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Abstract: Periodic responses to non-periodic energy inputs are
hallmarks of living systems, that lead to metastable features
across length scales, exemplified by phenomena such as oscilla-
tions. Experimental attempts to mimic such phenomenon have
primarily utilized (macro)molecular building blocks that enable
precise control over interactions and thus hierarchical design.
Nanoparticle-based systems have largely remained unexplored
in the generation of oscillatory features. In this study, we pro-
pose a nanosystem featuring hierarchical response to light en-
ergy input where the subtle interplay of thermoplasmonic effects
and reversible surface chemistry of DNA-based ligands render
oscillatory hydrodynamic flows. The slow aggregation of gold
nanoparticles (AuNPs) serves as a positive feedback loop, while
fast photothermal disassembly acts as the negative feedback.
These asymmetric feedback loops, combined with thermal hys-
teresis as time delay mechanism, are essential ingredients for
orchestrating an oscillating response. Our findings contribute
to the advancement of oscillating systems, thereby paving the
way for the development of next-generation dynamic materials.

Successful preparation of self-assembled systems has long
been recognized as a significant achievement in its own
right. '3 Inspired by nature’s ingenuity, researchers have de-
voted efforts to understanding and mimicking naturally oc-
curring self-assembled structures and functions to systems
composed of non-biological components.* This has rendered
remarkable developments in regulating interparticle inter-
actions and controlling the spatial arrangement of building
blocks to form a wide variety of static'?® and dynamic self-
assemblies. %7 Dynamic assemblies can be moulded into
diverse states under suitable external stimuli, exhibiting
switchable, 719 transient, ! or oscillating '? behaviour. Par-
ticularly attractive is the design of systems demonstrating
periodic responses under non-periodic energy supply, i.e.
self-oscillations > since they have been envisaged to out-
perform their steady-state counterparts, especially in the
context of catalytic applications.* Despite recent advance-
ments in this domain, '>1572% designing functional and mod-
ular self-oscillators presents a formidable challenge — one
that holds immense potential for advancing various fields.

Traditionally, chemical oscillations were achieved using or-
ganic and inorganic reagents in continuous stirred tank reac-
tors and flows22? or enzymatic networks.? The key design
components include an interplay between positive and neg-
ative feedback loops separated by a time delay.?* Although
the above-mentioned oscillating responses have been ex-
ploited to induce similar patterns in colloids,?® polymers, 2
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or gels,?” the macroscopic manifestation of oscillatory pat-
terns - detectable by the naked eye - seems to be reserved
only for molecular systems. The central hypothesis of the
present work states that hierarchical design of nanoparticles-
based systems in which thermoresponsive surface ligands
regulate the reversible clustering of nanoparticles under un-
interrupted light conditions can eventually generate oscilla-
tory signatures driven by hydrodynamic convection (Figure
1).
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Figure 1. Schematic diagram of proposed oscillatory
nanosystem. a) Hierarchical design of the system in which
thermo-sensitive hybridization of DNA surface ligands (molecu-
lar scale) controls reversible assembly of nanoparticles (nanoscale)
that in turn set the initial conditions for oscillatory convection
upon disassembly on macro scale. b) Feedback mechanism. Un-
der non-periodic light conditions at NIR, the binary mixture of
gold spheres and rods show minimal light-harvesting capabilities
and undergoes spontaneous assembly through DNA hybridization
(positive feedback). Upon successful assembly, the system eventu-
ally harvests enough light energy at NIR to initiate photothermal
disassembly (negative feedback). The oscillatory features emerge
from light-induced asymmetry (shown in c), wherein preferential
interaction of assemblies with light accelerates their own disas-
sembly.

Specifically, we selected DNA-triggered spontaneous and
non-specific aggregation of AuNPs as the positive feedback
and their heat-induced redispersion as the negative feed-
back mechanism (Figure 1). Here, the aggregation-induced
redshift in the extinction of AuNPs increases the light-
harvesting properties of the system in the assembled state
under non-periodic irradiation with a laser that serves as
the energy source. This increased light absorption produces
photothermal heating that results in the melting of DNA
and ultimately, the disassembly of AuNPs (light-induced
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asymmetry, see Figure 1c). The time delay was introduced
through thermal hysteresis which is a typical feature of self-
assembling NP. %82 Under suitable experimental conditions
(base temperature and laser power), we observed that the
local heating by AuNPs, coupled with thermoresponsive self-
assembly could induce forces (thermal buoyancy)>® that re-
sulted in hydrodynamic oscillations in our system. Although
the oscillations could be observed for a range of temperatures
and laser powers, they were sensitive to the initial conditions
of the experiment. Our system thus exhibits hierarchical fea-
tures, where, angstrom scale molecular components control
the assembly of NPs, which finally translates into mm-scale
oscillating hydrodynamic flows (Figure 1a). These oscillat-
ing hydrodynamic flows have potential applications in the
fields of chemical computing, fuzzy logic, and artificial neu-
ron network models. 3733

To assure the increase of extinction at the NIR spectral
range (~808 nm, resonant with the laser light source) we
selected a mixture of DNA-coated gold nanospheres (AuSs,
diameter = 28.2 £ 2.4 nm, Figure S1) and gold nanorods
(AuNRs, length = 54.5 + 4.8 nm, width = 18.6 + 1.5
nm, Figure S2). The native ligands were place exchanged
with thiolated DNA (see Figure 1) using the freeze-drying
method. 3 For more details on the synthesis and ligand ex-
change process, see Section S1.2, and S1.3 in the SI. These
DNA-coated AulNPs underwent aggregation in the presence
of complementary DNA (aggregating DNA) under high ionic
strength (~200mM NaCl) due to the salting-out effect (Fig-
ure 2b).3® Note that unary systems based on either AuSs or
AuNRs were unable to exhibit the desired spectral shift upon
aggregation. Although a dispersion of AuSs exhibits red-
shifts during aggregation, their photothermal heating is rel-
atively poor (weak negative feedback) (see Figure S4, S5).%°
Conversely, AuNRs despite having high photothermal heat-
ing abilities, often display minor redshifts due to more sta-
ble side-to-side assembly configurations (see Figure S6).° By
mixing and assembling AuNRs and AuSs, unstructured ag-
gregates form that exhibit reliable and consistent redshifts
along with high photothermal heating abilities, thereby ful-
filling both important criteria for choreographing an oscil-
lating response.

Kinetic asymmetry is an essential ingredient of many bi-
ological non-equilibrium systems (e.g., microtubule assem-
bly).3” Our colloidal system is designed in a way to be sen-
sitive to the external stimulus exclusively in the assembled
state (negative feedback). That is, only upon assembly, the
system absorbs the irradiated energy source; i.e. contin-
uous wave laser in the NIR spectral range (808 nm) (see
Figure S3). At the laser wavelength, the incoming light is
detuned from the plasmonic responses of both components
(~523 nm for AuSs, ~685 nm for AuNRs) in their dispersed
state, thereby minimizing its interaction with the stimulus.
Only upon the assembly of the NP mixture, a redshift oc-
curs, increasing the absorbance at 808 nm (Figures 2b, c).
The rate of aggregation was estimated to be 0.17 min™t. The
unstructured nature of the assembly is further evident in the
transmission electron microscopy images shown in Figure 2d.
Upon aggregation, the extinction at the laser wavelength
(1.9 W) progressively increases that triggers photothermal
heating and thus melting dsDNA to ultimately initiate dis-
integration of assemblies within 2 minutes (see red curve in
Figure 2c). Under these conditions, the rate of redisper-
sion was 10.68 min™', considerably higher than the rate of
aggregation. Notably, the assembly-disassembly cycles were
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successfully performed a minimum of 15 times, as shown in
Figure 2e and S7, demonstrating high repeatability and min-
imum losses. Here, the assembly was performed by exposing
the AuNP dispersion containing complementary DNA to a
temperature of 15°C (shown in blue in Figure 2e), while dis-
assembly was conducted using 808 nm laser with a power of
1.9 W (shown in red in Figure 2e).
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Figure 2. Positive and negative feedback through re-
versible assembly a) Schematic diagram of the experimental
setup in which light energy (CW laser at 808 nm) is delivered or-
thogonal to UV-Vis-NIR spectral probe. Optical images showing
both the front and side views of the cuvette containing AuNPs
in the temperature controller. The side view shows the path of
the laser during the irradiation. b) Time-dependent UV-Vis-NIR
spectra of the binary AuNP mixture during assembly. Here, the
system shows a consistent redshift and a simultaneous decrease
in the extinction intensity due to non-specific plasmon coupling.
Optical images showing the initial and final states during the as-
sembly are shown in the inset. c¢) The increase in the extinction
intensity at 808 nm (tuned to laser irradiation) during the course
of aggregation. d) TEM images of the disassembled and assem-
bled nanoparticles. Scale bar = 100 nm. e) A series of 15 cy-
cles showing temperature-induced assembly (shown in blue), and
light-induced disassembly (shown in red) of the system.

A delay in the system’s response to an external stimu-
lus is critical for obtaining oscillating features, which allows
for avoiding monotonous steady states.?* Although differ-
ent strategies can be employed to introduce a time delay,
hysteresis is one attractive methodology.?* To evaluate the
presence of thermal hysteresis in our system, we conducted
reversible assembly under a temperature ramp of 0.5°C/min,
spanning from 10 to 40°C (Figure 3a). We observed a freez-
ing temperature (T¢) of 14.4°C and a melting temperature
(Tm) of 22.4°C under dark conditions. Interestingly, these
temperatures were shifted under laser conditions. Specifi-
cally, as laser power increased, both the freezing and melt-
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ing temperatures decreased (see Figure 3b). Although these
shifts are small, analysis performed by following the extinc-
tion at 523 nm (corresponding to AuSs) also shows a similar
trend of decreasing transition temperatures. These shifts
are attributed to the photothermal heat generated by the
NPs under laser irradiation. With the presence of additional
photothermal heat, more amount of heat needs to be taken
away from the system to assemble the NPs, thereby decreas-
ing the freezing temperature. Conversely, less heat needs to
be supplied to disassemble the NPs, leading to a decrease in
the melting temperature as well. For a detailed discussion
on the effect of photothermal heating on transition temper-
atures, see Figure S8 in the SI. It is noteworthy that at a
laser power of ~135 mW, the system failed to assemble even
at 10°C, that is due to the excessive photothermal heating,
emphasizing the critical role of laser power in modulating
assembly-disassembly dynamics.
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Figure 3. Time delay through thermal hysteresis a) Vari-
ation in the hysteresis of the system with increasing laser pow-
ers. Here, thermal hysteresis of the system was followed using
extinction at wavelengths ~685 nm within a temperature range
spanning 10°C to 40°C, at a scan rate of 0.5°C/min. Arrows
indicate the direction of the temperature ramp. b) Schematic
showing the qualitative effect of increasing laser power on the
hysteresis present in the system. At low laser powers, the system
exhibits hysteresis (grey box), which diminishes as the laser power
increases (red box). The graph shows the variation of transition
temperatures during heating (Tm, red) and cooling (Tf, blue)
versus laser power. The inset shows the variations in transition
temperatures at low laser powers.

With all the feedback mechanisms in place, we investi-
gated the conditions for observing the onset of oscillations.
As an initial state, we set a completely precipitated AuNP
mixture on the bottom of the cuvette. The solution was ir-
radiated with a CW 808 nm laser with a beam a few mm
above the precipitates and with UV-Vis-NIR probe volume
located orthogonal to the laser beam. The spectra were
recorded at intervals of 2s for 2 hours (Figure 2a). Under
low laser power (~4.6 mW), NPs remained aggregated since
insufficient energy was provided to induce photothermal ef-
fects, that is, the extinction at LSPR remained unchanged
(Figure 4a - black line). Under high laser power (~562.5
mW), we observed monotonic redispersion of NPs (Figure
4a - red line). Intriguingly, at laser powers adequate for
redispersion, but overwhelming the aggregation of AuNPs
(~134.9 mW), the extinction value at 685 nm exhibited os-
cillatory dynamics (Figure 4a - blue line). The amplitude of
oscillations AExt. was ~0.02. The oscillating response was
further analyzed using Fourier analysis, revealing the major
component of oscillation corresponding to a period of 0.028
Hz, or a frequency of ~36 s (Figure 4b, ¢). These oscillating
traces are sensitive to initial and environmental conditions
like base temperature and light power.

The oscillations were also observed under alternative con-
ditions, such as at 17°C at ~134.9, and ~299.5 mW (see
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Figure 4d). At lower laser powers, the system remained at
stationary state, while with increasing laser powers oscilla-
tory response appeared. Interestingly, we observed increas-
ing frequencies with increasing laser power, with the major
oscillating frequency increasing from ~71 s (0.014 Hz) to
~166 s (0.006 Hz) while increasing the laser power from
~134.9 mW to ~299.5 mW at a base temperature of 17°C.

We postulate that the oscillations originate from
temperature-dependent changes in the buoyancy of the
dispersion, leading to organized convective flows. We ob-
served oscillations in the extinction intensity at ~523 nm
corresponding to the extinction of AuSs (see Figure S9).
This observation hints at the possibility of the oscillations
originating from hydrodynamic flows, changing the amount
of NPs in the UV-Vis-NIR probe volume. Notably, we
observed a coloured chemical hydrodynamic wave-like pat-
tern in the solution, providing additional evidence for the
hydrodynamic origins of the oscillations (see the optical im-
age in Figure 4c¢). This hydrodynamic wave-like pattern is
produced by the convective motion of the solvent dragging
with itself, the NP mixture. Similar flow-based oscillations
have been shown in the literature,®' but they require higher
sample volume and a need for a volatile solvent to estab-
lish a strong enough temperature gradient for observing
oscillations. The distinct benefit of using plasmonic NPs is
their ability to establish potent enough temperature gradi-
ents even at 200 uL solutions, compared to 3 mL volumes
required in earlier pioneering works. !

To induce oscillation, the following critical parameters
were established: temperature gradient, thermoresponsive-
ness and feedback loop asymmetry. We confirmed these pa-
rameters through a series of negative control experiments
which led to stationary, non-oscillatory responses. First, no
oscillation was observed for CTAB-coated AuNRs instead of
DNA (see Figure S11). Second, the use of unary building
blocks either AuSs or AuNRs generated a stationary state
that was attributed to poor photothermal heating (in the
case of AuSs) (Figure S4), or negligible redshifts in the ex-
tinction spectrum upon assembly (in the case of AuNRs)
(Figure S6). Third, using a laser wavelength of 670 nm failed
to generate oscillatory dynamics that is due to its inability
to induce asymmetry in the system since both unassembled
and assembled states possess similar extinction. These ex-
periments underscore and reiterate the critical need for ther-
moresponsive assembly, as well as the significant increase in
extinction at the laser illumination during the assembly, as
essential components for obtaining the oscillating response.
Finally, we ruled out the contribution of reversible assem-
bly/disassembly of NPs to oscillatory features. The LSPR
shift is a signature of decreased interparticle distance that
increases plasmon coupling and thereby controls the pho-
tothermal effect. In the present case, the LSPR shifts at the
Amaz Was negligible throughout the oscillations (see Figure
S10).

Typically, oscillations by nature are highly dynamic and
non-linear and thus sensitive to the initial conditions.®® We
performed multiple control experiments ranging from a com-
pletely unassembled state (see Figure S12) to aggregated
dispersion of AuNPs (see Figure S13), observing that only
upon starting the assembly from the completely precipitated
dispersion of the AuNP one can observe hydrodynamic os-
cillations.

In summary, our study shows the design principles in-
volved in the development of NP-based oscillators and ex-
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Oscillatory hydrodynamic flows a) Extinction response of the system (15°C, ~134.9 mW) showing oscillatory signature.

b,c) Zoomed UV-Vis-NIR trace (500s - 1000s, highlighted in pink)and corresponding Fourier analysis. Inset in c): digital image showing
a coloured chemical hydrodynamic wave-like pattern within the cuvette. d) The phase space represents the interplay between base
temperature (which governs aggregation) and laser power (which controls the redispersion of the AuNP mixture). Conditions that
show oscillating responses are highlighted in blue. e) Schematic illustrating the origin of hydrodynamic oscillations through temperature
difference-induced organized flows within our system. f) UV-Vis-NIR trace showing the oscillating extinction response, and corresponding
Fourier analysis of the system at 17°C and a laser power of ~299.5 and ~134.9 mW.

tends beyond the conventional approach of regarding self-
assemblies as static end products, instead aiming to use them
as starting points to generate dynamic states. We systemat-
ically employ a combination of DNA-coated AuNPs that ex-
hibit temperature-dependent self-assembly behaviour, cou-
pled with the ability of photothermal heating to induce
an oscillating response. Our design ensures that the self-
assembled state can preferentially interact with the laser,
thereby showing asymmetry which is recognized as a cru-
cial feature in non-equilibrium systems. We foresee coupling
the oscillating response to NP catalysis and amplifying the
oscillating response. Also, our results open up the possi-
bilities for constructing larger and finely tuned reaction cy-
cles to achieve oscillating self-assemblies. Finally, our study
positions AuNPs as compelling and attractive models for
studying non-equilibrium systems and usher the realization
of exciting properties under non-equilibrium conditions.
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Supporting Information Avail-
able

Synthesis details and ligand exchange protocol for AuNRs
and AuSs; schematic demonstrating the experimental setup;
UV-—vis-NIR, TEM measurements for AuSs and AuNR, and
control experiments. The references that are included in the
supporting information are34:3941
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