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ABSTRACT: Amplification of weak chemical signals through
intracellular cascade networks is crucial for long-range cohesive
migration in biological processes, such as embryogenesis and
cancer metastasis. While this capability has transformative potential
for synthetic systems in precision medicine and adaptive materials,
the lack of cascade communication in artificial matter has been a
significant barrier. This study demonstrates that a binary active
colloid mixture, mediated by a chemical reaction, forms a simple
chemical reaction network capable of self-organizing into polarized
dynamic swarms, dramatically enhancing chemical amplification. By
applying the classical Ising model, we rationalize the self-
polarization with increasing chemical activity, drawing an analogy
to ferroic materials in the chemically polarized active phase. Under
optimal conditions, these “ferrochemical” swarms can amplify weak
chemical sensitivity and remarkable long-range collective chemotaxis.
doped active swarms to enhance antibacterial efficacy, showcasing
growth on human teeth.

1. INTRODUCTION

Collective chemotaxis," ™ the orchestrated movement of cells
and bacteria in response to chemical gradients, is a
fundamental process underpinning many biological functions,
including immune responses, embryonic development, and
cancer metastasis.”* At the core of this intricate phenomenon
lies the remarkable ability of living organisms to amplify weak
chemical signals through intracellular signaling cascade net-
works, enabling both high sensitivity and specificity to their
surrounding environments.” ™

Fundamentally, the cellular signaling pathway is an intricate
chemical reaction network, allowing chemical amplification
within this network. In contrast, materials at thermodynamic
equilibrium are unable to perform this function, as it violates
the second law of thermodynamics. Recent developments in
active colloids, which operate far from thermodynamic
equilibrium,”™'® have opened new possibilities that, in
principle, enable novel emergent functions previously unique
to living organisms. Synthetic active matters have demon-
strated chemotaxis ability, where enzymes or active colloids
track chemical signals by directly reacting with the related
substrates.'~'* These advancements herald significant poten-
tial for biomedical applications, including targeted drug
delivery and precise noninvasive surgery.” However, due to
the lack of signaling cascade amplification,'*'® the chemotactic
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chemical gradients by over 10* times, resulting in exceptional
As a proof of concept, we demonstrate the application of silver-
a chemotactic swarm that effectively combats dental biofilm

ability of synthetic colloids is substantially weaker compared to
their biological counterparts, requiring orders of magnitude
stronger chemical gradients than those present in physiological
environments to induce noticeable chemotaxis. Despite
extensive studies that have demonstrated advanced applica-
tions of synthetic colloids in diverse physiological environ-
ments, such as bladder'”'® and gastrointestinal tract,"”*° a
general chemotactic mechanism for targeted biomedicine has
yet to be established.

In this work, we focus on chemotactic systems in which
gradients of diffusible chemical mediators govern the direc-
tional movement of active ensembles. Inspired by ferromag-
netic/ferroelectric materials, where individual dipole moments
align to amplify external fields, we discovered a chemically
polarized active phase in a binary active colloid mixture
composed of chemically active Zinc Germanate (ZGO)
nanorods and Sulfonated Polystyrene (SPS) microbeads.
These colloids react chemically with each other and self-
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Figure 1. Emergence of the ZGO-SPS active swarm. A) Conceptual illustration of exchange coupling between two chemically active particles, A
and B, which exchange chemicals @ and 8. B) The exchange of protons and Zn** between SPS and ZGO induces nonreciprocal coupling, which
promotes the formation of ZGO-SPS active clusters via self-diffusiophoresis. Insets show electron microscope images of SPS and ZGO particles,
respectively. C) Snapshots of phase evolution showing the formation of ZGO-SPS active clusters. Scale bars: 5 ym (B, left), 200 nm (B, right), 1

mm (C).

organize into highly polarized, dynamic clusters, exhibiting
remarkable chemical amplification and significantly enhanced
chemotactic capability. Importantly, as a conceptual metaphor,
the observed self-polarization state exhibits certain character-
istics similar to ferroic ordering. However, due to the
nonequilibrium conditions and the nonconserved nature of
chemical polarization, this ferroic-like order fundamentally
differs from that of classical ferroic phases. The classical Ising
model is applied to this active system, predicting a second-
order phase transition at a critical reactivity, which is
corroborated by experimental results. These self-polarized
clusters create local pH gradients that align with external
gradients, analogous to magnetic domains aligning with
external fields, amplifying chemical gradients over 10* times
and resulting in highly sensitive chemotaxis. We term this new
material state, characterized by strong chemical reaction
dissipation, the “ferrochemical” phase, emphasizing its gigantic
chemical signal amplification ability.

Although this chemical dipole framework does not intend to
universally describe all forms of chemotaxis, such as those
mediated by multivalent or direct-contact mechanisms,”' > it
provides a general quantitative tool for analyzing systems
where chemical gradient sensing and amplification are central.
To demonstrate its applicability, we utilized silver-doped
swarms for targeted chemotaxis in dental biofilm control,
significantly enhancing sterilization by actively tracking the
acid produced by human oral bacteria. The sulfonate groups of
SPS provide a tunable platform for cation exchange and proton
release, establishing dynamic chemical gradients in concert
with those of ZGO nanorods. The interplay of ion-exchange
kinetics and surface chemical functionality is directly mapped
onto the emergent ferrochemical phase behavior, revealing new
opportunities for amplified chemical sensing,”** adaptive
supramolecular assembly,”**° and active therapeutic deliv-

11,13 . . . .
ery in complex biological environments.
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2. RESULTS AND DISCUSSION

2.1. Exchange Coupling-Induced Active Swarm and
Self-Polarization. Our experimental system parallels our
previously developed ion-exchange-enabled active colloidal
system.”” In this work, ZnO is replaced with ZGO, which
prevents the structural degradation of ZnO after Ag doping
and enables the formation of polarized clusters with SPS rather
than core—shell ZnO-SPS clusters. As conceptually illustrated
in Figure 1A, two chemically active particles, A and B,
communicate via exchange interactions. Specifically, particle A
converts chemical a to 3, while particle B converts f back to a,
enabling mutual sensing of chemical gradients and establishing
communication. In this study, chemical communication is
achieved through ion-exchange interactions between ZGO and
SPS, where protons are donated from SPS to ZGO, while ZGO
donates Zn*" back to SPS to maintain charge neutrality (Figure
1B). The SPS microbeads have an average diameter of 1 ym,
while the ZGO nanorods are approximately 200 nm in length
(see Supporting Information for the synthesis process and
characterization of the particles). Similar to our previous
report,”’ this exchange coupling is nonreciprocal and induces
long-range attraction/repulsion via self-diffusiophoresis. Non-
equilibrium systems with nonreciprocally coupled matter have
received significant interest in recent years. Collective
behaviors of these systems have been investigated both
theoreticallyzg’29 and experimentally.30_32 In our system, the
nonreciprocal exchange of chemicals results in phase
separation into dilute and condensed phases, which gradually
coarsen into larger, dynamic clusters, as shown by the
labyrinth-like patterns in Figure 1C and Movie S1. A typical
power-law dependence of the cluster size on the evolution time
can be observed in the Supporting Information. Notably,
unlike colloidal assembly driven by short-range interactions in
equilibrium,™ ™% such as electrostatic and hydrophobic
interactions, the active colloidal clusters formed by long-
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Figure 2. Self-polarization of the ZGO-SPS active cluster. A) Dual-color fluorescence images reveal the local composition in ZGO-SPS clusters
with initial ZGO/SPS ratios of 80, 140, and 200. The polarization density P, propulsion velocity v, and deviation angle € are marked on the
image. The vectors for v and P, are defined from the cluster centroid; P, is quantified based on the proton concentration field as described in
the Supporting Information. B) Sequential snapshots show a polarized cluster’s dynamic contraction and extension. The blue arrows indicate the
instantaneous polarization vector P. The ZGO/SPS ratio = 140. The apparent dynamic change of fluorescence with the same ZGO/SPS ratio is
due to the overlap of two different fluorescence signals. C) Averaged ZGO/SPS ratio at ZGO and SPS poles for clusters with different initial
compositions, where the red diamond area indicates the forbidden zone associated with self-polarization. The error bars are calculated from clusters
in 3 parallel experiments. D) The relationship between the reaction rate and relative composition. The intrinsic reaction rate (pink points) peaks at
140. The active cluster reactivity (blue points) plateaus and does not pass a critical threshold (red dashed line). The error bars are calculated from §
parallel experiments. E) Simulated fluidic flow generated by a polarized cluster composed of ZGO (green rods) and SPS (red beads) shows
propulsion along the polarization. The black arrows represent the flow directions. The inset shows the experimental PDF of the deviation angle 8 of
different clusters. F) Correlation coefficient r (top) of the amplitude of polarization density P (middle) and velocity v (bottom) during the motion
of the polarized cluster in Movie S2. The green and blue backgrounds highlight the extension and contraction. Scale bars: 100 ym (A); 100 um

(B).

range phoretic interactions are highly dynamic, undergoing
continuous reconfiguration and internal rearrangement. 30738
Importantly, as the exchange reaction occurs between two
active colloid species, the overall reaction rate can be
modulated by adjusting the relative composition of the cluster.
To distinguish the colloid composition within the active
clusters and study its dynamic evolution, we labeled ZGO
(positively charged, zeta potential ~25 mV) with fluorescein
(green) and SPS (negatively charged, zeta potential ~—35
mV) with rhodamine (red), respectively. The dyes adsorbed
on the surfaces of the particles were confirmed to have no
significant effect on the behavior of the colloids. Details of the
dye-labeling method are provided in the Supporting

40227

Information. Subsequently, we examined the collective
behaviors and dynamic composition of the colloids at specific
ZGO/SPS particle and mass ratios using fluorescence
microscopy (see Supporting Information for a detailed
process). Note that the colloid composition can be
equivalently determined by either the particle ratio or the
mass ratio of ZGO/SPS. In this paper, the particle ratio is used
unless otherwise specified. As shown in Figure 2A, both the
morphology and composition of the formed clusters vary
dramatically with cluster composition.

When the cluster predominantly comprises one colloid
species (ZGO/SPS particle ratio above 180 or below 100), the
exchange reaction is slow, resulting in relatively spherical
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Table 1. Comparison of Chemical Dipole to Electric Dipole and Corresponding Variables

Chemical Dipole

Electric Dipole

Chemical Concentration of speciesi: (; Charge Density: PE
Chemical Potential of Species i: Ui Electric Potential: @
Chemical Dipole: Pehem = JyCilr —1o)d®r Electric Dipole: p = [ype (r —ro)d3r
Chemical Polarization Density: Pihem = @ Polarization Density: P :5
Chemical Energy Density: Hechem = Cilli Electric Energy Density: UE = PEQ

. . Ve -
Chemical Field: Rehem = —VUi = —RTC— Electric Field: E=-Vg¢o

i

Alignment Energy: U = —Pehem * hehem Alignment Energy: U=-p-E

. R P P P I 4
Chemical Susceptibility: e = chem _ _ chem Electric Susceptibility: PP

EchemPchem  Psolvent &E  Pyaquum

clusters. The distribution of the two colloid species within the
clusters resembles a random mixture, and overall cluster
dynamics are weak. In contrast, at a ZGO/SPS ratio of around
140, a distinct polarized cluster (middle image in Figure 2A)
forms, with clearly identifiable ZGO-enriched and SPS-
enriched poles. However, at ratios below 80 or above 200,
the reactivity sharply decreases due to the depletion of one
reactant, and stable polarized clusters do not form. The
presence of numerous internal active particles makes these
polarized clusters highly dynamic, constantly changing
morphology and migrating rapidly in solution. As shown in
Figure 2B and Movie S2, the polarized cluster exhibits spring-
like morphing with cyclic extension and contraction, resulting
in pronounced fluctuations in reactivity. This compositional
instability can be visualized by gradually varying the overall
cluster composition while observing the local composition at
both ZGO and SPS poles. As shown in Figure 2C, a forbidden
zone, shaded in red, indicates the microscale phase separation
within the clusters that partially separates ZGO and SPS, while
strong fluctuations, as indicated by the prominent standard
deviation, are also a distinct feature of this region.

The relationship between activity and composition can be
established to rationalize this microscale phase separation. The
intrinsic chemical reaction rate was measured by mixing the
ZGO and SPS colloids under constant agitation, which
prevented cluster polarization by disrupting phase separation.
As shown in Figure 2D, a volcano-like relationship is observed
between composition and reactivity, with the reaction rate
peaking at a ZGO/SPS ratio near 1:40. Notably, due to the
formation of polarized clusters, the optimal reaction rate is not
achieved within the active clusters. The overall system reaction
rate is limited to below a critical value (highlighted by the red
dashed line) in both the ZGO-rich and SPS-rich regions,
strongly suggesting that this microscale phase transition is
regulated by cluster activity. However, beyond the forbidden
zone, although the low reaction rates allow cluster formation,
no obvious polarization can be observed (Figure 2C).

Since particle—particle interactions are mediated by
chemical gradients, we propose quantifying the polarization
of active clusters using the mediator’s concentration.

40228

Specifically, in the ZGO/SPS system, H" and Zn®** are the
mediating chemicals, allowing the chemical polarization of the

) + 1
active cluster to be defined as P! = v fv [H*],(r — ro)d3r

chem

24
or Piﬂ‘m] = éfV[ZnH]r(r — ro)d3r, where r is the position

vector and r, is the location vector of the cluster’s center of
mass. Since the total amount of the two exchange reagents is
always balanced by stoichiometry, these two chemical fields are

. [HY] _ [Zn**] .
conjugated, such that Py, = —2Pg4. *, allowing us to use a

single reactant to quantify the polarization of the cluster. For
simplicity in calculation and measurement, we define polar-
ization as Py, = PEE:.E, (see Supporting Information for
details). With this definition, the chemical dipole of the cluster
points from the proton sink (ZGO pole) to the proton source
(SPS pole), as shown in the middle image of Figure 2A. This
chemical dipole generates a diffusiophoretic flow, resulting in
overall self-propulsion of the cluster along its polarization,
Py as demonstrated by the simulation in Figure 2E (see
Supporting Information for the simulation details). We
analyzed the deviation angle 6 between Py, and v over
various clusters, and the resulting probability density function
(PDF) confirms that the polarized cluster indeed self-propels
along its polarization (inset of Figure 2E). In addition, the
correlation coefficient (r) between the amplitude of P, and
v is mostly close to 1, indicating the propulsion force not only
aligns but also scales with the cluster polarization (Figure 2F).

Particularly, the defined P, is directly analogous to the
magnetization order parameter in ferromagnetic systems.39
Here, a nonzero value of P, indicates the onset of a
collectively polarized, “ferrochemical” state. The chemical
susceptibility describes how sensitively the cluster polarization
responds to an applied proton gradient, in analogy to the
susceptibility™® of ferroic materials. This quantitative approach
allows us to identify the emergence of collective behavior
rigorously and to measure the amplification of the chemotactic
response in active clusters.

2.2, Ising Model for Active Phase Transition. While the
chemical reactions involved in ion-exchange systems are
simple, the detailed interactions between two reactive species

https://doi.org/10.1021/jacs.5c10021
J. Am. Chem. Soc. 2025, 147, 40225—40235
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Figure 3. Active phase transition as described by the Ising model. A) Schematic diagram showing the Ising model-like active cluster composed of
interacting dipole pairs with coupling strength J. B) Simulation result of the flow field of interacting ZGO (green rod)—SPS (red bead) pairs. The
exchange reaction generates a fluidic flow, leading to parallel alignment. The red arrows indicate the flow direction. C, D) Effective free energy
tuned by the exchange strength J without (C) and with (D) an external field. Black, red, blue, green, and purple lines correspond to increasing J; to
J, with J; < J, < J; < J, , respectively. E) Dependence of overall polarization on reaction rate as predicted by the Ising model without an external
field. The blue and red backgrounds highlight the transition from the disordered to the ferrochemical phase. F) Experimental results of the
dependence of the mean polarization density (P) of ZGO-SPS clusters on reactivity, showing a phase transition at critical reactivity. The error bars

were from 5 parallel experiments.

are remarkably intricate, encompassing complex long-range
attraction—repulsion forces, nonreciprocity, as well as quorum-
sensing ability, as we showed earlier.”” Due to these
complexities, constructing an exact model with detailed
interaction mechanisms inevitably results in a large parameter
space and complicated phase behavior.

On the other hand, in recent years, many of these fascinating
new nonequilibrium ingredients have been incorporated into
minimal models for active matter systems,”' ~*® where many
can be adapted to reproduce the phenomena observed in our
system. For example, Agudo-Canalejo et al. considered the
binary mixture of two chemically interacting species, where the
interactions are generally nonreciprocal.”' They demonstrated
that such nonreciprocal interactions can give rise to phase
separation, as well as self-polarized clusters, closely mirroring
our experimental observations. Subsequently, the same group
extended this framework by formulating an active Cahn—
Hilliard model, in which asymmetric pairwise interactions
between active particles govern both macroscopic phase
separation and the emergence of global polar order.*’
Meanwhile, Speck et al. explored systems of active Brownian
particles with repulsive interactions, mapping their behavior
onto that of passive systems. This mapping enabled the
derivation of a Clausius—Clapeyron-like equation to predict
phase separation in active systems with an intuitive
thermodynamic analogy.*”

With these prior works, we aim to adopt a further minimized
model, drawing an analogy to the traditional passive
thermodynamic theory of ferroic phase transition, allowing

40229

for a more intuitive understanding of the system’s self-
polarization and chemical amplification ability. However, it is
important to note that this naive analogy is far from accurate
and is used solely to facilitate conceptual understanding, as
more accurate models are already available in the literature.

Drawing an analogy to the ferroelectric phase transition, we
treat the chemical dipole in our system as analogous to an
electric dipole, with the corresponding variables and
interactions summarized in Table 1. These analogies may
provide a general theoretical framework for understanding
chemotactic materials. Importantly, the chemical susceptibility
is defined as the ratio of the polarization within the material to
the polarization observed in a free solution, thereby quantifying
the system’s ability to amplify chemical gradients. Within this
theoretical framework, many phase transition models, such as
the Ising model,*” can be adopted to understand active
swarms. By considering the interactions between neighboring
dipoles and the influence of external fields, these models can
provide insights into phase transitions and domain formation,
even though they are typically used to describe systems at
thermodynamic equilibrium. Given that our system exhibits a
phase transition reminiscent of ordering in equilibrium models,
we use the classical Ising model here as a conceptual tool to
intuitively illustrate the emergence of polarization arising from
local interactions. We acknowledge that this approach does not
capture the full complexity of nonreciprocal, long-range, and
dynamic chemical interactions present in our system. More
sophisticated nonequilibrium models will be explored in future
work.

https://doi.org/10.1021/jacs.5c10021
J. Am. Chem. Soc. 2025, 147, 40225—40235


https://pubs.acs.org/doi/10.1021/jacs.5c10021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10021?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c10021?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c10021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A B C 108
l qu'c I 8 o 105 11
[ & 1
= I
< 61 [ I 1075 %402 g
g g :
.. s R=140 I , <10 -
> E 10° 4 . @
P -% o 41 3 10 A
g hchem I\ 2 ,Q) ‘D l % & /|
‘él" 4,—,1 o * I R=160 X 102 ] 60 140 220 &y
< /v L‘/ % \; R N
g 2 3 5 , o
/ 2 £ . B
/ ~ a 107 4 X L’
/ __®----S
/ Proton gradient -
10° : :
1073 1072 107t 1
Reactivity (mM/s)
D
N i % Time ( min)
b g ‘i 16 0 .
'lg'~ , 4 E',) . Xchem= 33775 :’——“7;’
- Ly )f
¢ ¢ [
g 2 . 0.6 % I
vy MO 0 ‘lf fi),——(;,‘f_
7 j i (z' B ;‘,,AT 1
o ¢ g S ) _
»;f: v .; 0.4 ) //1 ) @Tr‘r"/\l) Xchem= 3087
> (’ ,((:4 '_Lzl I -
7. 0247 _-© ==
4 " 1 e T
f’?‘ - - Xchem™ 268
w3 0.0+-% l

hchem

=
A Y

o :
A v :}
l hchem

proton source ApH

Figure 4. Chemical amplification and collective chemotaxis of the ZGO-SPS active swarm. A) Schematic diagram of the chemotaxis perfusion cell,
where the light-controllable proton gradient is generated between the proton source (photoacid) and the proton drain (anion exchanger). B)
Dependence of the amplitude of clusters” polarization density P, to external field strength hgy,,, with different ZGO/SPS ratios (R). C)
Dependence of ¥ On the reactivity of the ZGO-SPS cluster. Inset shows the dependence of ym On the cluster composition (R). D) The
fluorescent microscope images of a polarized cluster migrating under an external chemical field h . The arrows represent the polarization density
vector p, while the color of the arrows represents the time evolution, as indicated by the color bar. E) Multiple clusters showing collective
chemotaxis toward the proton source. The polarization density P (pink arrows) and velocity v (blue arrows) of the clusters gradually rotate (yellow
arrows) and align with the external chemical field h,,,,. F Dependence of the chemotactic index (I.) on ApH for clusters with different ygem. The
error bars in B, C, and F are from $ parallel experiments. Scale bar: 100 ym (D); 250 ym (E).

As depicted in Figure 3A, we consider the active cluster
composed of small ZGO-SPS chemical dipole pairs, each
carrying one of the two opposite polarizations +1 along the
direction of interest, as indicated by the up or down arrows.
These dipoles interact with neighboring dipoles with coupling
strength | and the external chemical field h,,,.

It is worth noting that although ] originates from the
chemical reaction and is intrinsically nonequilibrium, treating |
as a pseudoequilibrium interaction is beneficial to simplify the
model. Similar to the ferromagnetic and antiferromagnetic
phases in the Ising model,” a long-range ferric order, with all
neighboring dipoles aligned in the same direction, is expected
for J > 0, while an antiferric order, where neighboring dipoles
align in opposite directions, is expected for J < 0. As
demonstrated by the simulation in Figure 3B (see Supporting
Information for the simulation details), three ZGO-SPS pairs
are initially configured in parallel, while the middle pairs
deviate (dashed blue arrow) by 150° (top image) and 30°
(bottom image), representing the small and large fluctuations,
respectively. As shown by the flow direction indicated by the
red arrows, the phoretic flow induced by the chemical reaction
consistently aligns the ZGO rod toward parallel alignment
(Figure S9), suggesting ] > 0 in our system. The overall cluster
polarization pg,., can be expressed as the ensemble of all
individual dipoles in the cluster as p,.,, = nPyp, where n is the

number of dipole pairs, P, is the chemical dipole moment of an
individual dipole (which scales with the reaction rate), and p
represents the mean orientation along the polarized direction
with =1 <p <+ 1.

The effective mean-field Helmholtz free energy (Fy) of the
system can be written as:

Fye(P,]) ~ l(l Jz ][_]2 + if)“

kT 2T kT 12 (1)

where kg is the Boltzmann constant, T is the system
temperature, and z is the coordination number (see Supporting
Information for detailed derivation). As shown in Figure 3C, as
] gradually increases, the free energy minimum splits and shifts
away from zero, corresponding to a phase transition from the
disordered state to a long-range ordered state at the critical

kT . O°F,
exchange strength ] = BT’ corresponding to a_';” = 0. The
P

system responds markedly differently to external fields before
and after the phase transition. As shown in Figure 3D, a
constant external chemical field (A, =Vy;) is applied to the
system with increasing J, where ], J, are smaller than ], while
J3, J4 are greater than J. With smaller ], the single free energy
minimum is only slightly biased with hg,, while under the
aligned state (J > J), the p associated with the free energy
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minimum significantly deviates from zero, leading to a gigantic
chemical polarization p,e,, = Pop-

Analogous to the Ising model treatment for ferromagnetic
systems, the polarization can be expressed as a function of the
exchange strength ] and the applied chemical field h

chem*
1

kBT (POhchem + Z]F):|

p= tanh[
(2)

As ] scales quadratically with the reaction rate as J = av?,
while P, scales linearly with chemical reaction rate v, = bP,,
where a and b are constants, the overall cluster chemical dipole
Pehem Should be correlated with the reaction rate v, as:

v 1 (vhy,
= Ltanh| —| —=2 + abzy
pchem b |: kBT ( b rpchem )} (3)

which predicts a phase transition at a critical reaction rate

kT

v - and the corresponding critical chemical dipole
a.

Critical —
(Peritical) S Veritical = PPeritica Figure 3E shows the continuous
phase transition described by eq 3 in the absence of an external
field hpep, which is corroborated by our experimental results in
Figure 3F. Here, the mean polarization density (P) of clusters
is measured at different colloidal compositions, and a similar
transition is observed at a critical reactivity v ;. & 0.4 mM/s.

2.3. Chemical Signal Amplification with Ferrochem-
ical Clusters. In ferromagnetic materials, the external
magnetic field can be amplified by the rearrangement of
constituent magnetic dipoles.***’ Analogously, ferrochemically
active clusters can amplify weak chemical fields through their
chemical polarization. Importantly, this chemical amplification
is selective: only the chemical mediator involved in the
exchange reaction is sensed and amplified, enabling active
swarms to track specific chemical signals. To quantify the
chemical amplification capability of the ZGO-SPS active
clusters, we established a controllable proton gradient within
a chemotaxis perfusion cell. A microfluidic channel equipped
with a light-controllable proton source (photoacid) and a
proton drain (anion exchange resin) (Figure 4A) was used to

. V[H"]
generate a well-controlled chemical field h,,, = —RT Tk

as defined in Table 1. The resin releases OH™ via anion
exchange, neutralizing protons and maintaining a proton-
depleted region (see Supporting Information for chemical
details).

Assuming that the chemical dipole interacts with the external
chemical field via an alignment energy U = —pgem X Pehern:
The induced chemical dipole density should be proportional to
both the chemical field and the chemical susceptibility, as

defined in Table 1, ygem = Bnem - yrhere Py jvent is the

solvent

polarization density of the blank solvent. As shown in Figure
4B, P e scales linearly with hg,.. and is dependent on the
ZGO/SPS ratios (R), with a larger slope observed in the high
reactivity cluster (R = 140). As shown in Figure 4C, Ypem is
regulated by the ZGO/SPS composition, peaking at R = 140
and reaching 10*, consistent with the predictions of the Ising
model. Here, the ion-exchange reaction rate between SPS and
ZGO directly determines the effective coupling constant in the
Ising model. The spatial distribution of sulfonate groups and
metal ions governs the emergent chemical dipole, thereby
linking molecular-level interactions to macroscopic swarm
behavior.

Importantly, the chemical susceptibility y4.n, not only
characterizes the sensitivity of the active swarm to the external

chemical field but also depicts the chemical signal amplification

10 Bhem vce
ability, as Yeem = Ph— =vo where VC and VC, represent

the chemical concentration gradient with and without active
clusters, respectively. As ¥ is primarily determined by the
chemical activity, as shown in eq 3, while the chemical field is
inversely proportional to the chemical concentration, as

h = —RT%, and the overall P, will saturate at high

solvent

chem
field bias, the ferrochemical active colloid is more suitable for
amplifying weak rather than strong chemical gradients.

2.4. Collective Chemotaxis of Polarized Clusters.
Since the ferrochemical active swarm can amplify chemical
signals by aligning its polarization and self-propelled along this
direction, the ZGO-SPS active colloid system serves as an ideal
model for studying long-range collective chemotaxis. As shown
in Figure 4D and Movie S3, within the controlled proton
gradient, the polarization p of a ZGO-SPS cluster gradually
aligns with the external chemical field hg,, and migrates
toward the proton source. The observed changes in cluster size
during chemotaxis (Figure 4D) are due to 3D morphological
rearrangement and not dissociation. Cluster stability is
maintained by reaction-induced phoretic interactions. Addi-
tionally, as shown in Movie S4, the active ZGO-SPS polarized
clusters interact with each other both hydrodynamically and
chemically, resulting in polarization alignment and cluster
merging, as larger clusters absorb neighboring smaller clusters
and dispersed particles via attractive diffusiophoresis. When
multiple clusters are present in the proton gradient, the entire
cluster system becomes highly dynamic, with the polarization
direction exhibiting significant fluctuations. Consequently, the
overall polarization P and velocity v tend to align, resulting in
collective chemotaxis toward the proton source, as shown in
Figure 4E and Movie S5. Chemotactic response persists for up
to 2 h, after which coalescence and gradient depletion
gradually reduce collective migration. It is important to note
that the chemical gradient applied in these experiments is very
weak; neither ZGO nor SPS alone is able to induce a
noticeable chemotactic response (see Supporting Information
for control experiment details). While the spontaneous
polarization and chemotactic migration observed in our
ZGO-SPS clusters bear resemblance to collective alignment
and flocking phenomena described by the Vicsek model and its
variants,”””" the physical basis of our system is fundamentally
different. In standard Vicsek-type models, alignment is local
and is based on particle velocities. In contrast, our system’s
polarization emerges from nonreciprocal, long-range phoretic
interactions mediated by dynamically generated chemical
fields, leading to chemical amplification and feedback-driven
symmetry breaking.

For microorganisms, the chemotactic index (I, was
usually applied to quantify the ability of chemotaxis. In our
experiment, the ZGO-SPS colloid mixture with various
chemical susceptibility y..m (adjusted by the ZGO/SPS
ratio) was introduced inside the perfusion cell with a
controlled pH gradient (ApH). As the active colloids
eventually aggregate to either side of our chemical gradient

cell (Figure 4A), we define I, = inbu' , where N,

Total number of particles

)52,53

and Ny are the number of colloid particles aggregated at the
proton source and drain, respectively. In this study, the I
ranges from O to 1, with 0 meaning no chemotaxis and 1
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ZGAO-SPS

ZGAO

Dead biofim E

Figure S. Antibiofilm effect of the ZGAO-SPS active colloid. A) Photo of the macroscopic chemotactic migration of the active clusters (blue)
toward the biofilm (green). B) Optical microscope image shows the swarm chemotaxis toward live S. mutans biofilm. The green and red strips
represent live and dead biofilm, respectively. C) Transmission Electron Microscopy (TEM) images of S. mutans bacteria treated with a ZGAO-SPS
mixture, showing the bacterial membrane destruction (blue arrow). D) Comparison of consecutive images of teeth with different treatments from 0
to 2 weeks, where teeth stained with plaque stains revealed biofilm (red) on the tooth surfaces. E) Illustration of pits and fissures on the tooth and
potential tooth decay by S. mutans. Scanning TEM image of a dental slice from the deep pit and fissure after swarm treatment. The elemental
mapping shows the presence of silver in the tooth pit. Scale bars: 3 mm (A); 500 ym (B); S00 nm (C); 100 nm (E).

representing complete chemotaxis. As illustrated in Figure 4F,
I. grows with the ApH and is enhanced with yg,.,. In addition,
to quantitatively assess the behaviors of colloids during
collective chemotaxis, we measured the propulsion velocities
of ZGO-SPS clusters at optimal composition (ZGO/SPS =
140), which revealed a mean propulsion velocity of 5.2 + 0.8
pm/s and is consistent with, and in some cases exceeds,
velocities reported for similar ion-exchange-driven colloidal
systems.”*™>" The enhanced motility of the binary clusters
directly reflects the synergistic phoretic interactions and
chemical amplification described in our study. Additional
velocity distributions and experimental details are provided in
the Supporting Information. Furthermore, control experiments
confirmed that dye labeling did not affect the colloidal activity
and chemotactic response. Both labeled and unlabeled SPS
beads and ZGO-SPS clusters showed statistically equivalent
velocities, morphologies, and chemotactic indices (Figure
S16).

It is worth noting that although the chemical signal
amplification and long-range chemotaxis can theoretically be
realized in laminar flow conditions, the time scale required to
establish the clustering and a local chemical gradient must be
shorter than the disturbances caused by the flow field. As a
result, all chemotaxis experiments, as demonstrated in this
study, are performed under stationary conditions. A fast-
flowing environment, such as blood or cerebrospinal fluid, may
not be suitable for the application of this ion-exchange-
reaction-mediated chemotaxic cluster.

2.5. Antibiofilm Effect by Long-Range Collective
Chemotaxis. Inspired by chemotaxis in biological systems,
synthetic particles with chemotactic capabilities have been
employed as targeted active delivery systems.”® However,
simple chemotactic particles only provide short-range guidance

40232

and become inefficient at distances above 500 um.'® The
remarkable enhancement of the long-range chemotactic ability
in our active swarm provides a feasible method to achieve
targeted delivery in a physiological environment.

As a demonstration, we doped the ZGO with 10 wt % Ag
(ZGAO) as an antibacterial ingredient and applied the active
swarm as a chemotactic antibiofilm agent. The detailed
incorporation method of Ag and the release kinetics are
provided in the Supporting Information. Comparative analyses
show that Ag® does not alter SPS motion or cluster
morphology under our experimental conditions (see Support-
ing Information for a detailed experimental procedure).
Specifically, the active swarm was treated with S. mutans, a
common oral bacterium that colonizes the tooth surface and is
primarily responsible for dental caries and cavities.”” Due to
the excellent collective chemotaxis ability toward acid, the
ZGAO-SPS active swarms can efficiently target the S. mutans
biofilm and release silver ions locally for enhanced antibacterial
efficacy. As shown in Figure SA and Movie S6, the ZGAO-SPS
suspension (ZGAO/SPS = 140) is globally dispersed in the
Petri dish with an S. mutans biofilm in the center (@ = 3 nm)
submerged in artificial salivary fluid, which mimics the ionic
strength, composition, and pH of human saliva.% Owing to the
selective absorption of sulfonate groups of SPS,°' the
competing ions in artificial saliva do not completely suppress
the ion-exchange interactions. Therefore, ZGAO-SPS clusters
(blue) gradually form and migrate toward the biofilm (yellow
arrows) from a distance of over 1 cm.

To further visualize the biofilm-targeting ability, the ZGAO-
SPS colloid mixture was injected into an area sandwiched
between two strips of live and dead S. mutans biofilms. As
shown in Figure SB and Movie S7, the ZGAO-SPS clusters
sensed the acid signal produced and collectively migrated
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toward the living biofilm. Afterward, the silver ions were locally
released, which sterilized the S. mutans.”> As shown in the
TEM image in Figure 5C, the bacteria treated with the active
colloid exhibited distinct membrane disruption and extrusion
of intracellular content, where silver particles were detected
(Figure S17), confirming the effective silver delivery by the
active swarm. Furthermore, the antibiofilm efficacy of the
ZGAO-SPS colloid was evaluated on teeth. Comparisons were
made between the biofilm mass within 3 weeks on teeth
treated with active ZGAO-SPS colloid (0.1 mg/mL), ZGAO
particles (0.1 mg/mL), and a blank control in artificial salivary
fluid. As shown in Figure 5D, compared to ZGAO treatment,
the ZGAO-SPS colloids exhibited long-range collective
chemotaxis, leading to much stronger biofilm suppression
efficacy. In addition, control experiments demonstrated that
neither SPS alone nor ZGO-SPS (without Ag doping)
exhibited significant antibiofilm effects compared with the
blank control (Figure S18). Only the ZGAO-SPS clusters,
which combine silver-mediated antibacterial activity with
chemotactic targeting, achieved rapid and pronounced biofilm
eradication.

In contrast to traditional delivery approaches that struggle to
treat dental biofilms in hard-to-reach areas of teeth, such as pits
and fissures, the ZGAO-SPS swarm can actively swim into
narrow regions to eradicate biofilm. As shown in Figure SE, a
decayed tooth is treated with ZGAO-SPS mixture for 18 h,
then the internal slice from the pit and fissure area is examined,
which shows that silver is successfully delivered to these hard-
to-reach locations (see Supporting Information for the detailed
experimental process).

3. CONCLUSION

With chemical exchange interaction, the binary active colloid
can self-polarize into active clusters, which self-propel along its
polarization direction. This new phenomenon may be
qualitatively explained by the simple Ising model, where the
binary active mixture can be regarded as an ensemble of small
chemical dipoles that form long-range order above a critical
reaction rate. Adopting the metaphor of ferromagnetic and
ferroelectric order, we term this new ferroic-like aggregation
state as the “ferrochemical phase,” which features an
extraordinary ability to amplify weak chemical signals with its
self-aligned chemical dipole. In our model system consisting of
ZGO and SPS colloids, the binary swarm can amplify the
external proton signal over 10* times and exhibit dramatically
enhanced collective chemotactic ability. This system is
exploited as an active antibacterial agent, where enhanced
efficacy is realized by targeting pathogenic biofilms on tooth
surfaces. Our discovery establishes a theoretical foundation for
chemical amplification in artificial materials and paves the way
for advanced biomedical applications for micro- and nano-
robots and active matter.
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