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Understanding quorum sensing self-organization: Clustering and defect-induced
ordering of diffusing particles
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Quorum sensing (QS) is known in biology as a form of intercellular communication mediated by signaling
molecules called autoinducers. The QS protocol governs the transition from individual to collective cell behavior
once a critical population density is reached. Using numerical simulations, we investigate how defects influence
the QS transition and the structural organization of the resulting colonies. Our model system consists of a mixture
of slow (“cold”) and fast (“hot”) diffusing colloidal particles that obey the QS protocol, together with defect
particles characterized by a constant diffusivity. A striking reentrant solidification of QS particles, characterized
by long-range order, is induced by hot defects, whereas cold defects give rise to amorphous structures with only
short-range order. These findings deepen our understanding of the QS interaction and provide a mechanism to
control the degree of organization in QS systems, with potential applications in robotics, social sciences, and
medicine—for instance, in overcoming antimicrobial resistance.
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I. INTRODUCTION

The concept of quorum sensing (QS) first appeared in
biology to describe the intercellular communication system
in bacteria, which is mediated by secreted chemical signal-
ing molecules called autoinducers [1,2]. This process enables
an entire bacterial population to collectively regulate gene
expression and behavior once the cell density reaches a cer-
tain threshold. Through this intercellular communication, the
bacterial population can synchronize its behavior and act as
a single multicellular “organism” [3]. QS regulates a variety
of processes in bacterial populations, including biolumines-
cence, symbiosis, virulence gene expression, antimicrobial
resistance, and biofilm formation [4,5].

Among these processes, antimicrobial resistance (AMR)
is of particular interest to drug developers, as AMR poses
a serious threat to public health [6,7]. Targeting QS rather
than directly attacking bacteria offers an alternative approach
to reducing antibiotic use and thus preventing AMR. In this
context, inhibiting QS to suppress bacterial virulence may
provide distinct advantages for AMR, as it places less selec-
tive pressure on pathogens and may hinder the development
of resistant bacteria. The ideal QS inhibitor would have a
high minimum inhibitory concentration or high minimum
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bactericidal concentration (i.e., low antibacterial activity)
while remaining an effective disruptor of QS signaling. Al-
ternatively, new QS inhibitors could be used in combination
with existing antibiotics to enhance their efficacy. Indeed,
by disrupting bacterial communication and weakening their
defenses, lower antibiotic concentrations may be sufficient to
achieve the desired effect.

Anticipating the findings of the present work on the role of
defects in cluster formation, structure, and transitions, we note
that by introducing defects—particles that do not undergo
the QS transition—one can control the structure of clusters
formed by QS particles. In terms of multicellular “organisms”
(i.e., clusters of QS particles), gaining control over their in-
ternal structure through defects could provide a useful tool to
disrupt the coherence of individual cell actions, for example,
to suppress their collective response to antibiotics. This would
help prevent AMR, as individual cells could be more easily
neutralized by lower concentrations of antibiotics.

Recently, clustering in QS particle systems has been stud-
ied using colloidal particles as a model system, motivated by
potential applications in robotics and social sciences [8]. A
simple colloidal suspension model was proposed, in which
individual particles switch their diffusivity from high (hot)
to low (cold) when the local sensing signal generated by
neighboring particles exceeds a certain threshold. This lo-
cal sensing and diffusivity-switching mechanism effectively
models QS behavior. By tuning the parameters of the adopted
QS protocol, numerical simulations have shown that the sus-
pension can exhibit a variety of two-phase (hot and cold)
configurations.

In this work, we investigate the role of defects in the forma-
tion of QS particle clusters. Defects can either naturally exist
in a system of QS particles (e.g., “defected” biological cells
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that by any reason are insensitive to autoinducers emitted by
other cells, or that cannot emit autoinducers themselves and in
that way cannot participate in the QS protocol) or be added to
the system to impact the QS transition and cluster formation.
The latter scenario is in focus in this work as it allows us to
control cluster formation and their structure. An interesting
result is related to the expulsion of foreign inclusions (i.e.,
defects) from clusters formed by QS particles that can be
potentially related to AMR as will be explained below. While
for QS particles we adopt the model of Ref. [8§]—i.e., hot
(high diffusivity) particles outside clusters and cold (low dif-
fusivity) particles inside clusters—we additionally introduce
defects: particles that do not undergo the QS transition. These
defect particles have a constant diffusivity, either high or low,
independent of local particle density. We find that this system,
depending on the relative concentration of defect particles,
exhibits intriguing and counterintuitive behavior. Cold defects
affect clusters to a much lesser extent than hot defects. In-
deed, cold defects behave like ordinary QS particles inside
clusters, and their impact on cluster formation is rather lim-
ited. These defects mainly reduce the ability of QS particles
to form clusters, especially at high defect concentrations, as
they deplete the pool of QS particles available for cluster
formation. However, the effect of hot defects is rather unex-
pected. Instead of creating disorder and melting the clusters
(as one might naturally expect, since QS particles cool down
inside clusters and form a “solid”), hot defects at intermediate
concentrations can have the opposite effect: The degree of
ordering can increase! A detailed analysis of cluster structure
reveals an amorphous-to-crystalline transition induced by hot
defects. We explain this unusual defect-induced solidification,
which seemingly violates the second law of thermodynamics
for equilibrium systems.

The paper is organized as follows. The model is presented
in Sec. II. The main numerical results on cluster formation in
the presence of defects, along with analyses of cluster den-
sity, structure, and phase diagrams, are presented in Sec. III.
Finally, conclusions are formulated in Sec. I'V.

II. MODEL

A. Single-particle dynamics

We consider a system of overdamped colloidal particles,
each labeled by index i, undergoing regular two-dimensional
Brownian motion described by the Langevin equation

r = &), ey

where r; = (x;, y;) are the coordinates of the particle’s center
of mass, and &;(r) = [£i:(¢), &,(¢)] is a stationary Gaussian
noise with (&§,(t)) =0 and (&,(t)&,(0)) = 2D;5,,56(t) for
q, p = x,y, modeling equilibrium thermal fluctuations in the
surrounding fluid. The particle diffusivity D; is allowed to
switch between a higher and a lower value according to the
QS protocol detailed below. The stochastic differential equa-
tions [Eq. (1)] were numerically integrated using a standard
Euler-Maruyama scheme [9]. To ensure numerical stability,
the integrations were performed with a sufficiently short time
step, 8t = 1073,

B. Dynamics of colloidal particles

We numerically simulated a colloidal suspension by plac-
ing N identical, independent colloidal particles obeying
Eqg. (1) in a square box of side L with periodic boundary
conditions. In a colloidal suspension, effects due to the fi-
nite size of particles cannot be neglected. We modeled steric
interactions as short-range pair repulsions using a truncated
Lennard-Jones potential [10],

4e[(2)% = (2) 1+ e, if ry <rm,

Vij= )
0, otherwise,

2

where r;; is the distance between particles i and j, r,, = 2!/%0
locates the potential minimum, and o = 2ry is the effective
particle diameter. In our numerical simulations, we set € =
1. Further reciprocal interactions and hydrodynamic interac-
tions [11,12] have been neglected.

C. Quorum sensing protocol

We assume that the diffusivity of each particle depends
on the spatial distribution of its neighbors. In biological sys-
tems, this process is mediated by some form of interparticle
communication (mostly chemical in bacterial colonies [4,5]).
It is known that the diffusivity of colloids decreases with
increasing density [13,14]. The sensing function of particle
i can be defined as [15]

P(d)= Y L 3)

jevde i
i

where Vid" denotes its perception area of radius d.. This
means that each suspension particle senses the presence of its
neighbors in all directions within a restricted horizon r;; < d.
(see Fig. 1).

The particle diffusivity is then governed by the following
simple QS protocol:

DmaXv Pz(dc) < Plh,
a—bm,awbab @
where Dy.x > Dpin and the transition threshold is defined as
Py = poLp, with pg = N, /L? denoting the suspension density
under uniform spatial distribution. Here, L, is a characteristic
threshold length scale associated with QS activation [8]. Thus,
for a uniform suspension, the sensing function of Eq. (3) is
approximately P(d.) = pod..

We note that the direct pairwise sensing contribution in
Eq. (3) is symmetric: For two QS particles i and j within each
other’s sensing range, r;; = rj;, and hence their direct contri-
butions to each other’s sensing signals are identical. However,
the total sensing signal P; is a many-particle quantity obtained
by summing the contributions from all particles included in
the sensing function within the sensing range of ith particle.
As a result, two neighboring QS particles can have different
total sensing signals and respond differently to the threshold
rule in Eq. (4): One particle can switch its diffusivity while
the other does not.
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FIG. 1. Schematic of the QS protocol for the hot-to-cold transi-
tion, with D,x = 1.0 (red dots) and D,,;, = 0.01 (blue dots). Defect
particles are shown as black dots.

D. Tunable model parameters

A simple rescaling of space and time variables, x — x/L,
y — y/L, and t — t/t, with T = L?/Dy,,, reveals that the
free dynamical parameters of our suspension are L,/L, d./L,
Dinax /Dmin, and o /L. Accordingly, the quantities defining the
QS protocol scale as follows: pg — L>pg = N, Py, — LPy, =
N(L,/L), and P(d.) — LP(d.) = N(d./L). The choice of the
diffusion constants Dy, and Dy, affects the stationary prop-
erties of the suspension only through the ratio Dyax/Dmin.
The particle diameter o enters the simulation output primarily
through the definition of the sensing function P;(d.) in Eq.
(3), where it serves as a natural cutoff as r;; — 0. On the
other hand, for sensing distances d. larger than the mean
interparticle distance Iy = /L?/N, QS is expected to control
suspension diffusivity regardless of short-range steric interac-
tions. For this reason, in our simulations we fix the suspension
parameters N and L, the particle size o = 2ry, and therefore
the packing fraction ¢ = 7w N(ro/L)*. Model parameters L,
d., and Dpax/Dmin are in principle tunable parameters (as
studied elsewhere [8]), while in our study these are fixed,
d. = L, =10, Dyyax = 1.0, and Dy = 0.01, as we focus on
the effect of defects.

III. CLUSTERING IN A QUORUM SENSING SYSTEM
WITH DEFECTS

In the absence of defects, a suspension of diffusing parti-
cles subject to the QS protocol of Eqs. (3) and (4) is known
to undergo a clustering process [8]. This occurs over a finite
range of the sensing distance d., above a certain transition
threshold that depends on the QS protocol. As particles turn
cold, they tend to form small condensation nuclei, which
eventually coalesce into a large cluster. Immediately above
the transition threshold, this process is critically slow, as the

number of transient nuclei decays as ¢t~ with o >~ 0.5. De-
fects hamper this coalescence process. As shown next, many
stable clusters persist even after exceedingly long simulation
runs. In the simulations reported here, we set d. well above the
clustering threshold to avoid transient effects and highlight the
impact of defects on cluster formation.

A. Cold defects: Dyeect = Drmin

Let low-diffusivity defects be characterized by the same
diffusion coefficient as QS particles after they undergo the QS
transition and slow down, i.e., Dgefect = Dmin- Consequently,
these cold defects become indistinguishable from QS particles
inside clusters. Outside clusters, however, cold defects diffuse
more slowly than QS particles, which in turn slows down
cluster formation compared to the defect-free case.

The formation of clusters in a system of QS particles in
the presence of cold defects for the fraction of defect particles
varying from p = 0 to p = 0.9 is shown in Fig. 2.

Clusters of QS particles are observed for defect fraction
ranging from p = 0 to p = 0.6, with cluster size and number
gradually decreasing as p increases. This is explained by the
gradual reduction in the number of QS particles with increas-
ing fraction of defects. Interestingly, as the defect fraction
increases and QS particle clustering is suppressed, we simulta-
neously observe a different effect: the formation of aggregates
(or small clusters) of defect particles. These can already be
seen at p = 0.5 and p = 0.6 while QS particle clusters are still
present, and the effect becomes more pronounced at higher
defect fraction (p = 0.7 to p = 0.9). We focus on QS particle
clustering; the observed formation of small defect clusters
(which is clearly weaker than QS clustering) can be regarded
as a “side effect.” This effect—cluster formation in binary
mixtures of fast-diffusing and slow-diffusing (i.e., “hot” and
“cold”) particles—has recently attracted considerable inter-
est [16,17] and its relevance for biological cell sorting has
been highlighted in Ref. [18]. Our calculations show very
similar behavior (compare, e.g., our plots for p = 0.7 and
p = 0.8 in Fig. 2 with Fig. 1(a) in Ref. [16]). This effect will
be further addressed below.

The particle distributions and cluster formation presented
in Fig. 2 are further analyzed by calculating the number
density function. The results are presented in Fig. 3 for all par-
ticles (including QS particles and defects) [panel (a)], defect
particles only [panel (b)], and QS particles only [panel (c)], for
varying defect fraction. In brief, the number density function
is calculated as follows. For each particle population, the
Voronoi tessellation is calculated independently. For the ith
particle, the area of its Voronoi cell is denoted by A;, and its
local number density is defined as p; = 1/A;. The resulting
values of p; are then divided into prescribed density intervals
to obtain the distribution.

The number density distribution for all particles [Fig. 3(a)]
shows two maxima: one at low density corresponding to free
particles in a gaseous state and one at high density correspond-
ing to particles in clusters. The position of the high-density
peak, represented by py, shifts toward higher densities with
increasing defect fraction p from O to 0.6, i.e., in the range
where clusters form [Fig. 3(a), inset]. The corresponding num-
ber density distribution for defect particles only [Fig. 3(b)]
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p=0.3

p=0.1

FIG. 2. Snapshots of particle distributions for QS particles (“hot” QS particles with Dy, = 1.0 are shown by red dots, and “cold” QS
particles with Dy, = 0.01 by blue dots) and “cold” defect (shown by black dots), at# = 10, for total particle number N = 3000, and increasing
fractions of cold defect particles (see legends). Other simulation parameters: ryp = 1, ¢ =0.15,and d. = L, =10.

has a single maximum at low densities, which gradually shifts
toward higher densities as p increases from 0 to 0.9, with a
larger shift at p = 1.0. Notably, the number density for defect
particles is insensitive to the formation of QS clusters. The
number density distribution for QS particles only [Fig. 3(c)]
also exhibits two maxima (low and high densities), but the
high-density peak is suppressed as p increases, indicating
that the number of QS particles in clusters decreases with
increasing defect fraction [inset in Fig. 3(c)].

Furthermore, we calculated the radial distribution function
(RDF) for particles in clusters. The results are presented in
Fig. 4 for the clusters shown in Fig. 2, i.e., for p =0 to
0.6. Only the first few peaks of the RDF are resolved, and
their height becomes more pronounced as p increases (which
can be attributed to the role of defects in ordering QS par-
ticles within clusters). This result indicates the absence of

long-range order in the cluster structure; the particles are in
an amorphous solid state.

B. Hot defects: Dgetect = Dmax

We now consider a system of QS particles in the pres-
ence of “hot” defects. These defects are characterized by the
same diffusion coefficient as QS particles outside clusters,
i.e., in the low-density limit, Dy,,x. When the sensing function
surpasses the threshold, QS particles change their diffusivity
from Dpax to Dpin, Whereas hot defect particles do not; they
remain hot even inside clusters.

One might reasonably expect that the presence of these hot
defects would introduce more disorder into the amorphous
clusters or even prevent cluster formation altogether. In-
deed, from general thermodynamic considerations, adding hot
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FIG. 3. Number density distributions for the suspensions of Fig. 2 as functions of particle density for (a) all particles (QS and defects),
(b) defect particles only, and (c) QS particles only, for increasing fractions of defect particles (see legends). The smooth curves connecting the
data points are guides to the eye. Insets in panels (a) and (c) present particle density in cluster vs defect fraction, p. We note that while the
density of all particles (QS and defects) increases with p, the density of QS particles remains nearly constant.
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FIG. 4. RDF for particles in the clusters shown in Fig. 2, for p =
0 to 0.6. Only the first few peaks are resolved (these become more
pronounced for larger p), indicating that the particles in the clusters
are in an amorphous solid state.

defects instead of cold defects to a system implies an increase
in entropy, i.e., less order. Let us examine whether these in-
tuitive expectations are indeed correct or whether a different
scenario is possible.

The simulation results for cluster formation in a system of
QS particles in the presence of hot defects for varying fraction
p are presented in Fig. 5. As can be seen, clusters form for
p =0 to 0.6—the same fraction range as for cold defects
(see Fig. 2). However, the presence of hot defects results
in clusters becoming denser with increasing defect fraction,
contrary to the intuitive expectation that hot defects would
suppress clustering.

Indeed, the corresponding number density function (Fig. 6)
shows that the density of particles inside clusters increases

with defect fraction and is substantially higher than that in the
case of cold defects (compare with Fig. 3).

Furthermore, the RDF for particles in clusters in the
presence of hot defects reveals the emergence of striking long-
range order [19]. The corresponding RDFs are presented in
Fig. 7 for the clusters shown in Fig. 5. The RDF exhibits many
peaks for p > 0.3, and these peaks become sharper and higher
for p = 0.5 and 0.6. The RDF peaks for a perfect hexagonal
lattice are observed at a sequence of positions,

r=d,3d,2d,~7d,3d,2~3d, V13d, 4d, V19, . . .,

where d is a particle diameter, in our case d — 2'/%¢. Some
of the peaks are sharp (e.g., the first peak), while other peaks
are accompanied by satellite peaks, and two or three close
peaks could look like a single broadened peak (e.g., the second
and third peaks). In Fig. 7, peaks are resolved up to the ninth
most pronounced peak (and possibly beyond; only the first
main nine peaks with satellites were calculated). Thus, the
particles in clusters form a perfect hexagonal crystal lattice
characterized by long-range order.

Let us attempt to understand this unusual behavior. Within
the paradigm of equilibrium thermodynamics, as mentioned
above, defects tend to destroy crystalline order and lead to
the well-known phenomenon of defect-induced melting of
crystals [20]. The presence of defects is typically associated
with an increase in entropy.

Contrary to this classical scenario, we observe that hot
defects in a system of diffusing particles with QS can trans-
form clusters from amorphous into highly ordered, crystalline
structures. In other words, we observe a reentrant behav-
ior: doping, instead of creating disorder, results in ordering
(crystallization or “freezing”). A similar reentrant behavior
was previously observed in driven nonequilibrium systems,
known as the “freezing-by-heating” transition [21,22], where

p=0.2

p=0.3 p=0.4

p=0 p=0.1

p=0.5 p=0.6

p=0.7

p=0_8 p=0.9

FIG. 5. Snapshots of particle distributions for QS particles (“hot” QS particles with Dy,,x = 1.0 are shown by red dots and “cold” QS
particles with D;;, = 0.01 by blue dots) and “hot” defect (shown by black dots), atr = 10, for total particle number N = 3000, and increasing
fractions of hot defect particles (see legends). Other simulation parameters: ro = 1, ¢ = 0.15, and d, = L, = 10. An enlarged image of particle
distribution for p = 0.5 shows a perfect hexagonal structure of QS particles in a cluster.

043018-5



LIU, MISKO, LI, AND MARCHESONI

PHYSICAL REVIEW RESEARCH 8, 043018 (2026)

24 100
80 —e—p=0.1 (c) ——p=0
) o | sy o
i —v— 03 '
16+ 60 04 : 8431
~ —+—05 ~00+ e 05
212 40 06 2 | —— o6
A~ ——07 A~ 40 —— 07
81 —— 08 —— 08
i —ea— 09
4] 20 i 20
0+ . . : . : L ’; : ~§ \\\\ - 047 = . : ,
0.00 0.05 0.10 0.15 0.20 0.25 030  0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15 020 0.25
p p p

FIG. 6. Number density distributions for the suspensions of Fig. 5 as functions of particle density for hot defects: (a) all particles, (b) defect
particles only, and (c) QS particles only, for increasing fractions of defect particles (see legends). Insets in panels (a) and (c) present particle
density in cluster vs defect fraction, p. The density of QS particles increases with p (cf. Fig. 3) indicating that the clusters formed by QS

particles become denser with increasing p.

an increase in fluctuations leads to solidification rather than
melting.

However, the system considered here does not involve
any external driving, unlike those in Refs. [21,22]. Instead,
it incorporates the QS protocol, which allows each particle
to “decide” its diffusivity at the QS transition point, dis-
tinguishing it from a purely diffusive equilibrium system.
The mechanism underlying the observed behavior can be
understood as follows. When QS particles enter a cluster,
their diffusion immediately slows down, and they become
“frozen” in random positions, which results in the formation
of amorphous clusters. When a hot defect enters an amor-
phous cluster, it remains a fast-diffusing particle (since it does
not undergo the QS transition) and explores the surround-
ing phase space (cf. Refs. [21,22]). As it moves inside the
cluster, this fast-diffusing defect effectively pushes particles
in its path, squeezing them into a densely packed crystalline
structure. This effect can be thought of as ‘“shaking the

8 10 12 14 16 18 20
1/t

FIG. 7. RDF for particles in the clusters shown in Fig. 5, for
p =0 to 0.6. The RDFs exhibit many well-resolved sharp peaks,
indicating that the particles are in a crystalline solid state. In the inset,
an enlarged image of first resolved RDF peaks is shown, where r on
the x axis is expressed in units of r,, = 2'/%¢ [see Eq. (2)]. The red
vertical lines indicate, in sequence, the characteristic peak positions,

r/rm = 1,+/3,2,+/7, and 3.

structure from within,” applying local pressure from the in-
side due to fast-diffusing defects. This behavior is similar to
that recently observed in a system of passive slowly diffus-
ing particles doped with chemically active particles, which
caused crystallization of an initially amorphous passive bead
environment [23].

Analysis of the evolution of QS clusters reveals that when
a fast-diffusing defect moves inside a cluster and squeezes it
into a densely packed structure, it creates a void (see Fig. 5
for p = 0.2 to 0.4). The cluster, however, cannot sustain such
voids and self-heals by collapsing them experiencing the pres-
sure from fast-diffusing defects outside the cluster. During
this process, a fast-diffusing defect that was initially trapped
(transiently) by the cluster eventually escapes from it (see
Fig. 5 for p = 0.5 and 0.6). We stress that squeezing clusters
into dense crystalline structures is due to the pressure caused
by fast-diffusing defects from both outside and inside clusters.
While the fast-diffusing defects outside the cluster exert a
uniform pressure on the cluster boundary, fast defects trapped
inside it try to escape (and thus form the observed voids),
so that both contribute to the formation of highly ordered
aggregates.

Recall that when defects are cold—i.e., they diffuse with
coefficient Dy,;,—they become indistinguishable from QS
particles whose diffusivity also decreases to Dy, inside a
cluster. The cluster then remains amorphous, with some QS
particles replaced by these slow defects.

Above, we discussed the impact of defects on the structure
of clusters of QS particles. It is also interesting, however,
to examine the effect of clusters on the defects themselves.
As we have shown, fast defects are expelled from clusters
during the self-healing process. This expulsion occurs due
to the difference in diffusivity between the “intruders” (i.e.,
defects) and the particles of the host subsystem. Consider
for a moment a biological analogy: The host subsystem is
a bacterial colony, and the defects are medicine-containing
capsules capable of killing the bacteria. According to our
findings, if the diffusivity of the capsules differs from that
of the host bacterial subsystem, the capsules will be expelled
from the colony! In other words, the entire bacterial colony
defends itself against the attack of the medicinal capsules; i.e.,
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FIG. 8. Phase diagram in the plane Dycfec VS p, showing different morphologies in a system of diffusing QS particles in the presence of
defects, for the “count” defects [panel (a)] and “no-count” defects [panel (b)] protocols. The shape of the data points denotes the phase of the
suspension (see legends), while their color indicates the number of main peaks in the relevant RDF (see color code bar). Here, Dy, = 0.01,

Dpw=1lro=1,¢=0.15andd, =L, = 10.

the medicine becomes ineffective due to the self-organization
of the QS bacterial colony (see Ref. [7]). This could represent
a simple yet plausible mechanism of AMR. Conversely, if the
diffusivity of the medicine-containing capsules is close to that
of the host QS bacteria, then the two subsystems will coexist.
Consequently, the medicine released from the capsules can
then neutralize the bacteria. This suggests a potential strategy
for overcoming AMR: match the diffusivity of the therapeutic
agents to that of the target bacterial system. Of course, these
are preliminary conclusions drawn from our observations, and
this important line of inquiry requires further investigation.

As a final remark, we note that at high defect fraction
(p = 0.7t0 0.9), no aggregation of defect particles is observed
in the absence of QS clustering, in contrast to the case of cold
defects. This is because both species—QS particles (outside
clusters) and hot defects—have the same diffusion coefficient,
resulting in a homogeneous distribution. It is also worth noting
that the aggregation mechanism of cold defects observed at
high defect concentrations (Fig. 2) is somewhat similar to
the amorphous-to-crystalline transition mechanism presented
here, except that fast-diffusing particles push slow-diffusing
defects from outside rather than from inside clusters.

C. Phase diagram

First, we note that defects can be interpreted in different
ways in a QS particle system. Defects can either be counted
as particles when calculating the sensing function [Eq. (3)]
within the perception area, or not. All results presented above
correspond to the latter case; i.e., defects do not contribute to
the sensing function. This choice is physically reasonable, as
defects do not undergo the QS transition, and we should count
only those particles that do (i.e., QS particles). Indeed, if we
imagine a bacterial colony as a QS subsystem and add syn-
thetic particles that do not emit autoinducers, these particles
would not be included in the sensing function. On the other
hand, we can imagine a situation where defect particles partic-

ipate in the overall perception mechanism (thus contributing
to the sensing function) but do not change their diffusivity as
required by the QS protocol. This could be the case, for ex-
ample, of bacteria that emit and sense autoinducers but do not
properly respond to these stimuli (unlike QS bacteria). Such
defects would then contribute to the sensing function [Eq. (3)].
We calculated all particle distributions (and their evolution)
along with the corresponding quantifiers (number density and
RDF) also for the “count” defects case, for comparison. These
results, however, are not shown because they are quite similar
to those presented. We only show the phase diagrams for
both cases below. Comparing these phase diagrams provides
insight into how the two cases relate to one another.

Based on the analysis presented above, we can distinguish
different aggregation structures that represent true “phases”
(though not in a strict thermodynamic sense) and construct
the phase diagram in the plane “Dgereec Versus p” (Fig. 8).

The phase diagram reveals the following phases: (1) an
“amorphous solid” for low defect diffusivity and low defect
fraction; (2) a highly ordered “crystalline” phase for high
defect diffusivity and intermediate defect fraction; and (3) no
clustering at high defect fraction. In addition, an “inverted”
state can be observed at high defect fraction in the presence
of QS particles (see Fig. 2 for p = 0.9). This occurs when
defects are slow diffusing and the QS particle concentration is
very low. In that case, fast QS particles cannot undergo the QS
transition. These QS particles remain fast diffusing and play
the role of “fast-diffusing defects” (as observed above at low
defect fraction), thus facilitating the formation of clusters of
slowly diffusing defects (see Fig. 2, p = 0.9).

Finally, for pure defect particles, no clusters can form, and
the particle distribution is homogeneous. Therefore, an im-
portant conclusion is that cluster formation is only possible in
binary systems: either (1) fast-diffusing QS particles together
with QS particles that have turned to a slow-diffusion regime
following the QS protocol or (2) QS particles together with
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defects (which also differ in diffusivity). In the latter case, the
amorphous-to-crystalline transition can be observed.

We also note that the phase boundary between the
amorphous and crystalline phases is smooth, indicating a
continuous crossover, whereas the boundary separating the
crystalline phase from the no-cluster phase is sharp (Fig. 8).
This implies that amorphous clusters gradually become crys-
talline with increasing defect fraction, but the highly ordered
clusters disappear abruptly. The sudden suppression of clus-
tering is particularly pronounced at high densities of diffusive
“no-count” defects. This abrupt transition can be understood
by noting that, for a QS particle to sense the presence of
its neighbors, its sensing range d. must be comparable to

the average interparticle distance Iy = v/7r3/¢p—more pre-
cisely, d. — o =~ Iy. When a fraction p of “no-count” defects
is introduced, the effective packing fraction of QS parti-
cles that contribute to the sum in Eq. (3) reduces to (1 —
p)¢. Consequently, clustering is not expected for p > 1 —
(7w /P)[ro/(d. — 0)]> =~ 0.67, regardless of Dyefeci, in reason-
ably good agreement with the right panel of Fig. 8. This
mechanism does not apply to “count” defects, since they
do contribute to the sum in Eq. (3). However, for Iy 2 2d.,
i.e., for p > 0.95 in Fig. 8, the QS sensing and diffusivity-
switching mechanism described by Eqgs. (3) and (4) becomes
strongly suppressed, increasingly so as Dygefect approaches
zero. Consequently, in the left panel of Fig. 8 the no-cluster
phase shifts to p values much closer to unity, and the tran-
sition from crystalline to amorphous to no-cluster becomes
smoother and more Dgefecr SENSIitive.

The current analysis of the phase diagram (Fig. 8) high-
lights the key role of defects in the phase formation. Thus,
for pure QS particles, clusters form but remain amorphous. At
high defect fraction, no clusters form at all. When defects are
present at intermediate fraction, they lead to the formation of a
crystalline phase. The mechanism involves the motion of fast-
diffusing defects inside amorphous clusters, which compress
these clusters from within, creating voids around the fast-
diffusing defect. The cluster then collapses via surface tension
(which tends to minimize the cluster’s surface area), expelling
the defect. At high defect fraction (but still not too close
to 1), the opposite behavior is observed: Low-concentration
QS particles do not undergo the QS transition, but these
fast-diffusing particles compress the lower-diffusivity defect
particles into clusters, analogous to how fast-diffusing defects
act inside QS clusters. When the defect fraction approaches
1, the effect of these QS particles vanishes, and the clusters
dissolve, resulting in a homogeneous particle distribution.

IV. CONCLUSIONS

Inspired by quorum sensing in bacterial colonies, we stud-
ied the effect of defects on a system of diffusing particles that
undergo a QS transition when the local density within their
perception area exceeds a certain threshold. The diffusivity of
QS particles then abruptly changes from a high initial value to
a lower value; i.e., hot particles “cool down.” We considered
two types of defects: cold defects (always low diffusivity) and
hot defects (always high diffusivity).

We found that in both cases, defects can assist in the for-
mation of QS particle clusters. In the case of cold defects,

these particles are indistinguishable from QS particles inside
clusters. The main difference from the defect-free case is that
increasing defect fraction reduces the fraction of QS particles,
thereby suppressing cluster formation. The internal structure
of the clusters remains amorphous, as hot QS particles arrive
randomly at the boundary of the perception area and become
frozen at random positions, with slow diffusion insufficient to
alter this amorphous structure.

In contrast, the effect of hot defects on QS cluster for-
mation is fundamentally different. Instead of weakening the
cluster structure (or even melting it, as one might expect
from a thermodynamic perspective), increasing fraction of hot
defects induce an amorphous-to-crystalline transition, creat-
ing long-range order within the QS clusters. The calculated
radial distribution function reveals many sharp, well-resolved
peaks, indicating a high degree of ordering. Thus, we have
demonstrated a highly unusual effect induced by fast defects
in a diffusing particle system with QS: the creation of or-
dered crystallinelike structures. This stands in sharp contrast
to well-known effects associated with adding fast defects to
particle systems, such as melting of colloidal crystals [20] or
stirring [24,25].

Furthermore, we presented a phase diagram in the plane
Dgerect versus p, showing different morphologies, including
amorphous clusters, crystalline clusters, and no-cluster states.

Finally, our results may provide a deeper understand-
ing of the behavior of various biological systems, such as
bacterial colonies or artificial systems, such as microrobots.
Our findings offer further insight into the “code” of QS
and provide a tool for controlling the degree of interaction
(and intercommunication) among QS particles in a group
by introducing different types of defects (cold or hot). As
an example of the collective response of a QS system, we
demonstrated the expulsion of defects (e.g., capsules with
medicine) that differ in diffusivity from that of the host
QS particles (e.g., bacteria), thus providing a possible sim-
ple interpretation of antimicrobial resistance and offering
a solution for overcoming AMR: match the diffusivity of
the therapeutic agents to that of the target bacterial sys-
tem. This task requires and stimulates further deeper study.
We therefore believe these results could be of interest in
unlocking the QS code responsible for the collective re-
sponse of bacteria to external stimuli such as antibiotics, and
could thus potentially contribute to research on antimicrobial
resistance.
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