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In brief

Microbial fouling poses a persistent
challenge for humans, ranging from
infections from biomedical devices to
malfunctions in industrial and maritime
equipment. Wang et al. report a dynamic
interfacial vortex array (DIVA) antifouling
strategy that maintains surfaces with
<2% fouling in high-concentration
microbial solutions and achieves >95%
microbe removal independent of
microbial species.
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SUMMARY

Microbial fouling is a persistent problem ranging from biomedical devices to industrial and maritime equip-
ment. Current antifouling strategies fall short of durability due to the rapid degradation of the biocidal inter-
faces. Here, we report a dynamic interfacial vortex array (DIVA) antimicrobial strategy that can develop high
wall shear forces to actively remove any adhered microbial species on the surface. The DIVA is induced by a
reciprocating magnet array on a magnetic soft composite surface. The simulation results of the wall shear on
the DIVA surface show that the average wall shear on the moving dimple is ~10 times that on the moving
plate. This DIVA is able to keep a surface with <2% fouling in a high-concentration bacterial environment
and demonstrates >90% bacterium removal within an hour independent of bacterial species. The proposed
DIVA strategy effectively maintains prolonged antibacterial performance, showing profound potential in
medical equipment, the food industry, and the maritime industry.

INTRODUCTION

Microbial fouling has posed significant hazards to human
society in medical, maritime, and many other industries for
thousands of years.”™ In medical settings, microbes may
adhere to and grow on different surfaces, resulting in severe
consequences, such as surgical infection, implant rejection,
and malfunction of biosensors.>® Marine microorganisms in-
crease hull corrosion, drag, and fuel consumption by attaching
to the ships’ hulls, costing the maritime industry >$15 billion
globally per year.” Industrial biofouling occurs in power plants,
water-cooling systems, and the food industry, resulting in en-
ergy waste, pipeline blockage, and food insecurity.® Various
microbial species use different nucleation, attachment, and
biofilm formation mechanisms on different surfaces and evolve
over time to survive man-made antibiotics. According to the
prediction from the World Health Organization, drug-resistant
bacterial infection will be the leading cause of death globally,
resulting in $1 trillion of additional healthcare costs by 2050,°
underscoring the urgency to develop biocompatible antimicro-
bial technologies that may decelerate the spread of surface mi-
crobial fouling.'®

Current antimicrobial materials mainly adopt one of two pas-
sive strategies: (1) fouling release by low-adhesion surfaces'"'?
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and (2) chemical or physical bactericidal methods.'®~"° The pas-
sive fouling release strategy adopts natural flow shear'® or capil-
larity forces'” at the liquid-air interface to effectively remove
attached microbes or biofilms. This strategy relies heavily on
the low interfacial work of adhesion by applying low-surface-en-
ergy chemicals,'® superhydrophobicity," or lubrication.'? Such
fouling release methods deteriorate quickly and easily by surface
chemistry modification from various microbes, particularly in
underwater environments. For example, superhydrophobic
surfaces can maintain self-cleaning for years if droplets with mi-
crobes are only in short contact with them. However, they can
only last for less than 1 day if submerged in microbial solutions.'®
Further complicating matters, it is highly challenging to restore
the surface’s superhydrophobicity once contaminated with
microbes. Passive bactericidal methods, on the other hand,
employ the gradual release of antibiotics, toxic chemicals,'* or
mechanical biocidal nanostructures.?®?! The primary distinction
between chemical and physical biocidal methods lies in their
killing efficiency and mechanisms. Antimicrobial chemicals can
destroy the cell membrane and remain antimicrobial until the
exhaust of them. They only work for a range of microbes and
will lead to drug resistance. The mechanical biocidal structures
poke into the cell membrane, causing starvation and cell fluid
leakage, and the killing of microbes only happens when they
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are in contact with the nanostructures, resulting in a relatively low
antimicrobial efficiency.’

Recent antimicrobial advances focus on active antimicrobial
strategies with stimulus-responsive soft matter. These active
strategies mostly remove attached microbes through dynamic
surface deformation actuated by an electric®® or magnetic
field®®*"?° that induces interface fracture or fluid shear. The inter-
face fracture methodology needs a specific surface pattern for
each microbial species and requires large energy storage in
the materials to introduce the crack. Dynamically tuning the sur-
face pattern using electrical stimulus-responsive materials is not
only challenging but also potentially hazardous, since high
voltages are usually unavoidable.? Fluid shear generated by
magnetic responsive micro-cilia is achieved through careful me-
chanical design and complex manufacturing processes and is
difficult to scale up and implement in a wide range of application
scenarios.”* More importantly, these active antimicrobial sur-
faces are more effective at removing biofilms than small clusters
of microbes.”® With their relatively high adhesion to various
microbes, their ability to prevent early-stage microbial growth
is usually limited.?”

To overcome these challenges in antimicrobial methods, here,
we propose an active and passive combined antimicrobial strat-
egy based on dynamic interfacial vortex arrays (DIVAs) by mag-
netic-responsive dimples with ultra-low microbial adhesion. The
magnetic-responsive DIVA material is composed of plasticized
silicone uniformly infused with magnetic-responsive micro-neo-
dymium-iron-boron (NdFeB) particles, which are magnetized af-
ter the crosslinking of the silicone polymer matrix, guaranteeing
the NdFeB particles’ magnetic orientation, and can promote >5
times greater surface deformation compared to other methods
under the same magnetic field. DIVAs are generated by driving
micro-dimple arrays using a reciprocatively moving magnet
array and can develop higher wall shear forces from both normal
and tangential direction compared to laminar shear flow. In addi-
tion, the velocity and vorticity of the DIVA can be controlled with
different magnetic intensities and moving speeds. The visualized
flow measurements demonstrate the fluid dynamics of the DIVA
induced by a magnetic field. The ultra-low microbial adhesion is
achieved by creating an organogel lubricated surface through
swelling biocompatible low-surface-tension oil into the silicone
polymer matrix. Compared with untreated silicone materials,
the swollen plasticized silicone is able to reduce the adhesion to-
ward various solid surfaces by up to 4 times, leading to fast
removal of attached microbes. With such combined antimicro-
bial effects, the DIVA coating can keep surfaces <2% of micro-
bial attachment in a high-concentration microbial solution and
effectively remove attached microbes by >90% within an hour.
With its readily attainable potential to scale up, we anticipate
that this DIVA method can be implemented for diverse applica-
tions, including the maritime industry, biomedical implants,
food processing, and more.

RESULTS
The fabrication and formation of the DIVA coating

The fabrication process of the DIVA coating is illustrated in
Figure 1A. In particular, the coating solution, composed of a sil-
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icone base polymer, crosslinker, plasticizer (i.e., high-viscosity
silicone oil), and NdFeB microparticles, was uniformly spin
coated onto the substrate, followed by vacuum heating for
curing. The high-viscosity silicone oil as a plasticizer works to
soften the crosslinked polymer as well as enhance the suspen-
sion of NdFeB microparticles in the coating solution. Then, the
crosslinked soft composite was directionally magnetized to
saturation using a strong magnetic field of ~2 T. The DIVA
coating was completed by swelling with low-viscosity silicone
oil to create an ultra-low-adhesion surface.

As shown in Figure 1B, the commercially available permanent
magnet units align as a square array, which is installed on a z axis
lifting platform with in-plane motion ability. By precisely control-
ling the distance between the magnet array and the DIVA sur-
face, the magnetic field intensity acting on the DIVA was quanti-
tatively regulated. Under this magnetic actuation, concave
dimple deformations on the DIVA surface were formed in similar
arrays (Figure 1C). To note, these dimple arrays would move in
plane, corresponding with the motion of the underlying magnet
array (Figure 1D). As shown in a previous study,'” the state-of-
the-art surface with ultra-low-adhesion by interfacial lubrication
is not able to prevent the settlement and growth of microbes,
particularly in a static fluid environment (Figure 1E).

Specifically, we programmed the motion of the magnetic array
in order to generate different dynamic dimple patterns, which
would further generate interfacial vortices in a fluid environment
(Figure 1F). The vorticity and velocity of vortices depend on the
size and the moving speed of the dimples, which correspond
to the magnetic field intensity and the mechanics of the DIVA ma-
terials. To this end, we systematically investigated the influence
of the magnetic field intensity and characterized the mechanical
and wetting property of the DIVA coating.

The properties of DIVA coatings with different
compositions
Uniaxial tensile tests were conducted on the DIVA material to
investigate the effects of the NdFeB content and the ratio of pol-
ydimethylsiloxane (PDMS) to silicone oil on their mechanical
properties. As shown in Figure 2A, when the ratio of PDMS to sil-
icone oil was 1:2, uniaxial tensile tests were conducted within a
0%-200% strain range on the DIVA coating with NdFeB con-
tents of 20, 40, 60, and 80 wt %. The hysteresis of the stress-
strain curve of the DIVA material gradually increased with the
NdFeB content, demonstrating that the elastic modulus of the
DIVA material increased with the increase in NdFeB content.
Similarly, we fixed the NdFeB content as 40 wt % and applied
the uniaxial tensile tests on the DIVA materials with different ra-
tios of PDMS to silicone oil, from 2:1, to 1:1, to 1:1.5, and to
1:2. In this case, the hysteresis of the stress-strain curve of the
DIVA material gradually decreased with the ratio of PDMS to sil-
icone oil (Figure 2B). To balance the magnetic field-response
deformation and the deformation recovery speed, 40 wt %
NdFeB content and a 1:2 ratio of PDMS to silicone oil was deter-
mined as the DIVA material used in this work. The corresponding
tensile strength is ~184.5 kPa, and the fracture strain can reach
~400% (Figure 2C).

To verify the low adhesion performance of the DIVA material,
we measured the adhesion strength of the DIVA material



Cell Reports

¢? CellPress

OPEN ACCESS

Physical Science
A S“’I - @ NdFeB
1, @ );Vé-"“ ~v Ecoflex
0. 0 .’::. <~ silicone o

V

Substrate

Spinning

Magnet array

Figure 1. DIVA surface formation and antimicrobial strategy
A) The fabrication process of the DIVA coating.
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(B) Schematic of concave deformation of the DIVA coating driven by a magnet array.

(C) Optical image of concave deformation on the DIVA coating. Scale bar, 2 mm.

(D) The concave deformation on the DIVA coating moves with the movement of the magnet array along the x axis direction. Scale bar, 2 mm.
(

(

E) Bacteria adhere to the static-state coating in a fluid environment.

F) A reciprocating magnet array drives the DIVA coating to generate a dynamic concave deformation for inducing vortices to remove bacterial adhesion in a fluid

environment.

toward different planar surfaces (Figure S1), including
aluminum, soft PDMS (Ecoflex 00-30), and hard PDMS (Sylgard
184). These testing surfaces have a modulus spanning from
60 kPa to 11 MPa, simulating biological species from bacterial
films to algae and barnacles. The adhesion strength of the DIVA
material is ~100 Pa toward these materials, which is >5 times
smaller compared to the unlubricated plasticized PDMS
(Figure 2D).

As shown in Figure 2E, the water contact angle hysteresis of
the DIVA coating was 4°, 5 times smaller than the non-swollen
control surfaces. This indicates the slipperiness of the DIVA

surface toward aqueous liquids. Interestingly, the plasticized
PDMS with high viscosity silicone oil showed lower contact
angle hysteresis compared to the one without plasticizer,
implying that the surface of the plasticized PDMS contains
free oil. In addition, the contact angle decreased from 97.4°
to 76.8° after swelling with low-viscosity silicone oil
(Figure 2F), which is caused by the wrapping meniscus of the
oil. This effect also suggests that the swelling lubricant formed
a lubricating layer that can replace the solid-solid interface into
a liquid-liquid interface, therefore significantly reducing the
interfacial work of adhesion.”®
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Figure 2. The mechanical properties and wettability of DIVA coatings with different compositions

(A) The stress-strain curves of the DIVA materials with NdFeB content of 20, 40, 60, and 80 wt %.

(B) The stress-strain curves of the DIVA materials with a ratio of Ecoflex to silicone oil of 2:1, 1:1, 1:1.5, and 1:2.

(C) The tensile strength of the DIVA with NdFeB content of 40 wt % and a ratio of Ecoflex to silicone oil of 1:2.

(D) The adhesion strength of the DIVA to aluminum, soft PDMS (Ecoflex 00-30), and hard PDMS before and after swelling with silicone oil.

(E) The contact angle hysteresis on the surface of PDMS, plasticized PDMS, and DIVA.

(F) Contact angle images and droplet sliding tests on the magnetic soft composites before and after swelling with silicone oil. Scale bar, 5 mm.
The error bars indicate the standard error obtained from 5 independent measurements.

The magnetic-responsive dimple deformation on the
DIVA coating
We first embedded the commonly used magnetic Fe3O, parti-
cles in the plasticized PDMS and measured the deformation
response to the magnetic field. As the FezO, particles are
randomly distributed in the magnetic orientation (Figure S2A),
the dimple deformation under a magnetic field of 300 mT had a
depth of ~0.22 mm (Figures 3C, S2B, and S2C). In comparison,
the magnetization was able to make the internal NdFeB particles
holding a residual magnetism parallel to the magnetization
direction (Figure 3A). With a magnetic particle content of 40
wt %, the DIVA coating with magnetized NdFeB particles can
produce a concave dimple deformation with a diameter of
1.5 mm and a depth of >1 mm when applying a magnetic field
of 300 mT (Figure 3B), at least 5 times larger than the deformation
with FezO, particles. By tuning the embedded magnetic parti-
cles, we can form dimple deformations on the DIVA with a scale
spanning one order of magnitude, from 0.1 to 1 mm.
Furthermore, we explored the influence of the material compo-
sition and the magnetic field intensity on the dimple deformation

4 Cell Reports Physical Science 6, 102727, August 20, 2025

of the DIVA coating. With a fixed magnetic field intensity (300 mT)
and PDMS-to-silicone oil ratio (1:2), the dimple depth of the
DIVA coating increases with the increase in NdFeB content
(Figures 3D and S2D), from 0.25 mm with 20% particle content
to ~0.8 mm with 40% particle content, and to ~1.1 mm with
60% particle content. The deformation depth increases more
logarithmically with particle content percentage, indicating that
the benefit of adding more particles for larger deformations de-
creases with higher particle content. In fact, the elastic modulus
of the DIVA coating also increases with the increase in NdFeB
content, which leads to a smaller deformation. In addition, it is
more difficult to cure an NdFeB/PDMS composite with higher
NdFeB content.

With a fixed NdFeB content (40 wt %), the dimple depth of the
DIVA coating increases with the increase in the PDMS-to-silicone
oil ratio (Figures 3E and S2E), from <0.2 mm with a 2:1 ratio to
0.4 mm with a 1:1.5 ratio and to ~0.8 mm with a 1:2 ratio. This
corresponds with the elastic modulus of the DIVA material with
different PDMS-to-silicone oil ratios, from ~40 kPa at the ratio
of 1:2 to >100 kPa at the ratio of 2:1 (Figure 2B). It should be noted
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Figure 3. The magnetic-responsive dimple deformation on the DIVA coating

B) Laser-scanning confocal microscopy image of the dimple deformation.
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(D) The relationship between the dimple depth and NdFeB content.
(
(

F) The relationship between the dimple depth and the magnetic field intensity.

A) Schematic of magnetic field-responsive concave deformation of the DIVA coating.
C) The dimple depth of the NdFeB/Ecoflex composite and the FezO,/Ecoflex composite under the same conditions.

E) The relationship between the dimple depth and the ratio of Ecoflex to silicone oil.

The error bars indicate the standard error obtained from 5 independent measurements.

that, if the ratio of PDMS to silicone oil is small enough, then the
DIVA material would be too soft to fully recover or have a short re-
covery response time after deformation. By changing the mag-
netic field intensity, as shown in Figures 3F and S2F, the dimple
depth of the DIVA coating increases exponentially with the
increase of the magnetic field intensity. In particular, a 300 mT
magnetic field can generate a nearly 3 times larger surface defor-
mation than 200 mT. Based on these experimental results, in order
to achieve a large and quick deformation response on the DIVA, it
is preferable to have magnetic particle content, a relatively soft
polymer matrix, and a high driving magnetic field intensity. In
addition, the thickness of the coating affects the dimple formation.
As shown in Figure S3, when the coating thickness is less than
1.5 mm, the dimple depth increases approximately linearly with
the coating thickness. When the coating thickness is greater
than 1.5 mm, the dimple depth remains at ~1,050 pm. This indi-
cates that the maximum deformation that magnetic soft materials
can achieve under a 300-mT magnetic field is ~1,050 pm.

The visualized flow analysis of the DIVA coating
To investigate the interface fluid dynamics of a moving dimple
deformation, we performed visualized flow measurements and

numerical simulation of the wall shear on the DIVA surface. As
shown in Figure S4, the visualized flow measurement setup
consists of a solid-state laser, a high-speed camera, a rectan-
gular transparent acrylic container with a DIVA sample at the
bottom, and a magnet array installed on the stepper motor
underneath (see methods). Different magnetic field intensities
and moving speeds were applied to form a moving dimple on
DIVA surfaces, generating interfacial vortexes that are captured
and characterized by the visualized flow measurement setup
(Figure 4A). The flow motion of the moving dimple is detailed in
Figure 4B. Within the dimple structure, a circulating flow pattern
is established, which not only exists within the concavity but also
extends to the region above it. This circulating flow gives rise to
the formation of a vortex.

In particular, before the passing-by of the magnet array, the
DIVA coating is in a stationary state, and the interfacial fluids
show a minimum-velocity field (Figure S5A; t = 5.97 s). When
the magnet array moves along the x axis direction and passes
by the visualized flow monitoring point, the interfacial fluid flows
downward at an enhanced velocity (Figure S5A; t = 6.63 s).
When the magnet array moves back at this monitoring point, the
fluid experiences a reverse upward flow (Figure S5A; t = 7.46 s),
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Figure 4. The analysis of the flow field on the DIVA surface

(A) Schematic of the visualized flow field measurement. Scale bar, 1 mm.

(B) The flow structure of the moving dimple.

(C) The flow velocity magnitude on the surface of the DIVA coating under driving magnetic fields of 100, 200, and 300 mT.
(D) The flow velocity magnitude on the surface of the DIVA coating under a motor motion speed of 10, 20, and 30 mm/s
(E) The velocity distribution of the moving dimple (30 mm/s).

(F) The velocity distribution of the moving plate (30 mm/s).

(G) Comparison of the wall shear for the moving dimple and moving plate.

as the moving direction is opposite. The corresponding flow peak flow velocity in the x axis direction is ~450 pm/s. The flow
velocity on the DIVA coating is presented in Figure S5B. The velocity in the x axis and z axis directions exhibits periodic
peak flow velocity in the z axis direction is ~600 pm/s, and the changes together with the cyclic motion of the magnet array
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(Figure S5C). The visualized flow velocity field demonstrates
the generation of vortices on the DIVA surface with a continuous
propagation of dimple deformation. In addition, the propagation
of reciprocating and repetitive dimple leads to the generation of
global vortices along the x axis direction on the DIVA surface.

Further, we investigated the effects of the magnetic field den-
sity and the motion speed of the magnet array on the interfacial
vortex. Specifically, the magnetic field intensity can be regulated
by adjusting the distance between the magnet array and the DIVA
coating, while the motion speed of the magnet array can be regu-
lated by the stepper motor along the x axis direction. With a fixed
speed of 30 mm/s, the average magnitude of the flow velocity
(Figure 4C) on the DIVA surface is 146.6, 245.8, and 452.5 pm un-
der magnetic fields of 100, 200, and 300 mT, respectively. This
result demonstrates that the flow velocity increases with the
magnetic field intensity under the same motion speed, as, corre-
spondingly, the depth of the dimple increases with the magnetic
field intensity as well (Figure 3F). With a fixed magnetic field inten-
sity of 300 mT, the average magnitude of the flow velocity on the
DIVA surface is 136.9, 305.4, and 586.7 pm under a motor motion
speed of 10, 20, and 30 mm/s, respectively. The flow velocity
increased by ~4 times as the motor speed increased from 10
to 30 mm/s (Figure 4D). Therefore, in order to generate a stronger
vortex for preventing microbial attachment on the DIVA, it is sug-
gested that a larger dimple deformation and higher motion speed
of the dimples are preferred. These application requirements also
help to determine the parameter of DIVA material synthesis: soft
polymer matrix (PDMS:silicone oil = 1:2), low mechanical hyster-
esis, and high magnetic response (magnetized NdFeB particle
content: 40%).

To analyze the wall shear on the moving dimple, the numerical
simulation of the wall shear on the DIVA surface was performed
with the ANSYS Fluent software. We simulate the motion of the
dimple and the plate separately (Figures 4E and 4F). The simula-
tion results show that the average wall shear stress on the mov-
ing dimple is ~10 times that on the moving plate (Figure 4G); this
is because the vortex induced the moving dimple substantially
increases the surface shear stress, further enhancing its anti-
fouling ability. In contrast, the moving plate’s lower and more
uniform shear stress provides limited mechanical cleaning.
Therefore, the moving dimple geometry is more effective in anti-
fouling applications. A few studies®®' on this fluid shear effect
found that the bacterial attachment decreased as shear stress
increased. These studies also indicated that this shear effect is
species and surface dependent. The critical shear can be in a
wide range, from 10 to 1,000 mN/m?2. For example, the critical
shear stress for Escherichia coli, Staphylococcus aureus, Pseu-
domonas aeruginosa, and Staphylococcus epidermidis was
~850, 1,000, 1,100, and 2,700 mN/m?, respectively, on a pristine
silicone rubber surface.®>° In our study, bacterial adhesion on
the DIVA surface decreases by ~4.5 times compared to the
silicone rubber (Figure 2D). This means the required shear stress
on DIVAforE. coli, S. aureus, P. aeruginosa, and S. epidermidis is
reduced to 190, 220, 240, and 600 mN/m?, respectively. More
importantly, the DIVA can develop a high wall shear stresses of
~960 mN/m? (Figure 4G), which is higher than all of these
required shear stresses to prevent bacterial fouling. Shear stress
can effectively influence microbe settlement and corresponding
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biofilm formation,*® as our experiment results and analysis indi-
cate. There could be other factors that can also promote cell
detachment and biofilm delamination, in particular in biological
species; for example, dolphin skin dynamic wrinkles.?®

The antifouling and fouling release testing of the DIVA
coating

To test the antifouling performance of the DIVA coating, we
select E. coli as the signature microbial. An E. coli cell suspen-
sion with a concentration of optical density 600 (ODggg) of 0.1
was cultured on a static surface and DIVA surfaces with different
operational conditions for 12 h. The experimental platform of the
E. coli-resistant assay of the DIVA coating is depicted in
Figure S6. During the antifouling experiment, the reciprocating
speed of the y axis stepper motor was set to 5 mm/s to ensure
that the magnetic field-responsive dynamic deformation could
fully cover the entire coating surface (see details in methods).

To obtain optimal antifouling operation parameters, we sys-
tematically investigated the effects of the driving magnetic field
intensity (B: 100, 200, and 300 mT), motor motion speed (V,:
10, 20, and 30 mm/s), and magnet unit area (a: 25, 100, and
225 mm?) (Figure S7) on the antifouling performance of the
DIVA surface. As shown in Figure 5A, the DIVA dynamic surfaces
exhibited a greatly enhanced antifouling performance compared
to that of the static surface. With fixed moving speed and magnet
size (Vx = 30 mm/s and a = 25 mm?), the areal coverage of
bacteria on the DIVA surface decreased with the increase in
magnetic field intensity B (Figure 5B). With fixed magnetic field
intensity and magnet size (B = 300 mT and a = 25 mm?), the areal
coverage of bacteria on the DIVA surface decreased with the in-
crease of the magnetic array moving speed V, (Figure 5C). With
fixed magnetic field intensity and moving speed (B = 300 mT and
V=30 mm/s), the areal coverage of bacteria on the DIVA surface
decreased with the decrease in magnet size a (Figure 5D).

To further examine the antifouling performance of the DIVA
coating, we also analyzed the effects of the antifouling operation
parameters (B, V,, and a) on the colony-forming units (CFUs) on
the surface of the DIVA coating. Likewise, the CFUs on the static
surface were much higher than on the DIVA surface (Figure S8),
which further proves that the DIVA coating has better antifouling
performance. With a fixed moving speed and magnet size (V, =
30 mm/s and a = 25 mm?), the CFUs on the surface of the
DIVA coating decreased with the increase in B (Figure S9A).
With fixed magnetic field intensity and magnet size (B = 300
mT and a = 25 mm?), the CFUs on the surface of the DIVA coating
decreased with the increase in V, (Figure S9B). With fixed mag-
netic field intensity and moving speed (B = 300 mT and V, =
30 mm/s), the CFUs on the surface of the DIVA coating increased
with the increase in a (Figure S9C). These experimental results
suggest an optimized external magnetic stimulation condition:
(1) higher magnetic field intensity (B = 300 mT), (2) faster magnet
array moving speed (V, = 30 mm/s), and (3) smaller magnet size
(a = 25 mm?). With greater B and V,, the velocity and vorticity of
the induced vortices on the DIVA surface increase, which is more
effective to prevent bacterial adhesion.

With the optimized stimulating magnetic field, we further
explored the antifouling and the fouling-release performance of
the DIVA surface with extensive fouling time. In particular, areal
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Figure 5. The effects of the operation parameters (B, V,, and a) on the antifouling performance of the DIVA coating

(A) Confocal microscopy images of stained E. coli cells cultured (12 h at 37°C) on the static control surface and the DIVA coating surfaces with different operation
parameters: (i) static control surface; (i) B = 100 mT, V, = 30 mm/s, and a = 25 mm?; (iii) B = 200 mT, V, = 30 mm/s, and a = 25 mm?; (iv) B = 300 mT, V, = 30 mm/s,
and a = 25 mm?; (v) B = 300 mT, V, = 10 mm/s, and a = 25 mm?; (vi) B = 300 mT, V, = 20 mm/s, and a = 25 mm?; (vii) B = 300 mT, V, = 30 mm/s, and a = 225 mm?;

(viii) B = 300 mT, V, = 30 mm/s, and a = 100 mm?. Scale bars, 20 um.

(B-D) The areal coverage percentage of the E. coli cells on the DIVA coating after antifouling testing with different operation parameters: (B) driving magnetic field
intensity, (C) motor motion speed, and (D) magnet unit area. The error bars indicate the standard error obtained from 5 independent measurements.

coverage percentage and CFUs were used as the representative
parameters to characterize the amount of the attached E. coli.
Areal coverage percentage describes the total bacterial
coverage in a two-dimensional manner; while CFUs characterize
the total bacterial cells attached on the surface.

In the antifouling experiment, we simultaneously started the
moving magnetic field when sterilized DIVA surfaces were
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placed in a high-concentration E. coli. solution, followed by incu-
bation for 24 h. After 10 min, 1 h, and 24 h, we extracted the DIVA
surface from the bacterial solution and measured the amount of
bacteria on the surface. As shown in Figures 6A and S10A, the
CFUs and areal coverage of E. coli cells on the DIVA coating after
the antifouling test sharply decreased with time. Whent > 1 h, the
areal coverage of E. coli cells was <1% (Figure 6B), and the CFUs
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Figure 6. Antifouling and fouling release testing of the DIVA coating with optimal operation parameters (B = 300 mT, V, = 30 mm/s, and a =
25 mm?)

(A) Confocal microscopy images of the stained E. coli cells on the DIVA coating after antifouling tests with different magnetically actuated times: (i) t = 0.167 h,
(i) t =1 h, and (jii) t = 24 h. Scale bars, 20 pm.

(B) The areal coverage of the E. coli cells on the DIVA coating after antifouling testing vs. the magnetically actuated time.

(

C) The CFUs of the E. coli cells after antifouling testing vs. the magnetically actuated time.

(D) After E. coli cells were cultured on a static surface for 24 h at 37°C, confocal microscopy images of the stained E. coli cells on the DIVA coating were taken after
fouling release tests with different magnetically actuated times: (i) control sample (t = 0 h), (i) t = 1 h, and (jii) t = 24 h. Scale bars, 20 pm.

(E) The areal coverage of the stained E. coli cells on the DIVA coating after fouling release testing vs. the magnetically actuated time.

(F) The CFUs of the E. coli cells on the DIVA coating after fouling release testing vs. the magnetically actuated time.
(

G and H) The areal coverage percentage of E. coli, S. aureus, P. aeruginosa, and C. albicans on the surface of the DIVA coating: (G) after antifouling testing for 24 h
and (H) after fouling release testing for 24 h.

The error bars indicate the standard error obtained from 5 independent measurements.
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on the DIVA coating remained at 10%/mL (Figure 6C), with an anti-
fouling efficiency exceeding 98%.

In the fouling release experiment, the DIVA coating samples
were immersed in the E. coli cell suspension incubated at 37°C
for 24 h for the biofilm formation.>” Then, the DIVA surfaces
were continuously magnetically actuated with optimal antifouling
parameters (B = 300 mT, V, =30 mm/s, and a = 25 mm?). Similarly,
we found that the DIVA surface can efficiently keep the bacterial
coverage area percentage at <10% within 1 h and effectively re-
move >90% of the biofilm within 24 h of actuation, as shown in
Figures 6D-6F. The areal coverage of E. coli on the DIVA surface
rapidly decreased in the first hour (Figure 6E). In addition, the
CFUs of E. coli cells on the DIVA surface maintained at an
extremely low level after the first hour (Figures 6F and S10B).
For the antibacterial test, when the antifouling time (magnet move-
ment time) is > 0.5 h, the antifouling efficiency exceeds 90%. The
antifouling effect of the DIVA can almost instantly keep the surface
free from bacteria settlement when the interfacial vortex continues
moving at the optimized operation parameters. As shown in
Figure S11, if the antifouling time is extended, then an antifouling
efficiency of >99% can be achieved. When the antifouling time is
greater than 48 h, the antifouling efficiency (E. coli) is greater than
99.5%. To make the experiment more convincing, the concentra-
tion of the bacterial solution sample we used during the experi-
ment (ODgqo of 0.1) was ~100 times higher than the clinical bac-
terial infection standard. When t > 36 h, the areal coverage of
E. coli cells in the fouling release test was <1% (Figure 6B), and
the CFUs on the DIVA coating remained at <10%mL in a high-con-
centration bacterial environment (Figure 6C), which is below the
clinical standard for bacterial colonization.*

Different types of antibiofilm assays were performed, including
E. coli (gram-negative bacterium), S. aureus (gram-positive bacte-
rium), P. aeruginosa (drug-resistant bacterium), and C. albicans
(fungus). The antifouling and fouling release testing of the DIVA
coating was conducted with optimal operation parameters: B =
300 mT, V, = 30 mm/s and a = 25 mm?. Figure S12 demonstrates
the antifouling and fouling release performance of the DIVA surface
with E. coli, S. aureus, P. aeruginosa, and C. albicans. For the
fouling release performance, after 24 h of DIVA stimulation, the
areal coverage percentages of E. coli (Figures S12A(i), Alii), and
S12B), S. aureus (Figures S12C(i), C(ii), and S12D), P. aeruginosa
(Figures S12E(i), E(ii), and S12F), and C. albicans (Figures S12G
(i), G(ii), and S12H) dropped from 24.8%, 18.9%, 21.1%, and
17.8% to 1.5%, 1.2%, 1.5%, and 0.9%, respectively. The fouling
release rate can reach 93%-95% for various microbes. For the
antifouling performance, in a continuous DIVA stimulation for 24
h, the areal coverage percentages of E. coli (Figures S12A(jii) and
S12B), S. aureus (Figures S12C(iii) and S12D), P. aeruginosa
(Figures S12E(ii)) and S12F), and C. albicans (Figures S12Giiii)
and S12H) remained extremely low: 2.1%, 0.9%, 1.1%, and
1.6%, respectively. The antifouling efficiency can reach 98%,
which is higher than most static antifouling strategies. Further-
more, the antifouling tests of ~72 h for E. coli., S. aureus,
P. aeruginosa, and C. albicans are shown in Figure S13, which re-
veals that the long-term antifouling efficiency against E. coli,
S. aureus, P. aeruginosa, and C. albicans exceeds 95%. More
importantly, the magnetic driving time does not affect the growth
of the E. coli cells with the same concentration, indicating that
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the DIVA coating does not alter the physiological characteristics
(drug resistance) of the E. coli cells (Figure S14).

Therefore, the designed DIVA coating can effectively prevent
various types of bacteria, including E. coli., S. aureus,
P. aeruginosa, and C. albicans, with both antifouling and
fouling-release efficiency of 95%-99% (Figures 6G and 6H).
We can anticipate that the DIVA technology has broad potential
for applications associated with microbial fouling.

We further tested the environmental stability of the DIVA by
soaking it in hydrochloride acid for a week and by heating it at
150°C for 3 days. The acid soaking had no impact on the anti-
fouling property of the DIVA coating, as it remained at 98% anti-
fouling efficiency after a week in acid (Figure S15A). In addition,
the DIVA coating still demonstrated an antifouling efficiency of
>95% after heating at 150°C for 3 days (Figure S15B). We also
applied mechanical abrasion to the DIVA coating (see details in
methods). As shown in Figure S16A, there were some scratches
on the coating surface after the abrasion (Figure S16A(ii)). When
re-swelling with silicone oil, the abraded DIVA surface reverted to
the same smooth surface (Figure S16A(iii). After fouling release
and antifouling tests, the areal coverage percentage decreased
from ~36% to ~3.8% and 3.6%, respectively (Figure S16B).
The antifouling efficiency of the DIVA coating after abrasion
exceeds 85%, while the interface re-swelling can restore its
antifouling and fouling release efficiency back to >98%
(Figure S16C). In addition, we extended the microbe fouling
time to 7 days for E. coli and S. aureus. The areal coverage per-
centage of E. coliand S. aureus (Figure S17) was 1.5% and 1.9%
on the DIVA compared to control surfaces at 50.5% and 46.8%,
respectively. The long-term (7-day) antifouling efficiency against
infectious microbes exceeds 95%.

Furthermore, we used a marine alga, Platymonas subcordifor-
mis, as the biofoulant to test the antifouling performance of the
DIVA in a marine environment. In particular, the coverage area
percentage of marine algae on the control sample and DIVA after
7 days of submerging in the fouling solution is 52.8% and 1.2%,
respectively (Figure S18). The control surface was a flat PDMS.
The antifouling efficiency of DIVA toward marine algae can reach
>97%, which is higher than many static anti-marine fouling
methods.”*° This result indicates the potential of the DIVA tech-
nology to be implemented in the maritime industry.

More importantly, the long-term movement of the magnetic
field does not cause a temperature change (Figure S19).
Because the magnetic soft material based on NdFeB has a nar-
row hysteresis loop and minimal hysteresis loss (Figures 2A and
2B). The antifouling durability of our DIVA technology depends
on the residual magnetism of the internal magnetic particles after
magnetization. Therefore, as long as the external driving mag-
netic field strength (<300 mT) is less than the coercive force of
the magnetic particles (NdFeB > 600 mT), the magnetic driving
deformation of the DIVA coating remains basically unchanged.
In addition, the low adhesion property of the DIVA can also be
reserved for years based on previous studies.**™*?

DISCUSSION

In summary, we developed a DIVA strategy to effectively and
efficiently achieve both antifouling and fouling release by a
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magnetic-responsive soft elastomer with interfacial lubrica-
tion. The optimized DIVA surfaces can rapidly respond to a
magnetic field and dynamically generate high-aspect-ratio
dimples, which produce vortices and shear flow to prevent
any microbial attachment. The experimental results demon-
strated that NdFeB particles in the elastomer with directional
saturation magnetization can achieve larger magnetic
field-responsive deformation than Fe3;O,4 or other magnetic
particles. Through thorough mechanical analysis of DIVA
materials with different compositions, an optimum DIVA
with an NdFeB content of 40 wt % and a PDMS-to-silicone
oil ratio of 1:2 was determined. With further interfacial lubrica-
tion, the adhesion strength of the DIVA to various solid sur-
faces was reduced by >5 times. The numerical simulation
results of the wall shear on the DIVA surface show that the
average wall shear on the moving dimple was ~10 times
that on the moving plate, which confirms that the moving
dimple geometry is more effective in antifouling applications.
The visualized flow measurements and the antifouling experi-
ments simultaneously optimized the condition for an effective
DIVA antimicrobial strategy. The numerical simulation results
of the wall shear on the DIVA surface show that the average
wall shear on the moving dimple was ~10 times that on the
moving plate. The DIVA strategy is capable of keeping sur-
faces clean with <2% microbial attachment in a high-concen-
tration bacterial incubation environment for a long period of
time. Further, it can remove 90% of biofilms and keep sur-
faces with <10% fouling in 1 h. Such simultaneous antifouling
and fouling release performance cannot be achieved by
state-of-the-art passive antimicrobial surfaces. More impor-
tantly, this strategy requires minimal energy input and does
not cause any drug resistance.

The DIVA material is a super-elastomer composed of mag-
netic nanoparticles and silicone with the largest deformation
of ~50% of compression under a magnetic field of 300 mT.
As long as the external driving magnetic field intensity
(<300 mT) is less than the coercive force of the magnetic par-
ticles (NdFeB > 600 mT), the magnetic field-responsive defor-
mation of the DIVA coating remains unchanged. Therefore, the
DIVA coating is estimated to have a highly sustained anti-
fouling activity. Although this work only focuses on using mag-
netic fields to control the surface deformations of coatings,
other actuation methods (ultrasound, electric field, light field,
and thermal field) can also be used to achieve surface defor-
mation of coatings, enabling a broader range of applications
in the future. In addition, the DIVA strategy is estimated to
cost only $0.05/m?/day for a continuous antifouling perfor-
mance, which is 18 times cheaper than using current alcohol
sterilization (see the detailed cost analysis in Note S1 and
Table S1). Such a comparison is particularly valuable for the
aquaculture industry, which usually uses UV or antibiotics
for treating salmonid pathogens.**

In particular, zwitterionic polymer surfaces can form a sta-
ble hydration layer.”*** This ordered water layer is highly
effective to prevent protein adhesion, which has been used
by microbes to adhere on surfaces and to form biofilms. Mag-
netic micro-robots are stimulated to fracture biofiims and
achieve a fouling release performance of ~70%,°>“° but
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they cannot prevent biofouling. The mechanical biocidal effect
from high-aspect-ratio nanostructures takes inspiration from
dragonfly wing surfaces and is able to achieve antifouling up
to 80% in a harsh fouling environment.'>?%?! Slippery
liquid-infused porous surfaces (SLIPSs) can release bacterial
fouling by its extreme low surface adhesion. As the bacterial
solution is not static, SLIPSs can even achieve almost no
fouling.'>?%4° Dynamic surface deformation has also been
proposed to prevent biofouling. Such deformation can be
stimulated from an electric®® or magnetic®* field. Although
this method can reach ~90% antifouling, it cannot effectively
prevent biofouling.

More importantly, the DIVA method is 4 orders of magnitude
more durable than using alcohol sterilization*” or mechanical
biocide nanostructures'®?%?" and 2 to 5 times more durable
than state-of-the-art methods, including zwitterions,***°
SLIPSs, 22849 YV sterilization,*® magnetic robots,?**® and dy-
namic surface deformation®>>* (Figure 7B). Therefore, we antici-
pate that the DIVA antimicrobial strategy can start a new sustain-
able chapter for preventing microbial fouling in a wide range of
industrial, medical, and household settings.

METHODS

Materials

Ecoflex 00-30 was purchased from Smooth-on (USA). NdFeB
microparticles with average sizes of 1-56 pm were purchased
from Shanghai New Materials (China). SYLGARD 184 and sili-
cone oil with a viscosity of 100-5,000 cSt was purchased from
Dow Corning (USA).

Preparation of the DIVA coating

10 g Ecoflex 00-30 part A, 10 g Ecoflex 00-30 part B, and 40 g
silicone oil with a viscosity of 1,000 cSt were sequentially
added to a 100 mL beaker and fully mixed and debubbled
by using a planetary centrifugal mixer (AR-100 THINKY; mix-
ing protocol, 1 min; defoaming, 1 min). Then, 40 g NdFeB mi-
croparticles were added to the Ecoflex/silicone oil mixture,
followed by stirring at 1,000 rpm for 5 min and vacuum de-
foaming. Next, the DIVA solution was uniformly spin coated
onto a substrate at a speed of 100 rpm to prepare the DIVA
coating with thickness of 5 mm and left to stand at room tem-
perature for 5 min. The substrate can be metal, ceramic,
glass, wood, or plastic. After spin coating, the DIVA sample
was transferred to a vacuum oven and cured at 80°C for 2 h
under a vacuum. After the magnetic soft composite solution
was completely cured, a magnetic field of ~2 T was applied
to magnetize the embedded NdFeB microparticles to satura-
tion, followed by spraying a thin layer of silicone oil with a vis-
cosity of 10 ¢St for interface swelling for ~2 h to complete
DIVA coating.

Adhesion measurement

The effective contact area in this test is 0.01 mm? with a loading
force of 10 N. After 30 s of relaxation, the testing surface is pulled
away from the planar surfaces with a speed of 10 mm/min. Dur-
ing this pulling process, normal forces are recorded with time,
and the maximum force is regarded as the adhesion force. The
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Figure 7. Comparison of different antifouling and fouling release strategies for performance, durability, and biocompatibility

(A) Anti-fouling and fouling release performance of different strategies, including zwitterion,
and our DIVA technology.

infused porous surfaces (SLIPSs),'??%“? dynamic deformation,?>*

(B) Durability and biocompatibility among different antifouling strategies, including zwitterion,
ethanol sterilization,*” UV light treatment, *® and our DIVA technology. The biocompatibility is quantified by the microbe live rate when in

dynamic deformation,®?*

contact with the surface or the materials used for antifouling.

adhesion strength is calculated as adhesion force divided by the
contacting area.

Visualized flow measurement

The visualized flow measurement experimental setup consists
of a solid-state laser, a high-speed camera, a rectangular
transparent container with DIVA coating at the bottom, and
a magnet array installed on a stepper motor. Polymethyl
methacrylate (PMMA) particles with an average diameter of
20-50 pm were used as tracers. NaCl solution with a mass
concentration of 0.5 g/mL with 0.5 mg/mL PMMA particles
was added to the container. A high-speed camera with an
effective pixel size of 10 um was used to capture continuous
images of the fluid at a frame rate of 100 fps and an exposure
time of 1/300 s. The PIVlab plugin in MATLAB was used to
process the particle images trace captured by the high-speed
camera, thereby obtaining instantaneous velocity field infor-
mation for analyzing the fluid flow near the deformation
area. Four magnets form a rectangular shape, and the center
of them generates a single dimple on the DIVA surface. The
magnetic field intensity is 300 mT. A linear cyclic motion is
applied to this dimple with a constant speed of 30 mm/s
and a moving distance of 60 mm.

Numerical simulation of the wall shear

To analyze the wall shear on one moving dimple, the commercial
CFD software ANSYS Fluent is used based on the Reynolds-
averaged Navier-Stokes method. The moving velocity of the
dimple and the control plate is set as 30 mm/s. Based on the
moving velocity and diameter of the dimple, the Reynolds num-
ber is set to ~50. When the water flows through the dimple, even
if the overall Reynolds number is low, local turbulence may be
triggered by the moving boundary. We adopt the condition of a
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moving boundary, so the k - € turbulence model is generally
adopted in the present work.

Antibacterial assay

E. coli cells were cultured in 5 mL lysogeny broth (LB) medium
(LB broth Miller) using an incubator shaker (Blue Pard, China)
at 200 rpm and 37°C for 12 h, and then the bacterial concen-
tration was measured using a P4 UV-visible spectrophotom-
eter (MAPADA, China) at a wavelength of 600 nm (ODggo)
to obtain an ODggo of 0.3. Next, the suspended culture
medium was separated by a centrifuge (Beckman Coulter
Genomics, USA) at a speed of 4,000 rpm for 5 min and re-
placed with a new culture medium. The bacteria were cultured
at 37° C for 2 h, and then the concentration was adjusted to
ODGOO of 0.1.

For antifouling testing, the DIVA coating samples were
sprayed with alcohol (70 vol %), followed by irradiation with a
UV lamp (50 W, 365 nm) for 2 min. Then, the DIVA coating sam-
ples were immersed in a bacterial suspension for different times
at 37°C. During this process, the DIVA coating samples were
continuously magnetically actuated with a different magnetic
field intensity (B), motor motion speed (V,), and magnet unit
area (a). We can obtain optimal antifouling operation parameters
through extensive experiments. For fouling release testing, the
DIVA coating samples were immersed in the bacterial
suspension, followed by incubation for 24 h at 37°C. After incu-
bation for 24 h, the DIVA coating samples were continuously
magnetically actuated with optimal antifouling operation
parameters.

To quantify the areal coverage, the DIVA coating samples
were prepared in multiple groups and incubated simulta-
neously under the same conditions. After antifouling and
fouling release tests with different operation parameters (B,
V., and a) were completed, the DIVA coating samples were
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rinsed three times with phosphate-buffered saline (PBS), and
then the DIVA coating samples were stained using a fluores-
cent labeling reagent (excitation wavelength, 488 nm). The
stained samples were kept in a dark environment at room
temperature for 30 min and rinsed twice with PBS solution.
Next, the samples were monitored with a high-resolution laser
confocal microscope (Leica, STELLARIS 5). Subsequently, the
areal coverage of the stained bacteria was analyzed using
Imaged software.

For the CFU assay, after completing antifouling and fouling
release testing with different operation parameters, the DIVA
coating samples were rinsed three times with PBS solution,
transferred into a beaker containing 10 mL sterile PBS, and
sonicated in a water bath for 2 min at 350 Hz to remove all bac-
teria from the surface of the DIVA coating samples. The serially
diluted bacterial solution was plated on an LB agar surface and
incubated for 24 h at 37°C. Finally, the grown bacteria were
counted to quantify the CFUs.

Algae fouling experiment

15 mL of seawater and culture medium were added to two
Petri dishes containing DIVA coating samples. Then, 5 mL of
P. subcordiformis was added to each dish. We gently mixed
the algae, avoiding vigorous shaking that could lead to cell
damage and death. The experimental group of DIVA coating
samples was continuously magnetically actuated with optimal
antifouling operational parameters, while the control group was
maintained without magnetic actuation under the same environ-
mental conditions. The samples were cultured at room tempera-
ture with a 12-h light cycle for 7 days. After 7 days, the seawater
containing the algae was removed, and the surfaces of the DIVA
coating samples were gently rinsed three times with seawater.
Subsequently, the samples were monitored with an optical mi-
croscope, and the algal coverage area was analyzed using Im-
aged software.

Abrasion test

The Taber abrasion test was performed using a 5750 linear
abrader from Taber Industries. We used the maximum abrasion
speed of 60 cycles/min with a 50 mm travel distance per cycle, a
harsh abrader (CS-10), and high loading weight (350 g). The
abrader was roughened before all abrasion tests, following the
instructions from Taber Industries. Each Taber abrasion test
used a newly prepared abrader.
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