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For the maintenance of a biological system, spatial organization of material condensates within the cell
through the dissipation of energy is crucial. Besides directed transport via microtubules, material arrange-
ment can be achieved via motor protein facilitated adaptive active diffusiophoresis. For example, the dis-
tribution of membrane proteins during the cell division of Escherichia coli is affected by the MinD system.
Synthetic active motors exhibit the ability to simulate natural motors. Here we propose an active Au—-Zn
nanomotor driven by water and discovered an interesting adaptive interaction mode of the diffusiophore-
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tic Au=Zn nanomotors with passive condensate particles in different environments. It is found that the
attraction/repulsion between the nanomotor and passive particles is adaptive, while an interesting hollow
pattern is formed with a negatively charged substrate and a cluster pattern is favored with a positively
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Introduction

In nature, the transportation and distribution of materials
lead to spatiotemporal organization within cells. Besides the
directional cargo transport via microtubules, active diffusio-
phoresis driven by natural motor proteins is considered to con-
stitute a novel mechanism for coupling energy dissipation
with pattern formation and spatiotemporal organization,
including positioning nucleoid and material condensates, for
example, the protein self-organizing MinD system in
Escherichia coli.' The distribution of materials to create a
complex structure and a large-scale pattern is the basis for a
complicated and delicate function. The as-formed material
condensates pattern can adapt according to changes in the
environment, allowing the system to remain flexible and stable
at the same time.”™ Exploring the mechanism behind this
feature has attracted booming research interest.”® In recent
years, self-powered active micro-nanomotors have emerged as
promising candidates for synthetic natural motor counter-
parts.” These synthetic nanomotors, first fabricated in 2004,
can be propelled via bubble, self-electrophoresis, diffusiophor-
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esis, and an external physical field."* " For all mechanisms, a
locally established chemical or physical gradient is required
for propulsion and autonomous movement. These gradients
can also constitute the communication bridge between nano-
motor individuals and the environment to simulate real-life
collective behaviour.

Sen et al. pioneered communication and collective behav-
iour among active nanomotor individuals.'” Yet in nature, the
interaction with passive particles is more universal. Guan et al.
reported TiO, and ZnO, demonstrating the phenomenon of a
prey-predator interaction with passive colloids.'® Recently,
Tang et al. found that ion exchange between predator and prey
can further enhance the interaction."® Yet different from real-
life behaviour, the behaviour of the above active-passive
systems is simple, and their interaction in different environ-
ments is largely overlooked. The flexibility of the active system
behaviour patterns remains to be uncovered.>® For further
exploration, a new platform is highly desirable.

Here we report an attractive Au-Zn nanotube motor,
capable of autonomously moving in DI water (with pure water
as the energy input, no acid needed and no bubbles generated
during the propulsion). The interference of bubbles in the
flow field was eliminated. During the propulsion, a clear and
strong concentration gradient was observed to build up, which
was considered to impact and interact with the PS bead
sharing the same space via the resulting electroosmotic field.
Interesting phenomena such as chasing, attraction-repulsion,
attraction-no repulsion, and adaptive movement changing
were observed. In addition, a collective pattern of the Au-Zn
nanomotor-PS cluster was discovered. Depending on the
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environment, i.e. the position and substrate potential, two
organizing patterns (hollow or cluster) were found, which
resulted from the individual communication influenced by the
environment, reflecting the adaptivity and complexity of the
interaction between the active nanomotor cluster and the
environment. Away from the substrate (environment wall),
pattern formation is unfavorable, while a hollow pattern is
formed with a negatively charged substrate and a cluster
pattern is formed with a positively charged substrate. This is
very consistent with the working mode of the protein self-orga-
nizing MinD system in Escherichia coli, that is, the dimer MinD
is adsorbed onto the membrane to recruit proteins in the solu-
tion, and MinDE repels non-dissociable membrane proteins to
form a large-scale gradient.>’ This switchable interaction with
the environment is expected to be used to explain the intra-
cellular self-organization protein pattern and indicates that
the Au-Zn nanomotor system emerges as a ready platform for
exploring non-equilibrium dynamics. This non-specific trans-
port and distinct pattern-forming system discovery is not a
coincidence, but highlights that such occurrences are presum-
ably masked in cells with more sophisticated interactions.

Experimental

Materials and methods

Materials. ZnSO,-7H,0 was purchased from Aladdin. H;BO;
was purchased from Macklin. The gold plating solution was
purchased from Weilan Technology. Zinquin was purchased
from AAT Bioquest. A Ag/AgCl electrode was purchased from
Shanghai Titan. Graphite rod electrodes were purchased from
Gaossunion. Latex beads, carboxylate-modified polystyrene,
were purchased from Sigma. Latex beads, amine-modified
polystyrene, were purchased from Sigma. Latex beads, poly-
styrene, 10 pm, were purchased from Sigma. DI water (18.2
MQ) was prepared using a Leici purification system
(Shanghai). Dimethyl sulfoxide (DMSO) was purchased from
Macklin. Negative glass slides and positive charge-modified
glass slides were purchased from CITOTEST (1A5101,
188105W).

Instruments. Polycarbonate filters were gold-coated using
electron beam evaporation (Wavetest DE400). Scanning elec-
tron microscope (SEM) images were recorded using a Phenom
emission scanning electron microscope with an acceleration
voltage of 15 kV. Energy dispersive X-ray spectroscopy (EDS)
(installed on the Phenom FEI-SEM Pharos) was used for
elemental analysis. A Nikon Ti2-A inversion fluorescence
microscope was used to observe the migration of the Au-Zn
nanomotor and PS beads. Zeta potential and DLS analysis
measurements were performed using a Malvern Zetasizer
Nano ZS with a He-Ne laser wavelength of 633 nm at a temp-
erature of 25 °C. All electrochemical measurements were con-
ducted using the IviumStat.h electrochemical workstation with
a three-electrode glass cell at room temperature (~25 °C).

Synthesis of the Au-Zn nanomotor. Au-Zn nanomotors were
prepared by template electrodeposition. In the experiment a
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three-electrode system was used, a carbon plate was used as
the counter electrode, a Ag/AgCl electrode was used as the
reference electrode, and the working electrode was a polycar-
bonate filter film coated with a 100 nm gold layer as a conduc-
tive layer. The gold tube part of the Au-Zn nanomotor was pre-
pared using a commercial electroplating solution; specifically,
it was deposited at a constant voltage of —0.9 V for 15 minutes.
Then the zinc tube part was deposited, the electroplating solu-
tion used was 0.2 M ZnSO,-7H,0, 0.1 M H;BO;, and it was de-
posited at a constant voltage of —1.23 V for 15 minutes. After
the electrochemical deposition was complete, the gold conduc-
tive layer was removed by physical friction, and the polycarbo-
nate template was dissolved in dichloromethane for ten
minutes, then the motor was rinsed with ethanol and DI
water, and finally the nanomotor was dispersed in DI water.

Observation. For the Au-Zn nanomotor motion observation,
10 pL of the solution of the Au-Zn nanomotor in DI water was
placed inside a glass slide (purchased from CITOTEST) and
imaged with an inverted microscope (Nikon Ti2-A). A 40x
microscope was used for observing and videos were recorded
using a NIS-Element Viewer. For the Zn>* imaging experiment,
10 pl of 1 mM Zinquin (dissolved in 9:1 = DI water : DMSO)
was added to a 10 pl Au-Zn nanomotor dispersion, followed by
imaging using an inverted fluorescence nanoscope. For observ-
ing the interaction between the Au-Zn nanomotor and PS
beads, 10 pL of the solution of the Au-Zn nanomotor in DI
water and 10 pL of the PS bead solution (amine 1 pm PS or car-
boxyl 1 pm PS or 10 pm PS, purchased from Sigma) were
placed on a glass slide (microscope slides and adhesion micro-
scope slides, purchased from CITOTEST) and imaged with an
inverted microscope (Nikon Ti2-A). It was observed with a 40x
microscope and videos were recorded using NIS-Element
Viewer.

COMSOL simulations. The electric field simulation (Fig. 4A)
was performed using COMSOL Multiphysics (version 5.5). The
distribution of zinc ions originated from the ion flux on the
surface of the Au-Zn nanomotor, and was further affected by
ion diffusion, convection and migration (eqn (1)). In our
model, this was solved using the conservation equation in the
steady state (eqn (2)).

ZiFDic; V¢
s =uc; —D;Veg — —M— 1
J e RT (1)
ZiFD;V - (¢;V
T T L AT LI

RT

where u is the fluid velocity, F is the Faraday constant, ¢ is
the electrostatic potential, R is the gas constant, T is the absol-
ute temperature, and c¢;, D;, and z; are the concentration,
diffusion coefficient, and charge of species i, respectively.

The electric potential (¢) in eqn (1) was calculated using the
Poisson equation:

—e0&; V2 =pe =F(zicy +2_¢_) (3)

where p. is the volumetric charge density, z, and z_ are the
charges of the cations and the anions, ¢, and c_ are the con-
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centrations of the cations and the anions, ¢, is the permittivity
of the vacuum, and ¢, is the relative permittivity of the fluid
media, respectively.
The zinc ion flux was determined using the following
equations:
_AC

v -

Vv
_At .

and f:A

The value of At takes 4 days to reach 345 600 s; the value of
AC was determined using the pore number of the polycarbo-
nate membrane and the zinc volume of a single nanomotor; A
represents the area, and the value of A was determined using
the pore number of the polycarbonate film and the zinc area
of a single nanomotor. The pore number of the polycarbonate
membrane was 3.98 x 107>, The area and volume of a single
nanomotor were 8.9 pm> and 0.37 pm?®, respectively. Finally,
the flux of Zn>* on the zinc surface was 1.6 x 107° mol (m”s)™
(Table 1).

Results and discussion
Mechanism of the Au-Zn nanomotor

Au-Zn tubular nanomotors were synthetized via a facile
approach (Fig. 1A). With the polycarbonate film as the tem-
plate, nanotubes were electrochemically deposited with one
end of gold and one end of zinc. Fig. 1B shows the SEM image
of the surface of the polycarbonate film after depositing Au-Zn
nanomotors. Through scanning electron microscopy (SEM)
(Fig. 1C), the average diameter of the nanomotor was deter-
mined to be 414 + 70 nm, the average length of the entire tube
was 4.76 + 1.3 pm, and the average length of the gold segment
was 1.57 + 0.3 pm (Fig. 1D). From the SEM image, the gold
segment appears to be brighter than the zinc segment due to
higher conductivity. With energy dispersive spectroscopy (EDS)
(Fig. 1E and Fig. S17}), the copresence and distribution of Au
and Zn could be clearly seen, with the Au atomic quantifi-
cation being 91.8% and the Zn atomic quantification being
8.1%. The as-obtained Au-Zn nanomotor can therefore move
spontaneously in pure DI water (Fig. 1F and S2, ESI Video S17),
with an average speed of 6.4 + 1.4 pm s~ ' (Table S1t). For the
propulsion, the driving force comes from the reaction of the
zinc segment with water, as shown in eqn (4).

Zn+2H'Y < Zn*' +H, (4)

The hydrogen ions in water are reduced in presence of the
zinc segment to produce hydrogen and zinc ions. But no

Table 1 The parameters in the COMSOL simulation of the self-built
electric field of the nanomotor

Name Description Value

Zn** flux on the zinc surface
of the nanomotor

Flux_in 1.6 x 10"° mol (m?>s)™"

D 7Zn 7Zn?* diffusion coefficient 0.7x10 " m?s!
C_Zn, Zn>" initial concentration 0 mol m™3
Un Electric field mobility 3.7 x107"* s mol kg ™"
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bubbles were observed under the microscope. Different from
previous water-consuming metal motors, our bubble-free
system ensures a system without interference from
bubbles.”*>* With the accumulated Zn>" concentration gradi-
ent along the zinc (active)-gold (inert) nanomotor, a self-built
electric field is expected to form, propelling the nanomotor to
the Zn direction (Fig. 1H).”® Since there is only a diffusing zinc
cation, the propulsion mechanism of the Au-Zn nanomotor is
attributed to ionic self-diffusiophoresis, in which the motor
moves in the direction of the higher ion level region.>**’

On fitting the mean square displacement (MSD) value
against time (Fig. 1G), the MSD was found to increase linearly
with time. There was no difference in the performance of the
nanomotor in deionized water and 5% glucose solution, indi-
cating that the presence of glucose molecules did not affect
the propulsive ability of the motor. The moving ability of the
nanomotor was hindered in the PBS solution, mainly because
pH buffering by PBS modifies the rate of the zinc oxidation
reaction, which relies on protons, and modifies the charge on
the nanomotor surface.>® For confirmation of the zinc gradi-
ent, the zinc ion fluorescent probe Zinquin was used to detect
the zinc ions produced by nanomotors. The fluorescent probe
can polymerize into fluorescent polymer particles in the pres-
ence of zinc ions. From the Zn>" fluorescence (blue) image
(Fig. 1I), the blue fluorescent region highlighted by a red circle
indicates the accumulated fluorescent product from the
polymerization of the probe and Zn** from the nanomotor.
The dark area inside the red circle is a forbidden area gener-
ated by the nanomotor, and a portion of the fluorescent pro-
ducts is repelled outside. Since the nanomotor continuously
reacts with water to generate Zn>*, and the Zn>" continuously
polymerizes with the fluorescent probe, the nanomotor keeps
spraying out fluorescent beads (ESI Video S2,} see the spraying
out of luminous polymer beads from the polymerization of
Zn>" and fluorescent probes). As the reaction between zinc and
water is mild enough, the nanomotor can maintain the move-
ment ability for a sustained time. The propulsion ability of the
Au-Zn nanomotor can be maintained in DI water for a pro-
longed period of 4-5 days. To the best of our knowledge, this
is the longest life span for self-consuming nanomotors
powered by chemical energy.

Self-built field around the nanomotor

After investigating the moving mechanism of the individual
nanomotor, the interaction between the nanomotor and
passive particles was explored. According to the previous litera-
ture, electroosmotic flow is considered as a main medium of
interaction between nanomotors and the environment. As the
Au-Zn nanomotor continuously reacts with water, a decreasing
gradient field of Zn>* which points away from the nanomotor
surface is formed around it (Fig. 2A). This leads to a net elec-
tric field which points away from the nanomotor surface. For
the negatively charged glass substrate (CITOTEST 1A5101, {w =
—85 mV (ref. 28)), positively charged protons were adsorbed on
the substrate. The Zn>* electric field acts on the proton and
creates a repelling and outward electroosmotic flow from the
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Fig. 1 Morphology and motion evaluation of Au—Zn nanomotors. (A) Schematic for the preparation of the tubular Au—Zn nanomotor. |: A layer of
100 nm gold evaporated on the polycarbonate film with 400 nm pore. II: The gold tube electrically deposited on the conductive film. lll: The elec-
trolyte was replaced to continue the electrodeposition of the zinc tube segment. IV: The Au—Zn nanomotor was released by removing the gold layer
via physical friction and dissolution of the polycarbonate. (B) SEM image of the Au—Zn nanomotor array after removing the gold layer. Scale bars:
2 um. (C) The SEM side-view image of the Au—Zn nanomotors. (Inset: front view of the Au nozzle of the nanomotor.) Scale bars: 0.2 pm (c inset),
3 pm (c). (D) Length and diameter distribution of the nanomotor. (E) EDS elemental mapping of the nanomotor. Scale bars: 2 pm. (F) The trajectory
of the Au—Zn nanomotor in DI water in 10 seconds. Scale bars: 50 um. (G) MSD analyses of the Au—Zn nanomotor in DI water, 5% glucose solution,
and PBS. (H) Schematic illustration of the diffusion of Zn®* and H,; the nanomotor moves to the high concentration Zn* region. (I) Blue fluor-
escence images of the inverted microscope. Blue fluorescence indicates the distribution of Zn?*. Scale bars: 100 pm.

nanomotor towards the substrate. Since the fluid flow is con-
tinuous, an inward fluid is generated in the upper liquid layer.

As shown in Fig. 2B, the nanomotor was suspended in DI
water,”® with the carboxyl PS bead (hereinafter referred to as
cPS, {eps = —34 mV, diameter 1 pm) as the passive particle
added to the solution. In the vicinity (2 pm away) of a single
Au-Zn nanomotor, the cPS bead falling to the height of the
nanomotor can be quickly adsorbed towards the nanomotor
surface (ESI Video S3t), which could be the equilibrium posi-
tion of the surface slip flow."® A quasi-stable nanomotor-cPS
complex was then formed. Since the nanomotor was far from
the substrate, the cPS beads were not repelled by the electroos-
motic flow below. The zeta potential of the nanomotor was
measured as —10.2 mV, which did not seem to affect its

6622 | Nanoscale, 2023, 15, 6619-6628

adsorption of cPS beads that were also negatively charged. The
motion of 15 cPSs was recorded and the velocity was averaged
to obtain the curve shown in Fig. S3a.f The speed of cPSs
reached 12.5 + 4 pm s~ ' when it was adsorbed, which indicated
there was an attraction field around the nanomotor. Then,
amine PS with a positive charge (hereinafter referred to as aPS,
Laps = 38 mV, diameter 1 pm) was selected as the passive par-
ticle, and a similar phenomenon was observed (Fig. 2B and
ESI Video S47). The aPS was also adsorbed to the surface of
the Au-Zn nanomotor and formed a quasi-stable complex.
Speeds of 15 such aPSs were recorded and averaged (Fig. S3at).
It was found that the speed of aPS during adsorption was 10.6
+ 2.0 pm s~ '; speeds were not significantly different with sPS,
which indicated electrostatic forces did not play an important

This journal is © The Royal Society of Chemistry 2023
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Fig. 2
flow generated by the tubular nanomotor. (B) The trajectory of amine PS

Interactions between the Au—Zn nanomotor and PS beads. (A) A cross-section scheme of the self-built electric field and the electroosmotic

beads and carboxyl PS beads; the speed correlated with the PS bead posi-

tion is shown. Scale bars: 5 pm. (C) The Au—Zn nanomotor was loaded with two amine PS beads during the propulsion. The red circle represents
amine PS beads. Scale bars: 20 um. (D) The trajectory diagrams of amine PS tracer particles chasing the Au—Zn nanomotor. Scale bars: 10 pm. (E)
Schematic diagram of an amine PS bead particle chasing the nanomotor. (F) The trajectory diagram of the Au—Zn nanomotor resteering after the
adsorption of amine PS beads. Scale bars: 10 pm. (G) Schematic diagram of the interaction between the nanomotor and amine PS tracer particles.
(H) The trajectory diagram of the circular motion of the Au—Zn nanomotor due to the interaction of the amine PS beads. Scale bars: 10 pm. All

results are obtained with negatively charged substrates.

role in the interaction process.”” Here Zn>" from the reaction
of the Au-Zn nanomotor with water forms self-built electric
field points away from the nanomotor and the positive electric
field force hinders the movement of the positively charged aPS
and on the other hand accelerates the negatively charged aPS.
Since the value of the aPS zeta potential is less than that of the
glass slide, the osmotic flow dominates, and is enough to over-
come the phoretic motion of the particles. As illustrated in
Fig. 2C, the nanomotor adsorbed two aPS beads on its way
forward. Such attraction-no repulsion interactions are not
common in conventional active-passive particle systems, and
it could be that the continuous motion of the nanomotors hin-
dered the electroosmotic flow to interact with the PS beads.
This indicates that when the nanomotor is in motion and far
from the substrate, it interacts with the passive PS beads in a
way that favors adsorbing and forming a quasi-stable complex.

The trajectories of aPS and cPS passive particles are demon-
strated respectively in Fig. 2B, D, and colors are used to indi-
cate their moving speed: yellow indicates high speed and blue
indicates low speed. It can be observed that the velocity of the
PS particle decreases with increasing distance from the nano-
motor, which means that the closer the Au-Zn nanomotor is,
the higher the electroosmotic velocity. Since only a slight
difference was observed for the adsorption of the amine PS
and carboxyl PS, for the following experiments we used amine
PS as the passive particles. If aPS beads can be attracted

This journal is © The Royal Society of Chemistry 2023

behind a moving nanomotor, a chase phenomenon will occur,
and the passive particle should have a long-distance high-
speed motion. As shown in Fig. 2D, an interesting chase
phenomenon was observed for the nanomotor and aPS beads.
With the nanomotor moving to the right, the aPS beads were
attracted by the nanomotor’s adsorption field. The aPS bead
was observed to accelerate and therefore catch up with the
nanomotor (Fig. 2E), and was combined into a quasi-stable
aPS-nanomotor complex. The speed of aPS beads can reach
17 pm s~ during the chasing process (Fig. S3b and ESI Video
S51). As observed from the video, when the motion of the
nanomotor is paused (bound on substrate, no more displace-
ment), the aPS beads fall off, probably because the equilibrium
position of the surface slip flow of the nanomotor changes.

In the above chase phenomenon, the loading of PS beads
does not change the moving direction of the nanomotor. An
interesting phenomenon will appear when the PS beads con-
front the moving nanomotor. As shown in Fig. 2F, when the
nanomotor rotates counterclockwise to adsorb the aPS beads
in the front, the rotation direction of the nanomotor will be
reversed to be clockwise and aPS beads will be adsorbed in the
middle of the nanomotor (ESI Video S6%). This phenomenon
could result from the fact that the nanomotor moved towards
the high zinc ion region (zinc segment) at the beginning.
Upon adsorption of the aPS tracer particle, the local chemical
reaction was hindered, causing the zinc ion concentration on

Nanoscale, 2023, 15, 6619-6628 | 6623
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both sides of the nanomotor to reverse, thereby reversing the
rotation direction of the nanomotor (Fig. 2G). As observed in
Fig. 2H, the adsorption position of the PS beads indeed influ-
enced the moving direction of the nanomotor. Judging from
the moving direction of the motor, aPS beads were adsorbed
on the Au side of the nanomotor (ESI Video S7f). With aPS
beads being loaded at the Au end, the nanomotor moves in a
circular way toward the Au/aPS side. With the other side being
unaffected, the trajectory is biased towards the Au/aPS side.
The response of the nanomotor to the adsorbed particles
reflects the flexibility of movement in mimicking intelligent
organisms.

To investigate the impact of the nanomotor adsorption
field on larger passive particles, we used 10 pm PS (diameter
10 pm, no surface modification of groups, {;0ps = —18.5 mV).
Fig. S47 shows the collision of the nanomotor with 10 pm PS
beads. A quasi-stable aPS-nanomotor complex was still formed
and 10 pm PS beads were pushed to move forward. Edge che-
motaxis in which nanomotors exhibit motion along geometric
boundaries occurs, for the nanomotor and the 10 pm PS. The
nanomotor rotates around the edge of the 10 pm PS bead
(Fig. S51). Due to the large size of the 10 pm PS relative to the
nanomotor, there is no stable equilibrium point for surface
slip flow of the 10 pm PS on the surface of the nanomotor.>°

From quasi-stable complex to self-organizing patterns

The interaction between the nanomotor and the passive par-
ticles is not only limited to individual interaction and quasi-
stable complex formation. Upon retention of the active nano-
motor, the direction of the fluid flow is influenced by the
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direction of the electric field formed by the nanomotor.>®™"
The direction of the electric field formed by the Zn** diffusion
of the Au-Zn nanomotor points away from the nanomotor.
When the Au-Zn nanomotor approaches a negatively charged
substrate, the Zn>" electric field acts on the protons absorbed
on the negatively charged substrate electric double layer (EDL),
creating a repelling and outward electroosmotic flow from the
nanomotor to the substrate. Again, since the fluid is a continu-
ous circuit, an inward electroosmotic flow is generated in the
upper layer. As shown in Fig. 3A, the nanomotor pauses on a
negatively charged substrate. The aPS beads in the upper layer
are first adsorbed by the inward electroosmotic flow above the
nanomotor, and then are repelled by the strong outward elec-
troosmotic flow near the nanomotor. Close to the substrate,
the vicinity of the nanomotor is dominated by the strong
outward electroosmotic flow. The attraction and combination
of aPS beads and the nanomotor into a quasi-stable complex
are not favorable. At this time, in response to changes in the
environment, the interaction mode with the passive particles
becomes repulsive. In the process of ejection, the speed of the
aPs$ tracer particles can reach 10 pm s™* (Fig. 3B and ESI Video
S8t). This attractive-repulsive process can also be seen in
Fig. S6.1 This attraction-repulsion interaction can lead to a for-
bidden zone effect in the system of active and passive particles.
Therefore, a circular forbidden zone is formed around the
nanomotor, and the aPS beads are excluded from the forbid-
den zone. 10 pm PS tracer particles were used to clearly show
the forbidden zone phenomenon (Fig. 3C). During this
process, the nanomotors can agglomerate. The more nanomo-
tors produce a higher concentration of zinc ions, the larger the
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Fig. 3 Adaptive repulsive—attractive interactions between the Au—-Zn nanomotor and PS beads. (A) The Au—Zn nanomotor stopped on the nega-
tively charged substrate; the amine PS beads were first adsorbed and then ejected out. Scale bars: 10 um. (B) The speed diagram of amine PS tracer
particles given in (A). (C) The emergence of collective patterns of 10 pm PS in the presence of Au—Zn nanomotors on the negative substrate. Scale
bars: 100 pm. (D) The trajectory diagram of amine PS beads on positively charged substrates adsorbed by Au—Zn nanomotors. Scale bars: 10 pm. (E)
The migration speed of amine PS beads adsorbed by Au—Zn nanomotors on positively charged substrates. (F) The emergence of a swarm cluster of
the Au—Zn nanomotor and 10 um PS on the positive substrate. Scale bars: 100 pm.
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area of the zinc ion gradient field, and the larger the forbidden
zone area. The size of the forbidden zone is related to the zinc
ion distribution as the zinc ion gradient providing the electric
field drives the electroosmotic flow and thus the particle
motion. Therefore, the size of the forbidden zone is pro-
portional to the size of the zinc ion distributed area (ESI Video
$91).>> Fig. S71 shows the complete process of the nanomo-
tor’s first attractive and then repulsive interactions with exter-
nal passive particles. Firstly, the nanomotor is in motion, and
an aPS bead is adsorbed on the nanomotor surface. Then the
nanomotor approaches and stops on the negatively charged
substrate. The aPS beads fall off and are quickly repelled from
the nanomotor. The key determining the state of the Au-Zn
nanomotor is the distance from the substrate, and the direc-
tion of the electroosmotic flow around the nanomotor to
change from inward to outward, resulting in a repulsive mode
of interaction with the passive particles.

To verify that the attraction/repulsion of the nanomotor is
determined by the substrate, we replaced the negatively
charged substrate with a positively charged glass substrate
(CITOTEST 188105W) with OH™ adsorbed on surface. With the
self-built Zn?®" electric field of the nanomotor constant, the
reversal of the zeta potential of the substrate led to the electro-
osmotic flow direction changing from outward repulsion to
inward attraction between the nanomotor and the substrate.
As observed in Fig. 3D, the Au-Zn nanomotor was attracted to
the glass slide due to the electrostatic force and two aPS beads
were adsorbed at the middle of the nanomotor (ESI Video
S101). With 10 pm PS beads, the forbidden area did not
appear. 10 pm PS beads and nanomotors formed clusters or
scattered around. These results are in line with our expec-
tations. When the inward electroosmotic flow becomes domi-
nant, the interaction between the nanomotor and the passive
particles becomes attractive (ESI Video S117). With differently
charged substrates, the interaction mode with the passive par-
ticles is adaptive. Intracellular components aggregate into con-
densates at the right time as well as in space to perform their
corresponding functions. The transport of substances within
the cells can be achieved by active processes based on non-
specific, purely physical mechanisms, a phenomenon that is
still poorly studied, and the formation of controlled patterning
driven by Au-Zn nanomotors is expected to shed new light on
how membrane-free condensates are formed and their
physicochemical nature.

Conclusions

For our Au-Zn nanomotor, the inert Au segments do not
undergo a chemical reaction during the propulsion, therefore
the nanomotor is driven via diffusiophoresis instead of self-
electrophoresis. The propulsion force for the nanomotor
motion is obtained using eqn (5). The macroscopic zinc does
not react with DI water. With the size of zinc being reduced to
the nanoscale, the specific surface area of the zinc increases,
and the reaction of zinc with hydrogen can occur. This reac-
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tion is mild and can allow our nanomotor to work continu-
ously for 4-5 days.

The Au-Zn nanomotor adsorbs hydrogen ions on the
surface of the zinc segment and releases zinc ions. The
diffusion rate of hydrogen ions is much larger than that of
Zn*" (Dy- = 9.31 X 107°, Dz = 0.7 x 107°). When the reaction
is carried out in air-perfused water and H' continuously con-
sumed, the following equilibrium reaction (eqn (6)) will occur
to maintain constant hydrogen ion concentration:

H,0+ CO, < H'+HCO;~ (5)

H,0 < H' +OH~ (6)

In addition, the reaction of the nanomotor with DI water is
very slow, so the hydrogen ion concentration around the nano-
motor is assumed to remain constant. The initial concen-
tration of zinc ions in DI water is 0, the nanomotor continu-
ously releases zinc ions, and an outwardly decreasing Zn>*
concentration area is formed around the nanomotor, thus gen-
erating a net outward electric field. The zinc ion flux on the
surface of the nanomotor is calculated using a simple chemi-
cal reaction rate formula, and the result is 1.6 x 10" mol m™>
s~' (ESIt). COMSOL was used to simulate the self-built electric
field formed by the outer diffusion of zinc ions (Fig. 4A). The
simulated electric field diagram shows the electric field
formed by zinc ions points toward the outward direction.

The propulsion mechanism of diffusiophoresis can be
expressed using eqn (7):*

(250 ) )

din(C)\ (2ek,2T? &w )
(%) ()l () |

The formula expresses the velocity of the diffusiophoresis
particles close to the wall. U is the particle speed, C is the elec-
trolyte concentration, DcD, is the diffusion coefficient of
cations and anions, kg is Boltzmann’s constant, T is the temp-
erature, e is the elementary charge, ¢ is the dielectric constant
of the solution, # is the viscosity of the solution, ¢y is the zeta
potential of the wall, and (5 is the zeta potential of the particle.
The first term of eqn (3) represents part of the electric field. In
our Au-Zn nanomotor only Zn** are produced on the motor
surface, so D, = 0. The second part is the thickness of the EDL,
because the thickness of the EDL on the wall is related to the
electrolyte concentration, which causes the fluid to flow from
the area with a higher electrolyte concentration to the area
with a lower electrolyte concentration.

Next, we analyzed the reason why the nanomotor has
different interaction modes with passive particles in different
positions and under different glass substrates. The zeta poten-
tial of the glass slide substrate where the nanomotor is located
is negative ({w = —85 mV), so there are protons inside the elec-
trical double layer of the slider. The electric field of the nano-
motor acts on the protons, thereby generating an electroosmo-
tic flow outward along the substrate. Since the fluid is continu-

7)
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Fig. 4 Schematic demonstration of adaptive repulsive—attractive interactions between the Au—Zn nanomotor and PS beads. (A) Electric potential
diagram simulated by COMSOL (V stands for the voltage unit). (B) Schematic diagram of the electroosmotic flow formed by a nanomotor suspended
in solution, away from a negatively charged substrate. The Zn?*-induced electric field repels the positively charged protons adsorbed on the nega-
tively charged substrate, thus creating an outward electroosmotic flow from the nanomotor to the substrate. (C) Schematic diagram of the electro-
osmotic flow formed by a nanomotor; the Zn?* electric field repels the protons adsorbed on the negatively charged substrate, creating an outward
flow from the nanomotor to the substrate. (D) Schematic diagram of the electroosmotic flow formed by a nanomotor; the Zn?*-induced electric
field attracts the negatively charged hydroxide adsorbed on the positively charged substrate, thus creating an inward electroosmotic flow from the
substrate to the nanomotor. The symbol (+) near the Au—Zn nanomotor represents the zinc ion.

ous, an inward electroosmotic flow is generated from the top.
When the nanomotor is suspended on the substrate, the
inward flow field dominates near the nanomotor (Fig. 4B). The
adsorbed PS beads are located at the equilibrium position of
the slip flow on the surface of the Au-Zn nanomotor and are
unaffected by the electroosmotic flow below. Therefore, the
nanomotor has the function of capturing passive particles
when moving. When the nanomotor pauses on the substrate,
the outward flow field dominates (Fig. 4C). The nanomotor
becomes capable of repelling nearby substances, that is, it
serves a nanopump. After continuous attraction-repulsion
interactions, a forbidden zone is formed around the Au-Zn
nanomotor.

When the substrate is changed into a positively charged
glass slide, the EDL of the glass slide adsorbs the negatively
charged OH™, and the electric field of the nanomotor does not
change, so it will attract OH™ and form an electroosmotic flow
inward along the glass slide (Fig. 4D). In addition, because the
nanomotor is negatively charged, the nanomotor and the sub-
strate are electrostatically attracted, so if a positively charged
substrate is used, there is no such situation that the nanomo-
tor is suspended on the substrate.**

Protein space self-organization is the key to cell metabolism
and self-replication. The most representative system is E. coli
MinCDE, which has become a model for studying reaction-
diffusion systems. However, there is still no reliable expla-
nation for the pattern of protein self-organization in the

6626 | Nanoscale, 2023, 15, 6619-6628

model. We think the above-mentioned experimental obser-
vations can be used to explain the molecular mechanism of
action. After the MinD dimer in the system is attached to the
cell membrane, it has the ability to recruitproteins in the solu-
tion. This is similar to this experiment, i.e., when the nanomo-
tor is suspended on a positively charged substrate, it will
attract PS beads to form clusters. The change in the environ-
ment allows the nanomotor to acquire the ability to adsorb the
attached PS beads. In addition, MinDE can reject membrane
proteins to form large-scale protein gradients. This is similar
to this experiment, where the motor is suspended on the nega-
tively charged substrate to repel PS beads to form a hole
pattern. We believe that our system will explain the basic inter-
action principle of protein self-organization systems such as
MinCDE to form self-organized protein patterns.

Life is known to be based on entities joining together to
create a large-scale structure. If self-propulsion or active diffu-
siophoresis did not occur, organisms would be limited to slow
passive processes to move deoxyribonucleic acids and proteins
within cells or tissues, and many of life’s complex structures
and functions might never emerge.>> Au-Zn nanomotors that
are self-propelled and can switch between two modes of inter-
action, attraction and repulsion, with particles in the environ-
ment are similar to the diffusion-antagonism concept that
formed the Turing patch. The interaction is not limited to
passive particles, but can also be with another active material
or even a biological entity. The Au-Zn nanomotor platform is
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expected to shed new light on the organizing behavior of the
active material in biological evolution, the formation of con-
densates and cyto component clusters.

In summary, we have demonstrated an interesting Au-Zn
nanomotor system driven via diffusiophoresis: in addition to
accomplishing quasi-stable complex formation with passive
particles, the system forms patterns in response to the position
and environment zeta potential. Away from the substrate
(environment wall), pattern formation is not favored, while
with the positively charged substrate a cytoskeleton-like
pattern is formed and with the negatively charged substrate a
cluster pattern is formed. Such nanomotor-driven diffusio-
phoresis and the ability to pattern matter in a controllable
manner (or phase separation) could be associated with living
systems. The spatiotemporal organization of material conden-
sates within the cell is crucial for function maintenance.
Besides cargo transport via specific protein interactions, con-
densate arrangement and general active transport within the
cell can be achieved via adaptive active diffusiophoresis.
Previous studies in a biologically relevant context suggested
that a self-organizing protein pattern occurs in the process of
MinD-mediated protein transport in bacteria. During conden-
sate assembly via liquid-liquid phase separation, membranes
modulate the biogenesis and dynamics of phase-separated
condensates by serving as assembly platforms or by forming
direct contacts. For our system, the diffusiophoresis involving
particle fluxes and self-organization in response to the sub-
strate/environment wall suggests that a flux-centered viewpoint
will be appropriate for general transport and multicomponent
mixtures out of equilibrium. Thus, it could be particularly
important to investigate self-driven organization and macro-
scopic patterns. Simple as it is, this mechanism could be inter-
preted as an alternative, rudimentary chem-physical inter-
action mode and as such might be present and prevalent in
early forms of life.
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