nature

physics

ARTICLES

https://doi.org/10.1038/s41567-020-0879-8

‘ '.) Check for updates

Universality of dissipative self-assembly from
quantum dots to human cells
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An important goal of self-assembly research is to develop a general methodology applicable to almost any material, from the
smallest to the largest scales, whereby qualitatively identical results are obtained independently of initial conditions, size,
shape and function of the constituents. Here, we introduce a dissipative self-assembly methodology demonstrated on a diverse
spectrum of materials, from simple, passive, identical quantum dots (a few hundred atoms) that experience extreme Brownian
motion, to complex, active, non-identical human cells (~10"7 atoms) with sophisticated internal dynamics. Autocatalytic growth
curves of the self-assembled aggregates are shown to scale identically, and interface fluctuations of growing aggregates obey

the universal Tracy-Widom law. Example applications for nanoscience and biotechnology are further provided.

planned structures and functionalities, starting from simple

building blocks. A vast body of work points to the possibil-
ity and effectiveness of this approach. However, two major chal-
lenges remain: incorporation of dynamic adaptive characteristics
into self-assembly methodologies, and unification of self-assembly
methodologies that transcend the specificity of the systems that are
being studied.

Progress towards addressing the first challenge is exciting and
promising"*: studies on hydrogels*’, polymers™, microtubules,
oscillatory chemical reactions* and colloids'*""* have shown that
self-assembled and organized systems can respond to the changes
in their environments when driven out of equilibrium. Recently,
we reported dynamic adaptive colloidal crystals (formed by tens
to thousands of particles) of a multiplicity of patterns (hexagonal,
square, oblique lattices and Moiré patterns) in a system that operates
far from equilibrium under highly nonlinear and strongly stochastic
conditions'’. Despite all these studies, a thorough understanding of
the underlying principles and a theoretical framework to describe
such dynamic adaptive phenomena in non-equilibrium systems
is lacking'*™'%.

The second challenge is intricately coupled to the first. However,
it has only been approached from the perspective of computer algo-
rithms (for example, cellular automata, tile assembly models)'**
and diffusion- or reaction-limited fractal aggregates of particles*"*.
Developing a universal self-assembly methodology that is applica-
ble to almost any material, whereby qualitatively identical results are
obtained independently of initial conditions, size, shape and func-
tion of the constituents, remains unresolved.

Here, we address the second challenge by presenting a universal
dissipative self-assembly methodology with which we can assemble,

| he idea of self-assembly research is to design and build

disassemble and control movement of living and non-living, simple
and complex, passive and active, identical and non-identical par-
ticles with substantial implications for the first challenge. We show
that their autocatalytic growth follows a single sigmoidal curve
even when the entities being self-assembled differ in size by more
than three orders of magnitude. Interface fluctuations of growing
aggregates follow the universal Tracy~-Widom distribution arising
from various many-body systems with interacting and correlated
constituents”~*’. Further, we demonstrate that the aggregates can
take arbitrary geometrical forms, and these forms can actively be
moved, transported and rotated. Proof-of-principle demonstra-
tions for potential applications in nanoscience and biotechnology
are also provided.

Mechanism

The physical mechanism is simple in that it involves a quasi-two-
dimensional (2D) confined material of interest suspended in a lig-
uid, subject mainly to two physical forces: fluid flow (induced by
the spatiotemporal thermal gradients created via a femtosecond
laser) and Brownian motion. The effects of various other forces that
may be present in the different material systems that we investigate
here (that is, phoretic forces, chemical gradients in growth media
of living organisms, electrostatic interactions) are relatively weak
compared with the two dominant physical forces. This simplicity
is essential to liberate the self-assembly process from microscopic
details of the system, and thereby to achieve universality.

Schematic representations in Fig. l1a,b depict the experimental
settings and the range of particles and living organisms that are
used in this study. The solutions of particles and organisms are
quasi-2D confined between two thin glass slides, and the energy
flux is supplied through an ultrafast laser to drive the system far
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Fig. 1] Universal dissipative self-assembly methodology. a-c, Aggregation of particles and organisms adjacent to a cavitation bubble (i) or at the laser
spot (ii) in a quasi-2D setting through ultrafast laser-induced flows (a), complexity and size distribution of the particles and organisms used in this study
(b) and intrinsic positive and negative feedback mechanisms that control the dynamics of the self-assembly process (c).

from equilibrium. The laser wavelength of 1,040nm ensures that
optical absorption is predominantly nonlinear, which arises from
multiphoton absorption of ultrafast pulses in glass and liquid. This
creates extremely steep, well-controlled spatiotemporal thermal gra-
dients that may instantaneously reach peak values of ~10°Kmm™,
despite <0.11 mW of average absorption, which is essential for not
overheating the liquid (see Supplementary Information for details).
Thermal gradients, together with surface forces, induce Marangoni
flows (Extended Data Fig. 1), which drag the material of interest
towards aggregation, either adjacent to a cavitation bubble, created
when the optical breakdown threshold is reached™, or at the beam
spot (Supplementary Video 1).

Particles or organisms forming an aggregate interact with each
other through the fluid. Each entity feels the drag force of the fluid
if it is flowing, and of course, the Brownian forces. Because the
thickness of the liquid film is comparable to the size of the entities,
each particle or organism influences the flow of fluid around itself.
For a single, isolated particle or organism, this effect is quite small
and does not have a substantial influence over distances of a few
micrometres. However, once a critical number of entities accumu-
lates in a given area, forming a seed aggregate, they start acting as
a sieve (due to the voids between neighbouring particles or organ-
isms), which, in turn, slows down fluid flow around the aggregate'*.
Newly arriving dragged particles or organisms also slow down
with the flow, and therefore join the aggregate upon contact rather
than scatter from it. This relation between the fluid flow and the
aggregate forms a positive feedback loop (Fig. 1¢).

There is also a negative feedback loop between the aggregate
and the Brownian force (Fig. 1c). The aggregate reduces Brownian
motion of the entities that join it, and in return Brownian motion
suppresses further growth of the aggregate if its magnitude is
comparable to that of the drag force. In the absence of laser light,
Brownian motion dissolves the aggregate and distributes the entities
back into the system homogeneously.

These positive and negative feedback loops form an intrin-
sic feedback mechanism (Fig. 1c) that controls this otherwise

796

uncontrollable highly nonlinear (coupling of fluid flow with
particle positions and bubble dynamics) and strongly stochastic
(resulting from the Brownian motion) system. This follows the
well known slaving principle of ref. **. When nearly all degrees
of freedom become mutually locked through nonlinear feedback
mechanisms, astronomically many degrees of freedom can be
controlled using just a handful of control ‘knobs’. We use only the
laser power and the beam position.

The laser power determines the magnitude of the drag force.
Increasing the laser power quickens fluid flow, which carries more
particles to the aggregate within a shorter time. The aggregate,
then, grows to form quite large crystals, even with thousands of
units, as we reported earlier'*. The reason is that negative feedback
is suppressed in the presence of dominant positive feedback, so
the aggregate tends to grow as long as the system is not depleted
of particles. If the laser power is decreased to a level at which the
magnitude of the drag force is comparable to that of the Brownian
force, the system reaches a steady state under sustained far-from-
equilibrium conditions. As a result, the overall size, position and
even configuration of the aggregates are stable.

The beam position controls the distribution of spatiotemporal
thermal gradients and physical boundaries in the system: sensitiv-
ity to the beam position is due to nonlinear absorption of ultrafast
pulses. Multiphoton absorption ensures that thermal gradients can
be altered when the beam is moved from one spatial position to
another at the relevant temporal scale (here, within a few seconds).
New bubbles of any size, geometry and distance can be created at
the new beam position, which introduces new physical boundar-
ies that can alter the overall dynamics of the self-assembly process.
None of these is trivial with linear absorption of laser pulses.

Results

Experimental demonstration. Universal dissipative self-assem-
bly is performed on (i) ~3-nm CdTe quantum dots, (ii) 500-nm
pure polystyrene spheres, (iii) ~0.7-um soft spheres of non-motile
Micrococcus luteus bacterial cells, (iv) ~1-umX2-um rod-like,
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Fig. 2 | Universal dynamics. a, Graph showing the filling ratio of a selected area with particles and organisms during their aggregation. Growth curves of
all entities are shown to collapse into a single sigmoidal curve. b, lllustration (top) and time-lapse microscopy images (bottom) showing circularly growing
aggregates, using a X100 objective for the imaging. Height distributions of growing interfaces were calculated along the aggregate boundary for each pixel
of all frames, where u is the vector connecting a given point along the boundary to the centroid. The semilog-scale plot shows the probability distribution
function (PDF) of the average interface fluctuations for experiments (red circles), the Hammersley (blue circles) and LIS (yellow circles) models and the
analytic approximation (solid line) following the Tracy-Widom GUE distribution.

motile Escherichia coli bacterial cells, (v) ~5-um elliptical, non-
motile Saccharomyces cerevisiae yeast cells and (vi) ~15-pm non-
motile (in suspension) MCF10A normal human breast cells. As
shown in Fig. 1b, all these particles and organisms are completely
different in size, mass, geometry and internal dynamics.

We start with few-nanometre quantum dots comprising only a
few hundred atoms each and polystyrene colloids that are more than
two orders of magnitude larger than the quantum dots. Particles of
each type are simple, passive, identical and subject to strong fluc-
tuations due to Brownian motion being extremely powerful, given
their tiny masses.

Next, we switch to living organisms, which are complex, active
and adaptive with sophisticated internal dynamics. Cells of M.
luteus (a prokaryote organism) are similar to colloids in size and
geometry, but their boundaries are soft and elastic with a rough tex-
ture. E. coli (also a prokaryote organism) is surrounded by numer-
ous fimbria to adhere and a flagellum to direct its motion. Cells
of S. cerevisiae, a model organism for eukaryotes, have even more
complex morphological arrangements such as inner compartments
including a nucleus, mitochondrion and ribosomes along with a
cell membrane. Finally, we experimented on human cells, the most
complex of all the constituents considered here, where each cell is
comprised of some 10'” atoms, which interact through sophisticated
internal dynamics.

The liquid media of all particles and organisms also have nec-
essarily completely different compositions: quantum dots and col-
loids are suspended in water, living organisms in specific growth
media (Methods).
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Regardless of all these critical differences, the assembly and
disassembly dynamics of all six systems are qualitatively the same:
particles and organisms are dragged by the laser-driven fluid flows
towards their aggregation at bubble boundaries when the laser is
turned on. When the laser is turned off, fluid flows are no longer
active; as a result, aggregates dissolve due to Brownian motion, as
demonstrated in Supplementary Video 2 and Extended Data Fig. 2.
Dissolution of the aggregates for small and large entities is quan-
titatively different because the magnitude of the Brownian force
scales down with increasing mass. It is >1,000 times stronger for
the quantum dots (~3nm) than for the human cells (~15 um).

Scaling of the autocatalytic growth. Previously, we showed that
the aggregation of polystyrene spheres was autocatalytic, follow-
ing a sigmoidal curve that matches the logistic function and our
analytical toy model'. Here, we further show that the aggregations
of quantum dots and living organisms are also autocatalytic and
universal, following the same sigmoidal curve (Fig. 2a), apart from
naturally having different timescales (Methods and Extended Data
Figs. 3 and 4).

Scaling of the autocatalytic growth is expected because the aggre-
gation dynamics depends only on the intrinsic feedback mecha-
nisms between the fluid flow, aggregate and Brownian motion.
The collective sieve effect of the entities decreases the velocity of
fluid flow in the vicinity of an aggregate (Darcy’s law'**®), which, in
turn, significantly increases the probability of entities joining the
aggregate, thereby further growing it. A larger aggregate acts as a
larger sieve, thereby reducing flow speed over a larger area, which
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Fig. 3 | Spatiotemporal control over the aggregates. a-c, Time-lapse microscopy images showing that aggregates of 0.5-um polystyrene spheres can be
patterned to make words and geometrical shapes following the beam patterns (insets), using a x40 objective (a), and that aggregates of ~3nm quantum
dots (QDs) (b) and ~5-um S. cerevisiae yeast cells (¢) can be patterned and rotated following the beam patterns and rotations shown in the inset images,

using a x40 objective.

recruits more entities to the aggregate. Eventually, growth satu-
rates due to the finite extent over which flows are induced by the
laser and also because the entities are depleted from the vicinity
of the aggregates. These mechanisms result in a sigmoidal growth
curve, which is commonly observed in diverse complex, dynamic
adaptive systems®’ .

Scaling of the fluctuations. The experimental demonstration and
scaling of the autocatalytic growth curve are related to the average
number of entities participating in the aggregation process. We
also find that the deviations from the average, more specifically
fluctuations of the growing interfaces of the aggregates, also scale
universally. In particular, we show that statistics of the probability
distribution of fluctuations are consistent with those of the Tracy-
Widom distribution®*. This asymmetric and non-Gaussian dis-
tribution is known to be universal, arising in various many-body
systems with interacting and correlated constituents such as ran-
dom matrices, stochastic surface growth, directed polymers, traffic
flow, random tilings, stock prices and so on**.

To collect enough data for reliable statistics, we performed
Tracy-Widom analyses on polystyrene spheres. The analyses
were performed on circularly growing aggregates (Fig. 2b and
Supplementary Video 3) for a Tracy-Widom Gaussian unitary
ensemble (GUE) distribution that belongs to the Kardar-Parisi—
Zhang universality class>***. To detect the boundary (perimeter)
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of the growing aggregates in a highly dense and strongly fluctuat-
ing environment, we developed an interface tracking algorithm,
with which the boundaries of approximately 21,000 frames from
14 different experiments were detected (Methods).

We compared our experimental findings with two different sys-
tems that are known to generate a Tracy-Widom GUE distribution,
namely, Hammersley’s interacting-particle process* and the length
statistic of the longest increasing subsequence (LIS) of a uniform
random permutation from combinatorics**~*. As with any statisti-
cal distribution, the idealized results are expected to be achieved
asymptotically for infinitely many samples, and one expects to
observe gradual convergence for increasing sample size. For the
Hammersley and LIS models, we deliberately used a sample size
equivalent to that of our experiments to provide a realistic bench-
mark for how close an agreement with the ideal case we should
expect, given our finite sample size. For the analytic approxima-
tion*, we used a sample size of 10® (Methods).

The semilogarithmic plot in Fig. 2b presents a comparison of
the probability distribution of the temporal roughness of mean
height per aggregate over time (red circles) with the curve obtained
by Hammersley (blue circles) and LIS (yellow circles) models and
the numerical data of the analytic approximation® (solid line). The
plot shows that all four probability distribution functions are in
good agreement. To quantify how closely statistical distributions
of the four match each other, we calculated and compared all the
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Fig. 4 | Proof-of-principle demonstrations on living organisms. a,b, Time-lapse microscopy images showing separation of M. luteus (gram-positive)
and E. coli (gram-negative) bacterial cells from an initially homogeneous mixture, using a X100 objective (a), and formation of vertex flows, which
stirs S. cerevisiae yeast cells when the laser beam is moved from right to left, using a x40 objective (b).

moments up to the eighth normalized moment (Supplementary
Table 1). These results indicate that the experimentally measured
fluctuations exhibit as much agreement with an idealized Tracy-
Widom GUE distribution as one would expect, given the sample
size of 21,000.

In our previous study, we showed that when the laser is off the
fluctuations are independent of the number of particles in a given
area (uncorrelated random variables), obeying the central limit the-
orem. However, this result does not apply when the laser is turned
on because the fluctuations are not independent anymore. Instead,
the system exhibits giant number fluctuations' with an asymmetric
and non-Gaussian distribution. Now, we know that the distribution
of the fluctuations obeys the Tracy-~Widom law, and they depend on
the number of particles in a given area (correlated variables). Next,
we investigated if the cause of these correlations is the thermal-gra-
dient-induced flows or if it is the feedback that correlates the posi-
tions of the particles, which manifests even in their fluctuations.

To answer this question, we performed a control experiment,
where we created directional flow in the absence of the laser light: we
prepared the samples as we did for the Tracy-~Widom analysis, only
this time we kept one end of the samples open to the ambient atmo-
sphere (Extended Data Fig. 5). Evaporation of the fluid from the
open end created a unidirectional flow due to the pressure difference
between the sample and the room, which dragged Brownian par-
ticles towards the open end of the sample (Supplementary Video 4).
Next, we defined a virtual boundary in the form of a line perpen-
dicular to the flow. This boundary is used to stand for the physical
boundary that the particles were supposed to hit and collect to. To
create the virtual aggregate, we detected and traced the centroids of
each colloid and their landing positions. Experimental boundaries
of approximately 90,000 frames were detected from these control
experiments to perform the statistical analysis (Methods).

The result of the control experiments shows that the aggregation
is similar to the random deposition model*. The probability distri-
bution of fluctuations (green data points) is clearly Gaussian, obey-
ing the central limit theorem. Similarly to the previous analysis, all
the moments up to the eighth normalized moment are provided and
compared with the Gaussian function (solid line) (Supplementary
Table 1). This control experiment confirms that the Tracy-Widom
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distribution of the interface fluctuations results from the coupling
between particle positions via laser-induced fluid flows.

The appearance of the Tracy-Widom distribution suggests that
the result is robust against experimental imperfections, given that
each experiment is noticeably different because the conditions can-
not be made entirely identical. Significantly, the combined statistics
of our experiments converge to this distribution with an excellent
agreement up to the eighth normalized moment. This robustness is
likely to have profound physical reasons related to the highly non-
linear and strongly stochastic conditions.

Discussion and conclusions

Viewed from a broader perspective, the method we report on is
related to convective aggregation, which was first described in
the seminal paper of von Smoluchowski in 1917*. More recently,
studies in this area have focused on the so-called coffee-ring* and
Cheerios" effects to gain better control over aggregation dynam-
ics and inducing long-range arrangements of the particles, specifi-
cally at the sub-10-nm scale. Our method departs from all these
techniques by the deliberate and precise creation of convection
via the femtosecond pulses, which affords us a reasonable control
over the size, position and geometry of the aggregates of a wide
range of materials.

To give examples, we collected colloidal particles at the beam
positions; then, we moved the beam from right to left to form a
line out of the aggregate. Moving the beam sinusoidally resulted
in a wave pattern of the aggregate (Extended Data Fig. 6 and
Supplementary Video 5). It is also possible to structure the laser
beam via spatial light modulators to impart more sophisticated,
potentially arbitrarily complex forms and motion to the beam and
aggregates. For instance, we used a spatial light modulator and
computer-generated holographic algorithms (see Supplementary
Information for details) to divide our laser beam into multiple
beams and structure them to write ‘Hi!’ and ‘bye!’ as well as to
form triangular, rectangular, circular and star-like shapes (Fig. 3a
and Supplementary Video 6). The beam patterns are given in the
insets of each image of Fig. 3a, which shows that the collected par-
ticles form the same words and shapes. These demonstrations are
not specific to colloids; similarly, aggregates of quantum dots and
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living organisms can also be given arbitrary dynamic geometrical
shapes. A rotating light rod can attract fluorescent quantum dots
as suggested by a narrow X’ shape in Fig. 3b and Supplementary
Video 7, which indicates that the dots are collecting quite fast and
catching up with the light rod at multiple positions. Figure 3¢ and
Supplementary Video 7 show an aggregate of yeast cells in a rectan-
gular shape, which can be rotated around its axis.

Quantitative differences of the assembled entities can also be
exploited to accomplish nominally difficult tasks with our meth-
odology. As a demonstration, we show separation of E. coli (gram-
negative) and M. luteus (gram-positive) bacterial cells starting
from initially homogeneously mixed populations (Fig. 4a and
Supplementary Video 8): the laser and the direction of beam move-
ment are denoted with a red dot and white arrows. The laser beam
was moved up and down, collecting many bacterial cells of both
species in the scanned area. E. coli quickly adhered to the glass slide
using their fimbriae and flagella whereas M. luteus kept floating on
top since they lack such adherent parts. Then, we changed the scan
pattern of the beam (at Omin 165 of Supplementary Video 8). The
M. luteus followed the beam and moved away, but the E. coli stayed
behind because of their restricted mobility. Naturally, the two spe-
cies have been separated as a result of their physical differences.
It has long been known that gram-negative bacteria can tether on
glass slide surfaces via their flagella*. Laser-trapped E. coli cells are
instantaneously attached on glass slides, yet little is known of the
molecular mechanisms that mediate attachment®. Cyclic dimeric
guanylate monophosphate (c-di-GMP), a secondary messenger
molecule, has been shown to control the flagellar machinery and
transition from planktonic to adherent state™. Here, laser-mediated
fluid flows may have modified either the chemotaxis signalling
or c-di-GMP concentrations inside the bacterial cells to alter their
tendency to adhere on the glass surface.

Another example can be seen from Fig. 4b and Supplementary
Video 9, where we use vertices as vessels to stir and cluster ~30
yeast cells into the vertex flows: we can start these vertex flows
by moving the laser beam, and controllably stop them when we
stop moving the beam. Our method is extremely versatile in the
sense that it allows the formation of various kinds of fluid flow,
for example laminar, shear and vortex, by merely adjusting the
relevant parameters.

All these proof-of-principle demonstrations can be further
optimized to study micro/nanorobotics by decorating arbitrary
nanoparticles with chemicals to functionalize their surfaces to
become swimmers, cargo transporters or motors. Manipulation of
microorganisms within short periods can also find critical applica-
tions in biological processes. For instance, it is possible to collect
microorganisms in controlled quantities and at desired spatial posi-
tions to scrutinize emergent collective behaviour such as quorum
sensing and biofilm formation.

Emergent phenomena in low-dimensional materials, colloidal
particles, active matter, microorganisms and cells, to name a few,
can be explored since our system is unique in that it operates far
from equilibrium. This feature offers the possibility of exploring
a broader region of the systems phase space to obtain access to a
plethora of configurations, for example different structures, func-
tions and behaviours that are not readily accessible to systems
operating near equilibrium or temporarily far from equilibrium.
Far-from-equilibrium conditions dictate strong, non-uniform fluc-
tuations, which can be quite useful to investigate dynamic adap-
tive phenomena. In our earlier work, we showcased this possibility
through dynamic bistable colloidal crystals'*.

Our method can also solve a technical problem in the high-
yield separation of solution-synthesized low-dimensional systems
by collecting large numbers of nanoparticles at a particular posi-
tion within a few seconds. It is also possible to tile up and ‘freeze’
these quantum-confined particles on surfaces in non-close-packed

800

arrangements. We showed such arrangements with good uniformity
over large areas earlier with colloids'. This may be very interesting
for, for example, plasmonics, dielectric metasurfaces, sensors and
actuators, photovoltaics and light-emitting diodes.
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Methods
Preparation of quantum dots and colloids. Luminescent aqueous CdTe quantum
dots (~2.5-3.5nm in size) were stabilized in thioglycolic acid and synthesized
in deionized water following the recipe reported in ref. *!, which was modified
from the protocol reported in ref. **. After mixing 4.59 g of Cd(ClO,), (prepared
in 0.21 of deionized water) and 1.31 gl™* thioglycolic acid (prepared in 0.31 of
deionized water) solutions, 1 M NaOH was added under vigorous stirring to set
the pH of the mixture to 12. The mixture was then flushed with Ar and kept under
Ar atmosphere. Subsequently, 0.8 g of Al,Te, was placed in a second flask in a
glovebox. Separately, a solution of 10ml of 0.5 M H,SO, and 15ml of deionized
water was prepared. The second flask was then connected to the main flask, .
and 10 ml of the prepared H,SO, solution was slowly added to the second flask
containing Al,Te,. Ar was used as the carrier gas during the reaction. The Al,Te,
line was disconnected after 30 min, and a cooler was connected to the system.
The heater was set to reach 100°C. Upon boiling of the solution, colloidal CdTe
quantum dots started to form. Before using synthesized quantum dots in the
experiments, they were purified by evaporating about 90% of the solvent in a
rotary evaporator. The remaining highly concentrated dispersion was sonicated
and centrifuged. Finally, the precipitate was dissolved, recentrifuged and stored
in the dark in the refrigerator. A transmission electron microscopy image and
photoluminescence spectrum are shown in Extended Data Fig. 7.

Pure polystyrene colloidal spheres 497 +7nm in diameter were purchased
from Microparticles and ~150-um-thick optically transparent glass slides were
purchased from ISOLAB Laborgerite.

Preparation of microorganisms. Microorganisms used in this study were

o  E. coli K12 RP437 with the genotype F-, thr-1, araC14, leuB6(Am), thuA31,
lacY1, tsx-78, A-, eda-50, hisG4(Oc), rfbCl, rpsL136(strR), xylA5, mtl-1,
metF159(Am), thiE1>

e M. luteus (Schroeter) Cohn (ATCC 4698)°" and S. cerevisiae InvScl (Ther-
moFisher Scientific, Invitrogen C81000) (MATa his3D1 leu2 trp1-289 ura3-52
MAT his3D1 leu2 trp1-289 ura3-52).

Cultures for E. coli and M. luteus were grown to mid-logarithmic phase
(0.6 ODy, optical density at 600 nm) in Luria broth medium containing 10 gl
pancreatic digest of casein, 5g1~! NaCl and 5g1! yeast extract at 33 °C (ref. *°).
S. cerevisiae cultures were grown to 0.8 ODy, in yeast extract peptone dextrose
broth containing 20 g1~ peptone, 20 g1~ glucose and 10 g1~ yeast extract at
30°C (refs. *>77). Just before the experiments, microbial cells were harvested by
centrifugation at 4,000 r.p.m. for 5min at 25 °C. Motility buffer containing 10 mM
potassium phosphate buffer at pH 7.0, 0.1 mM EDTA and 10 mM glucose was used
to wash the cells. Following repeated centrifugation steps, cells were resuspended
in motility buffer®®.

of aggregation within this window semimanually using Adobe After Effect
software at manually selected frames. The traced outline was then used to
form a binary dynamic mask tracking the area growth of the aggregate in the
intermediate frames between two manually selected frames. This semimanual
outlining was necessary since the software was unable to track individual cells
correctly over the entire video without human aid. Fully manual tracking was
also not possible due to the large number of video frames. Finally, we pro-
cessed the dynamic mask through a MATLAB routine, which calculated the
areal growth of the aggregation by counting the number of active pixels in the
binary mask within the rectangular window (Supplementary Video 10).

For the quantum dots, we could not trace the individual quantum dots
because their sub-diffraction-limited sizes preclude direct optical observation.
Instead, we used fluorescent quantum dots and tracked the intensity of pho-
toluminescence generated by accumulating particles (Extended Data Fig. 9).
We uniformly applied incoherent excitation light across the sample to induce
photoluminescence, which was detected optically via an electron-multiplying
CCD (charge-coupled device) camera. Narrow-band-pass chromatic filters
(FB580-10 and FES 750) were applied to pass the photoluminescence signal to
camera pixels, which is proportional to the density of particles at the position
corresponding to each pixel. Background signal due to dark current and stray
light were subtracted from the photoluminescence signal, which was then
integrated over the area to represent the aggregation size (Extended Data

Fig. 9). Finally, we applied gentle smoothing to the integrated curve to
minimize the digitization noise due to finite voltage detection bits from

the electronics of the camera (Extended Data Fig. 9).

The individual growth curves for all particles/organisms can be seen in
Extended Data Fig. 3. In the figure the time axis of each plot is different because in
each case the applied laser power, and hence the velocity of the flow and speed of
collection, are different. We cannot use the same laser power for, say, polystyrene
spheres and human cells because the properties of their liquid media, for example
viscosity, surface tension and capillary action, are quite different. Therefore, we
have to adjust the power so that the control over the bubbles and flows is not
hampered.

To compare the individual aggregate growth curves for each entity, we applied
vertical rescaling so that the filling ratios of individual aggregates ranges between
0 and 1. Then, each of these curves was fitted with a sigmoidal curve (the logistic
function), described by

f(1) =m (1)

where a and b correspond to the time constant and shift in time, respectively.
The speeds of aggregation for different entities are characterized by a and the

origin of time is set by b. These values were determined by fitting each curve

Preparation of human cells. The MCF10A normal breast cell line was obtained
from ATCC (Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s
medium (Lonza, NJ, USA) supplemented with 10% fetal bovine serum (Lonza), 1%
non-essential amino acids (Gibco, Carlsbad, CA), 50 Uml™! penicillin/streptomycin
(Gibco), 20ng ml™! epidermal growth factor, 500 ngml™" hydrocortisone and 0.1%
insulin (Sigma-Aldrich, MO, USA). The cells were maintained in 100-mm tissue
culture dishes at 37°C in an atmosphere of 5% CO,. They were passaged with
trypsin (Lonza) upon becoming confluent. The presence of mycoplasma in all cell
lines was tested regularly with a MycoAlert mycoplasma detection kit (Lonza).
Before experiments, cells were synchronized through serum starvation™. First,
cells were counted and seeded into six-well plates (2 X 10° cells per well) in their
growth medium with all necessary supplements. To synchronize cells at the G1
stage, we incubated cells in media without fetal bovine serum for 24 h and collected
the cells for further analysis. G1 arrest was determined by the decrease of cyclin
D1 levels®*! by western blot analysis. The solution of MCF10A cells (~15pm in
diameter) was adjusted to ~250,000 cells per 100 pl in their growth media.

All experiments on living organisms were performed in the presence of trypan
blue dye (Sigma-Aldrich) to assess cell viability.

Growth-curve analysis of the aggregates. To analyse the temporal evolution of
the aggregates, we traced individual particles/organisms forming the aggregate
in a finite area following the steps detailed in our previous study'‘. However, we
modified our particle tracking algorithm for each entity because of the variations
in their sizes and geometries as detailed below.

o  For polystyrene colloids we used the data from our previous study'".

«  For MCF10A and S. cerevisiae cells, we counted the numbers of cells manually
during aggregate formation because cell sizes were large and the number of
cells forming aggregates was relatively small (~15-20 cells per experiment),
enough to be detected individually by the human eye with the aid of video
editing software (Adobe’s After Effect CC 2019) that allows access to a highly
accurate timeline for the temporal accuracy of cell counting. .

o For E. coli and M. luteus cells, we had to modify our algorithm because E. coli
cells are anisotropic and M. luteus cells have soft bodies that are difficult to
detect. Therefore, we set a rectangular window that covers the largest detect-
able area of the aggregate (Extended Data Fig. 8). Next, we traced the outline

using MATLAB’s curve fitting toolbox. Next, the time axes were shifted and
rescaled to have a=1and b=0.

Interface detection algorithm. We recorded 14 videos of circularly growing
aggregates at 300 frames per second. Tracking the individual particles by manual
processing was not possible due to the high particle densities and sheer number
of data. Therefore, we based our detection of growing interfaces (perimeter) on
the relative stillness of the particles inside an aggregate in comparison with those
outside (Supplementary Video 3), using the following procedure.

First, light intensity in each video was normalized. The standard deviation
(s.d.) values of the light intensity for every pixel in every frame of all 14 videos
were calculated and compared using a certain number of preceding frames
(hereinafter referred to as the ‘span, which we set to be equal to 100 frames),
similarly to how a running average is calculated. By doing so, we formed
three-dimensional (3D) arrays to describe the pixel-wise evolution of the s.d.
of light intensities at each pixel, one 3D array for each of the 14 videos. To
suppress the camera-associated pixel noise, 2D matrices corresponding to
each frame (that is, 2D slices of a 3D array of s.d. values) were passed through
a gentle 2D Gaussian filter (with a narrow smoothing kernel). After this step,
s.d. values of light intensities can be used as reliable indicators for the displace-
ment of particles.

Next, dynamic masks were generated to define the boundaries of growing
aggregates by applying a threshold number to describe the amount of dis-
placement for each particle at each pixel. This threshold number was chosen
empirically to ensure reliable detection of the boundaries. The thresholding
operation was applied uniformly to every pixel. Values lower than this thresh-
old imply that the particle at that pixel is largely immobilized, ergo part of the
aggregate, so the pixel was assigned a value of 1 for the mask. Values higher
than this threshold imply that the particle at that pixel is mobile, outside the
aggregate, so the pixel was assigned a value of 0 for the mask.

On occasion, we detected empty pixels devoid of particles (that is, pixels in
between two particles) that did not display any motion regardless of them
being inside or outside the aggregate. The thresholding operation then creates
an artificially granular boundary. To solve this problem, we adjusted our algo-
rithm to detect protuberances along the granular boundary using the morpho-
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logical operators technique®, namely image close and image open operators.
These operators were set to fill the space along the edges of mask using discs
of the same size as the particles (close operator) if they fitted this space. Then,
a morphological operator (open operator) was applied to eliminate remaining
protuberances smaller than the particle size. Dynamic masks obtained this
way were binary image sequences without any granular noise.

After the described procedure, we obtained the refined dynamic masks that
accurately describe the boundaries of growing aggregates for Tracy—Widom analysis.

Tracy-Widom analysis. To determine the height values of circularly growing
aggregates, distances from each pixel along the detected aggregate boundaries

to their centroids were calculated. The edges were detected using a Sobel edge-
detection algorithm® and centroids were calculated as the centre of mass of

the mask using the built-in MATLAB functions™. The height values were then
calculated along the aggregate boundary for each pixel of all frames for 14 videos
using the following equation****":

B, t) = \/(Xn(t) —x()) + () = ye(1))? @)

where u,, is is the vector connecting a given point, 1, along the boundary to the
centroid (Fig. 3a), n is a pixel index defining the position along the boundary,
(x,» y,,) are the coordinates of a pixel on the boundary, (x,, y.) are the coordinates
of the centroids and ¢ is time. Average height, h,,.....(£), was calculated over the
entire aggregate boundary to obtain a single height value per frame,

N(t)

havcrage(t) = Z h(um t) (3)

where N(?) is the total number of pixels at the boundary at time .

Aggregates were growing with time, so the temporal evolution of height values
had the form of a slow growth accompanied by rapid fluctuations, y(t). Because it
is the latter that is of interest here, we subtracted the growth component by high-
pass filtering the data. Such filtering is mathematically equivalent to subtracting
from the data its running average with a certain temporal span. We note that the
span is equivalent to the inverse of cutoff frequency in the high-pass filtering
interpretation save for a constant that is of the order of unity*. The span value
or equivalently the inverse cutoff frequency has to be chosen small enough that
the slow growth is extracted, and not too high, to ensure that fluctuations are
retained. To set this value, we plotted the variation of the moments of the temporal
fluctuations normalized to those of the Tracy~Widom GUE as a function of the
temporal span (Extended Data Fig. 10). Over a fairly broad range, from ~650 ms
to ~850 ms, the normalized moments of the experimental data agree equally
well with that of the Tracy~Widom GUE up to eighth normalized moments.
Within this range, we chose the span value to be 750 ms. Finally, the fluctuations
were normalized and shifted according to the Tracy-Widom GUE probability
distribution for each video. Measured fluctuations from 14 videos of similar but
different experiments were combined. For each time instant, that is, each video
frame, the average heights were calculated over several hundred individual height
values along the respective boundary. In total, we have used boundaries detected
from approximately 21,000 frames. For statistical analysis, lowest-order moments,
namely sample mean and sample s.d., were calculated, as follows, respectively:

1M
”:M;xm (4)

LM 1/2
o (i) ¢

The higher moments were calculated as the normalized central moments
(normalized by s.d.) and are defined as follows:

M
C = izmzl [ — " (6)
"M o

The exact values of the higher moments (>4th) of the Tracy-Widom
distribution are not known. Hence we used a simple approximation for the Tracy—
Widom GUE distribution®. For the control experiment, we counted particles
passing through a virtual boundary and formed records of how many particles had
passed through each point along this boundary. Our counting algorithm was based
on Hough-transform detection, and is explained in detail in ref. . Upon seeing
that the fluctuations followed a Gaussian distribution, they were normalized and
shifted according to the Gaussian scaling.

Numerical generation of Tracy-Widom statistics. For numerical generation of
finite-size samples that are formally guaranteed to converge to the Tracy-Widom
GUE distribution in the limit of large samples, we consider two models that
describe physically very different scenarios but are mathematically equivalent.

NATURE PHYSICS | www.nature.com/naturephysics

The first model is the LIS model for uniform random permutations. Recall that
any arrangement of the elements of [n]:={1,...,n} is called a permutation. We use
the notation 6=0,0,"+-0, to denote a permutation of [n]. Let L,(c) be the length
of an LIS in o, that is,

L,(c) = max{k € [n] : there exist1<i; <i,<...
<ir<nsuch that o; <0, <... <o; }

7)

In general, such a subsequence is not unique. The Erd6s-Szekeres theorem®
states that every permutation of length # > (r—1)(s—1) + 1 contains either an
increasing subsequence of length r, or a decreasing subsequence of length s. After
this result, many researchers worked on the problem of determining the asymptotic
behaviour of L, on §,, the set of all permutations of length n, under the uniform
probability distribution. It was rigorously shown that the expected value of L,,
E(L,), asymptotically grows as 21/n (refs. ). A real breakthrough was achieved
by Baik, Deift and Johansson®, who completely determined the asymptotic
distribution of L,..

Theorem. Consider S, with the uniform probability measure. Then,

n—oo nl/e -

lim Pr (M <t> = Frw(t) forallt € R (8)

where Fi,, is the Tracy~-Widom GUE distribution function***". Moreover,

E(Mya /oo ‘xk dFrw (x) as n — oo )

nl/e oo

for any positive integer k. The integral notation indicates data x is a real
number. It follows from Hammersley’s work™ that there is an interacting-particle
process on the unit interval in which the macroscopic quantity defined as the
number of particles in the system has the same statistical distribution as the
random variable L,. The particle process approach also gives a very efficient and
elegant algorithm for simulating L.

In the Hammersley process, initially there are zero particles in the system. At
each step, a particle appears at a uniform random point u in the interval [0, 1].
Simultaneously, the nearest particle (if any) to the right of u disappears. If p,
denotes the number of particles in the system after # steps, then p, and L, have the
same probability distribution, hence the large-time behaviour of the particle system
follows the Tracy-Widom GUE distribution.

The correspondence between the particle process and the LISs for
permutations readily follows from the patience sorting algorithm with the greedy
strategy. We consider a permutation as a shuffled deck of cards numbered from
1 to n. The cards are dealt one by one into a sequence of piles, according to the
following rules. (1) The first card dealt forms the first pile consisting of the single
card. (2) Each subsequent card is placed on the leftmost existing pile whose top
card has a value greater the new card’s value, or to the right of all of the existing
piles, thus forming a new pile.

It follows from the following lemma that the number of piles produced
by this algorithm applied to the n cards is equal to the length of the LIS in the
corresponding permutation and also to the number of particles in the system in
Hammersley’s process. Numerical values were generated by a straightforward
implementation of this algorithm in MATLAB.

Lemma. Let o be a permutation of length n. If patience sorting with the greedy
strategy applies to o, it ends with exactly L,(o) piles. The greedy strategy is optimal
and cannot be improved by any look-ahead strategy.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data represented in Fig. 2, Supplementary Fig. 2 and Extended Data Figs. 3, 4,
5,7, 8 and 10 are available as Source Data. Additional data may be requested from
the corresponding author.

Code availability

MATLAB codes used to compute simulations of the Hammersley process and
the length of the longest increasing subsequence for a given permutation, Tracy-
Widom GUE simulations, image processing, and holographic algoritms are
available from the authors on reasonable request.
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Extended Data Fig. 1| Numerical simulation of the fluid flows. Numerical simulation results show velocity field distribution of the fluid flows and
corresponding streamlines (a) in the presence and (b) in the absence of a cavitation bubble. Red (dark blue) denotes the highest (lowest) flow speeds.
The cavitation bubble is depicted by the white circle located at the centre of the computational area. The effect of the laser pulses is modelled as a
boundary heat source at the lower right quarter of the bubble. A porous medium was introduced to model the aggregate positioned adjacent to the lower-
right quarter of the bubble. In the absence of a bubble, we described the aggregate, also as a porous medium, located at the centre of the computational
area (black circle). The beam profile of the laser is Gaussian, so we introduced a heat source with a Gaussian temperature profile to represent the effect
of the laser. This source was located at the centre of the aggregate. The diameters of the porous medium and the laser beam were chosen to be 15um and
8um. The streamlines can be seen to penetrate the aggregate because it is modelled as a porous medium.
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Extended Data Fig. 2 | Microscopy images of aggregate collection and dissolution. Microscopy images showing collection (laser on) and dissolution
(laser off) of the aggregates of the particles and organisms. Red dot denotes position of the laser beam. Beam sizes are not drawn to scale; it is fixed to be
~8um in all experiments. A x40 objective was used for imaging the CdTe quantum dots, polystyrene spheres, and S. cerevisiae yeast cells, whereas a X100
objective was used for M. Luteus and E. Coli bacterial cells and x10 for MCF10A human cells.
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Extended Data Fig. 3 | Growth curves at original time scales. Graphs showing individual growth curves of particles and living organisms at their original
time scales.
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Extended Data Fig. 4 | Growth curves in the presence or absence of a cavitation bubble. Comparison of the growth curves of aggregates growing at and
in the absence of a cavitation bubble.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

NATURE PHYSICS ARTICLES

107} ;
>
S
3
S =
2 107 3
Q LL
(_U 0
3 o
-—
=
> "

103 ;

Experiment
y (90,000 data-points)
— Gaussian function
[— 10

x h (tframe’y1)

Extended Data Fig. 5 | Interface fluctuations of a virtual aggregate. |llustration and microscopy image (inset) showing the control experiment. Arrows
denote the direction of the fluid flow towards the open end of sample. Particles are assumed to be collected passing the virtual boundary. Interface
fluctuations were calculated using average width (y,) and height (h(t,,,., y,)) of the growing aggregates. Semi-log scale plot showing experimentally
obtained probability distribution function of the interface fluctuations (green dots). A X100 objective was used for the imaging.
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Extended Data Fig. 6 | Control over the aggregate movement. Time-lapse microscopy images showing an aggregate of 0.5-um polystyrene colloids
following the movement of laser beam to form a line (top), and a wave-like pattern (bottom). The bright white dot is the laser beam. The transmission
of a small portion of the infrared beam is allowed from the visible lowpass filter (with relatively low attenuation to infrared) to show its exact position.
Illustrated red dots show the movement of the beam. x60 objective was used for the imaging. .
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Extended Data Fig. 7 | CdTe characterization. a, Transmission electron microscopy image and (b) photoluminescence spectrum of the aqueous CdTe

quantum dots.
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Extended Data Fig. 8 | Filling ratios for different region of interests. Filling ratio of different selected areas (region of interest: ROI) with E.coli and M.
Luteus bacterial cells during their aggregation. Areas with different sizes (ROI 1, 2, and 3 of (a), (b), and (¢)), shapes (a square, ROI 3, and a circle, ROl 4),
and positions within the aggregate (c) do not affect the filling ratio.
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Extended Data Fig. 9 | Detection of CdTe photoluminescence signal. Time-lapse microscopy images (top) and plots (bottom) showing detection of
photoluminescence signal emitted from growing CdTe quantum dot aggregate. A x40 objective was used for the imaging.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

ARTICLES NATURE PHYSICS

Evolution of the normalized moments of temporal fluctuations with respect to temporal span
T T T T I T I

* Skewness
351 » Kurtosis i

5th Normalized Moment
* 6th Normalized Moment

3 * 7th Normalized Moment
span =650 span =850 = 8th Normalized Moment

.
2 25 .o‘. ."oo..»
c (LN}
(0] " .
IS x o*
[e] .
O
'E 2 T o 1
(] * oy, o x%x Rt *y
= 02%% o’ L Fax
o x % .o' % o* x %
€ | x . % 4 O * |
=15 x* * . 3 x
o xx . ° * . o
'g "3“" e *“x" : 8 ® x x% ...Oooooo..°...o’.. _ RRRRRK R
<@ . sesssssse, ¥ O " * * xg§x*xxxxxxxnxnx§§
S 1 Seeeses ...'.ggjg...“ res " :: ] x" --,.g.o..-...-an.o...n..ﬁﬁ
%) "‘ ie '”“:'::f'g!“' ..O.....l.l;!:::!;!:::..3".
*% ® wEx x
K x:;x x:::::“ xx:“" ‘xxxxxxxxx"x
%, Fx *
0% x L
0.5 otaxe” |
(34
oo""oo‘””"*?‘.x
o c.. xx X "
Y x
0 lesso® x “x .
RyxX
| | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800

Span(ms)

Extended Data Fig. 10 | Tracy-Widom GUE temporal span analysis. The evolution of the scaled normalized moments of temporal fluctuations with that of
Tracy-Widom GUE with respect to temporal span.
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