations were measured at different distances from the centre (positions 1-3 and 6 in Fig. 1b). After 12h all gels
were exposed to vis irradiation for 20 min after which the measurements were continued. Each point is the average of three experiments. Error bars indicate
the standard deviation. ¢, Product concentrations in each sector as a function of time simulated using the model in the absence (dashed lines) and presence
(solid lines) of diffusion between the sectors. d, Calculated changes in the product concentration in each sector originating from catalysis (solid lines) and
diffusion (dashed lines). e, Calculated currents (green, positive and brown, negative) in the system as a function of time for the equilibria (i)-(iv) depicted in
a. Solid lines refer to diffusion between sectors 1and 2, dashed lines refer to diffusion between sectors 2 and 3.

system was indeed in a stationary non-equilibrium state. However,
the absolute differences in rate between the different positions in
the gel appeared relatively modest, particularly when compared to
the differences observed for the homogeneous gels containing just
cis- or trans-A. Therefore, we developed a theoretical kinetic frame-
work to explain these results.

Kinetic model to describe local catalysis enhancement
under non-equilibrium conditions

A catalytic process was introduced to the previous model (Fig. 3a
and Supplementary Fig. 35) that involved complex formation
between HPNPP and AuNP 1 followed by conversion of HPNPP
in product. A lower affinity of HPNPP for AuNP 1 compared to
both cis- and trans-A was imposed, in correspondence with the
experimental observation that low pM concentrations of A are
sufficient to inhibit catalysis when HPNPP is present at a con-
centration of 1 mM. The rate constant for product formation was
set to 3 X 107*s7!, which is in line with the experimentally deter-
mined k_, value reported earlier for AuNP 1 (ref. ). All other
rate constants were left unvaried compared to the model used to
simulate signal evolution. Concentrations were imposed such that
the model also provided a quantitative response in line with the
experimental values.

In the first simulation, a high rate constant for trans— cis-
isomerization of A was imposed only in sector 1 to simulate local
irradiation with UV light, but without allowing diffusion between
sectors. The scope of this simulation was to compare the intrinsic
rates of product formation in the presence of either cis-A (in sector 1)
or trans-A (in sectors 2 and 3). The simulated relative rates com-
pared well to the experimental data obtained for the homogeneous

gels containing either frans- or cis-A indicating that the kinetic
parameters were properly set (compare Fig. 3¢, dashed lines to Fig. 3a,
open circles). The simulation of an exposure of this gel to vis irradia-
tion after 12h caused a reduction in the rate in sector 1, but did not
change the rates in sectors 2 and 3 that already contained trans-A.
This result too was in agreement with the experimental data.

Next, the simulation was repeated permitting diffusion of the
species between sectors 1-3. This simulation accurately reproduced
the key experimental observations under continuous irradiation: in
all sectors the product increase occurred with an intermediate rate
between the ones observed in the presence of cis- or trans-A and
the rate in sector 1 was slightly higher than those in sectors 2 and 3
(Fig. 3¢, solid lines). A simulation of the exposure to vis irradiation
after 20h neatly reproduced the experimentally observed tempo-
rary decrease in rate in sector 1 before the rates in all sectors became
equal (compare Fig. 3¢, solid lines to Fig. 3a, filled circles).

Given that the model described the experiments with good
accuracy, we analysed what happened inside the gel on continuous
local irradiation. The model provided the concentrations of all spe-
cies as a function of time, which permitted for each sector a calcu-
lation of the fraction of product that originated from catalysis and
from diffusion (Fig. 3d). These calculations confirmed the higher
catalytic activity in sector 1 compared to sectors 2 and 3 originating
from a higher concentration of the weak inhibitor cis-A in that sec-
tor and, consequently, a higher surface saturation of AuNP 1 with
HPNPP. Yet, the increased catalytic production in sector 1 is coun-
terbalanced by a decrease in product concentration caused by diffu-
sion to sectors 2 and 3. On the contrary, the lower catalytic activities
in sectors 2 and 3 are compensated by a positive influx of product
originating from sector 1. The net result is that the concentration of
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Fig. 4 | Enhanced catalysis under non-equilibrium conditions. a, Simulated increase in the average product concentration in sectors 1-3 using the kinetic
model depicted in Fig. 3a with (blue line) and without (red line) diffusion. The inset demonstrates the difference in product increase between the two
cases for the first (0-12 h) and second (12-24 h) period. b, 3D plot of the measured absorbance values in a gel after local irradiation for 12 h (left) and

3D plot of a composition of the absorbance in position 1 of an all-cis gel and positions 2-6 of an all-trans gel (right), the values are the average of two
experiments. Agarose gel (1mgml~") contained AuNP 1 ([TACN:Zn**]=40 uM), trans-A (30 pM) and HPNPP (1.5 mM). Gels were kept in the dark (all
trans), exposed entirely to UV irradiation (all cis) or irradiated with UV irradiation just in the centre through a mask. After 12 h, all gels were exposed to

vis irradiation for 20 min after which the measurements were continued. The absorbance was measured at different areas of each gel corresponding to

the positions 1-7. ¢, Product concentration averaged over position 1-6 as a function of time for a gel that was locally irradiated (blue) and the product
concentration averaged over position 1of an all-cis gel and positions 2-6 of an all-trans gel (red). d, Difference in product increase between the cases
described in Fig. 4c for the first (I, 0-12h) and second (I, 12-24 h) period. The values are the average of three sets of measurements and the error bars give
the standard deviation. e, Calculated Michaelis-Menten saturation profiles for the AuNP 1-mediated conversion of HPNPP in the absence of inhibitor (grey
curve), in the presence of cis-A (blue curve) and trans-A (red curve). The inset shows how in the second-order kinetic regime the decrease in rate caused
by a decreased concentration of substrate in the presence of trans-A (red curve) is lower than the increase in rate induced by a higher concentration of

substrate in the presence of cis-A (blue curve).

product increases more or less homogeneously in all sectors despite
the substantial differences in catalytic activity between sector 1 and
sectors 2 and 3.

An analysis of the currents in the system revealed a marked
difference with the diffusion experiments involving Alexa555
(Fig. 3e). For the fluorescence study, it was observed that at the sta-
tionary non-equilibrium state no gradient was present for unbound
Alexa555 (currents 5 and 6 in Fig. 2e). In contrast, in the cataly-
sis experiment concentration gradients are maintained also for
unbound substrate and product under non-equilibrium conditions.
The reason for this difference is that the initial offset in substrate
concentration on local irradiation is maintained because of the con-
tinuous catalytic conversion of substrate in product. The enhanced
depletion of substrate in sector 1 compared to the sectors 2 and 3
causes sustained diffusion of the substrate to the area of highest
catalytic activity. Oppositely, the enhanced formation of product in
that area leads to a sustained diffusion away from the reaction cen-
tre. Experimental evidence in confirmation of this analysis can be
found in the temporary decrease in the rate of product accumula-
tion in sector 1 after exposure to vis irradiation (Fig. 3b). Whereas
vis irradiation rapidly reduces the catalytic activity in sector 1 to
the same level as sectors 2 and 3, it takes a longer time before the
gradient in product concentration disappeared because of the low
diffusion rates (Fig. 3d). The net result is that for a limited amount
of time, the concentration of product in sector 1 increases slower
than in sectors 2 and 3. Eventually a stationary state is reached in
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which concentration gradients in the gel are absent and the product
concentration increases homogeneously throughout the gel.

Diffusion leads to an enhanced overall catalytic activity

The simulations carried out with and without diffusion between
sectors represent different situations that can be interpreted as an
open and closed system, respectively, to which the same amount of
energy is provided. Comparison between the two simulations there-
fore provided a means to analyse to which extent diffusional pro-
cesses affect the efficiency at which the provided energy is exploited.
Comparison of the overall catalytic activity in each system, calcu-
lated by taking the average of the rates of sectors 1-3, revealed a
notably higher catalytic activity in the open system amounting to
an increased product concentration of around 12% after 720 min.
Stimulated by this sizeable difference, we sought to measure it
experimentally. The challenge lied in finding an experimental ana-
logue for a closed system to be compared with the open system
described in the previous section. We reasoned that the activity
of a closed system could be approximated by averaging the rate of
position 1 from the all-cis gel and the rates of positions 2-6 from
the all-trans gel, yielding a composite system very similar to the
one simulated as the closed system (Fig. 4b). Measurements were
performed three times and the data was analysed as described in
Supplementary Fig. 36. Comparison of the average rate between the
‘open’ and ‘closed’ system confirmed the increased activity in the
open system with an increase of 10.5+ 3.2% compared to the closed
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system during continuous irradiation (Fig. 4d). The fact that the
difference in activity disappeared after vis irradiation validated the
method and confirmed that the increased activity originated from
the conditions installed under continuous UV irradiation (Fig. 4d).

Analysis of the species distribution as calculated by the model
showed that the higher activity of the open system can be attributed
to two concentration gradients. The first and greater effect origi-
nates from the higher overall concentration of the weaker inhibi-
tor cis-A in the open system. Diffusion of this high-energy species
to the non-irradiated parts of the gel affects the catalytic rates in
those areas until cis-A dissipates energy by returning to trans-A
and diffusing back to the centre. The second effect originates from
substrate diffusion to the centre where it is converted at a higher
rate compared to the other parts of the gel due to the higher local
concentration of cis-A in the centre (see inset Fig. 4e). The decrease
in rate (—v,,,) caused by the diffusion of substrate away from an
area with high concentration of trans-A is smaller than the increase
in rate (+v,,) caused by the same amount of substrate in an area
enriched in cis-A. The result is a net gain in overall catalytic activity
in the system sustained by a substrate gradient.

The increased activity in the open system depends in a non-linear
manner on the substrate concentrations owing to the Michaelis—
Menten-like catalytic behaviour of the nanoparticles. Additional
simulations at different substrate concentrations showed that the
difference between closed and open systems may increase up to 21%
by reducing the substrate concentration (Supplementary Fig. 37).
The reason is that at lower substrate concentrations, at which the
catalyst is not saturated, the difference in reaction rate caused by
cis- or trans-A is larger as can be observed from the calculated satu-
ration profiles in the presence of either inhibitor (Fig. 4¢). The result
is that concentration gradients under non-equilibrium conditions
exert a larger effect on the overall activity of the system.

Conclusions

In conclusion, we have shown that continuous local irradiation of
a hydrogel results in the sustained directional diffusion of a pho-
toresponsive element in the gel. The directional movement can be
interpreted as a macroscopic expression of kinetic asymmetry in the
energy consumption pathway that drives molecular systems away
from equilibrium®-*. On the macroscopic level discussed here,
the thermodynamic equilibrium refers to concentrations at differ-
ent locations of the gel. Spatially controlled energy delivery installs
asymmetry in the matrix leading to concentration gradients of the
chemical species involved. The resulting concentration gradients
of the photoresponsive element are transposed on the concentra-
tions of other small molecules through competitive binding to a
gold nanoparticle with much lower diffusion rate. The different
saturation levels of the nanoparticle surface affect the fluorescent
and catalytic properties of the system. It is shown that diffusional
processes contribute to an enhanced overall catalytic productivity
of the system under non-equilibrium conditions. Our simulations
indicate that the superimposition of a linear concentration gradient
and a non-linear systems response (for example, enzyme-like catal-
ysis or cooperative self-assembly) is a particularly attractive target
for further research in macroscopic out-of-equilibrium studies.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41565-020-0734-1.
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