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Biofouling of tubular fluidic devices limits the stability, accuracy, and long-term uses of lab-on-a-chip
systems. Healthcare-associated infection by biofilm formations on body-indwelling and extracorporeal
tubular medical devices is also a major cause of mortality and morbidity in patients. Although diverse
antifouling techniques have been developed to prevent bacterial contamination of fluidic devices based on
antimicrobial materials or nanoscale architectures, they still have limitations in biocompatibility, long-term
activity, and durability. In this study, a new conceptual tubular fluidic device model that can effectively
suppress bacterial contamination based on dynamic surface motions without using bactericidal materials
or nanostructures is proposed. The fluidic device is composed of a magneto-responsive multilayered
composite. The composite tube can generate dynamic surface deformation with controlled geometries
along its inner wall in response to a remote magnetic field. The magnetic field-derived surface wave
induces the generation of vortices near the inner wall surface of the tube, enabling sweeping of bacterial
cells from the surface. As a result, the dynamic composite tube could effectively prevent biofilm formation
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Introduction

Biofouling of the inner walls of fluidic channels hinders the
stable long-term cell culture in microfluidic cell culture devices
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and also limits accurate biological and chemical analysis in
diverse lab-on-a-chip systems."? Also, biofilm formation on the
surface of medical devices is a major cause of healthcare-
associated infections (HAIs), leading to severe morbidity and
mortality in patients.® Among several types of HAIs, more than
50% occur due to implanted medical fluidic devices such as
urinary, vascular, and central line catheters, as well as respira-
tory ventilators.*

To prevent the biofouling of fluidic systems, diverse strate-
gies have been developed; these include vibroacoustic
stimulation,” surface coating with hydrogel® or a quorum
sensing inhibitor,” and surface modification with bactericidal
materials such as silver alloys,® nanoparticles,” and nitrous
oxide.'® However, many of these have limited biocompa-
tibility and long-term stability which hinders their practical
application.'" Bioinspired nanostructures and polymeric mate-
rials have been developed via a biocompatible and sustain-
able antifouling strategy; these include a lotus leaf-inspired
superhydrophobic surface,">™* insect wing-inspired nano-
structure,”™” slippery liquid-infused surface (SLIPS),"®'® and
membrane-mimicking zwitterionic polymers.”>*! Although
these bioinspired approaches have demonstrated remarkable
bio- and eco-friendly antifouling capabilities against various
bacterial species, they have mostly focused on the static struc-
tures or material aspects of nature. The bioinspired micro/nano
structures and materials can also be degraded, fractured, or
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irreversibly fouled under long-term exposure to a fouling
environment.

In contrast to the static nanostructures or materials, diverse
living systems such as living cells,*** blood vessels,* bronchiole
tubes,>»** glands,”® intestines,”””® plant xylem,”® and marine
organisms (e.g, Batoidea, mollusks, seaweeds, mussels, and
sharks)*>*' are efficiently able to resist surface-fouling for a
prolonged period of time based on their dynamic actuating
motions without using toxic chemicals. Inspired by the remark-
able antifouling properties of the dynamic natural materials,
recent studies have demonstrated that repeated cyclic wrinkling
and unwrinkling can induce delamination of a biofilm adhered
to surfaces.?***?* When the surface wrinkles, the adhered biofilm
deforms conformally while the change in surface curvature
induces a build-up of elastic energy. Beyond a certain curvature,
the increase in elastic energy forces delamination of the adhered
biofilm from the wrinkled surface.>* In addition to the surface
wrinkling, dynamically actuating cilia structures have also been
used to mechanically remove adherent foulants from surfaces
both in water and air.*

These results demonstrated that dynamically actuating
materials have a strong potential as a new active and efficient
antifouling strategy for biomedical fluidic devices. However,
despite the potential, studies on fouling-resistant fluidic
devices with dynamic surfaces are still in their infancy and
require further exploration. In addition, the antifouling
mechanisms of the previous dynamic materials are mostly
based on the removal of the already-established biofilms rather
than the prevention of the initial bacterial attachment.*®?”
Because mature biofilms are highly difficult to remove,*® fluidic
devices that can fundamentally prevent initial bacterial adhe-
sion could lead to the development of a more safe and efficient
pathway towards the development of advanced fluidic and
medical devices.?>*

In this study, a new biofouling-resistant tubular fluidic
device model that can fundamentally inhibit bacterial adhe-
sion based on its dynamic undulatory surface motions is
proposed. The proposed device is composed of magneto-
responsive multiple layers that can generate coordinated
dynamic sinusoidal surface waves along its inner wall. The
dynamic undulatory inner wall motions of the device generate
vortices near the inner surface of the device and therefore,
fundamentally prevent bacterial adhesion on its surface. Up to
99.8% reduction in the formation of biofilm was observed on
the surface of the dynamic tube compared to that of the static
control device, despite being exposed to the bacterial culture
for 14 days. Our findings provide important implications and
principles wherein fluidic devices with dynamic undulatory
surfaces can significantly reduce bacterial contaminations
of diverse lab-on-a-chip devices and indwelling and extracor-
poreal medical devices. Beyond the magnetic field-based
active undulation mechanism, passive approaches that can
generate dynamic surface motion by environmental forces or
internal body forces can be harnessed for the development of
advanced fluidic devices and implants based on the proposed
principle.
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Experimental

Fabrication of the composite tubular device with undulatory
inner walls

The multilayered tube was fabricated sequentially starting from
the inside to the outside (see Fig. S1 for the detailed fabrication
procedure, ESIT). First, soft polyurethane acrylate (s-PUA) (Minuta
Technology, Republic of Korea) containing a prepolymer (aliphatic
urethane triacrylate oligomer) and a photoinitiator (Irgacure 184,
1-hydroxy-cyclohexyl-phenyl-ketone) was injected into a mold with
a cylindrical hole with a diameter of 6.2 mm.*' A cylinder core bar
with a diameter of 6 mm was placed through the centerline of the
cylindrical hole. The injected s-PUA was cured by a 10 min-
ultraviolet (UV) exposure (A = 250-400 nm, dose = 300 mJ cm™?),
after which the core bar coated with the cured s-PUA layer was
placed into a second mold which had a larger cylindrical hole of a
10 mm diameter. A polydimethylsiloxane (PDMS) and carbonyl
iron (CI) particle mixture solution was then drop-casted into the
2nd mold. The mixture consisted of a PDMS prepolymer (Sylgard
184, Dow Corning Korea, Republic of Korea), PDMS curing agent,
and CI particles (diameter: 1-5 pm, C3518, Sigma Aldrich Korea,
Republic of Korea) with a 100:1.5:150 weight ratio. Thermal
curing of the mixture at 70 °C for 2 h resulted in a uniform
coating of the active magneto-responsive layer (AML) around the
s-PUA layer. After removing the core bar coated with the s-PUA
layer and AML, it was placed into a third mold with a cylindrical
hole with a diameter of 11.4-14.2 mm. A mixture of PDMS
prepolymer-curing agent-silicone oil (002-543-666, LK Lab Korea,
Republic of Korea), with a 50:1: 10 weight ratio, was poured into
the 3rd mold and baked at 70 °C for 2 h to produce the resilient
damping layer (RDL) around the AML. After curing the RDL, the
cured sample was released from the 3rd mold, followed by the
removal of the core bar from the sample. Finally, the sample was
uniformly coated with a polyethylene terephthalate (PET) sup-
porting layer (thickness: ~250 pm, Changsung, Republic of
Korea), which resulted in a multilayered composite tube.

Control and visualization of the undulatory inner wall motions
of the tubular device

For the circular arrangement of the magnetic field around the
tube, 10 rectangular neodymium magnets (size: 10 mm in
width x 5 mm in height x 10 mm in depth, magnetic flux
density: 0.5 T, JL Magnet, Republic of Korea) were inserted and
fixed in a 3D printed magnet holder. This holder was connected
to a linear actuator (MightyZAP, iRROBOT, Republic of Korea),
whose maximum speed and stroke length were 25 mm s~ and
30 mm, respectively. Upon a translation of the magnet, undu-
latory surface waves were generated along the inner wall of the
tube. The fabricated tube was cut in the longitudinal direction
for the visualization of the undulatory motion in a cross-
sectional view. Then, the dynamic motions were observed with
a stereo zoom microscope (Axio Zoom V16, Zeiss, Germany).
To obtain fluorescence images of the surface motion, rhodamine
B (87180-1510, Junsei, Japan) was added to the s-PUA solution of
the innermost wall layer.

This journal is © The Royal Society of Chemistry 2021
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Particle image velocimetry (PIV)

For real-time optical imaging of the fluidic behavior inside the
device with dynamic walls, a PIV experiment was conducted.
Fluorescence tracer particles (PMMA-Rhodamine B-particle,
microParticles GmbH, Germany) (diameter: 20-50 um, density:
1.19 g mL™ ') were added into the working fluid (NaCl solution,
density: 1.19 ¢ mL™'). To generate dynamic motion of the
inside walls, circular arranged magnets were linearly actuated
in the longitudinal direction with the reciprocating speed of
20 mm s~ '. Traces of particles were then monitored using a
stereo zoom microscope (Axio Zoom V16, Zeiss, Germany) and
recorded with a microscope-mounted camera (iXon EMCCD,
Andor Technology-Oxford Instruments, England). The trajec-
tories and the velocity information of particles were analyzed
and extracted using a particle tracking software (Imaris, Bitplane,
Switzerland).

Anti-biofouling assay

In order to analyze the fouling-resistance of the composite tube,
Escherichia coli (E. coli) (ATCC25404, ATCC, USA) was used as a
model foulant. For preparation, E. coli was cultured in 5 mL of
Luria broth (LB Broth Miller, BD Difco, USA) with a shaking
incubator (VS-8480, Vision Scientific, Republic of Korea) over-
night at 200 rpm and 37 °C until optical density measurement
at 600 nm (ODg) reached 0.1. After sterilizing the tube with
70% ethanol and a 1 min-UV exposure, the prepared bacterial
suspension was loaded into the composite tube and incubated
at 37 °C for controlled time intervals. During the incubation,
the undulation of the inner wall of the tube was controlled
using the circular-arranged magnets fixed on the linear actuator.
After the incubation, the innermost wall layer was separated
from the tube, and then washed with phosphate-buffered saline
(PBS). To evaluate bacterial viability, the specimens were stained
with fluorescent labeling reagents (BacLight™, L7012, Invitrogen,
USA). The stained samples were kept at room temperature for
15 min in a dark environment and rinsed three times with PBS
solution. Then, the sample was examined with a multiphoton
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confocal microscope (LSM 780 Configuration 16 NLO, Zeiss,
Germany) and the areal coverage of the stained bacteria was
analyzed using Image]J software (NIH, Bethesda, MD, USA). For
the colony-forming unit (CFU) analysis, the PBS-washed samples
were transferred to falcon tubes with 1 mL of PBS, followed by
vortexing for 5 min. Subsequently, serially diluted bacterial
solutions were plated on LB agar, followed by an 18 h incubation.
The grown bacteria were then counted to quantify the CFUs.

Crystal violet staining assay

For the crystal violet (CV) staining assay, the bacterial suspension
was incubated inside the composite tube for 14 days (336 h) with
and without surface undulations (7= 3 s, H = 0.63 mm) using the
circularly arranged permanent magnets (here, T represents the
periodic time for the reciprocating motion of the surface wave
and H represents the amplitude of the surface wave, see Fig. S5,
ESIT). After the incubation, the tubular device was cut and
unfolded, which was followed by rinsing with PBS solution twice.
The washed tube samples were then submerged in CV solution
for 10 min, followed by washing with deionized (DI) water. The
samples were incubated with 95% ethanol for 15 min. The
ethanol was then mixed and diluted 2 times into a volume of
200 pL in a single well of a 96-well culture plate. Absorbance of
each well was evaluated at 590 nm using a spectrophotometer
(SpectraMax Plus 384, Molecular Devices, USA). The CV test was
performed for three individual samples and the average values
were obtained from the tests.

Finite element analysis (FEA)

For the analysis of interactions between the magnetic field,
deformation of the tube, and the fluidic behavior inside the
tube, FEA was carried out using multiphysics analysis (Comsol
Multiphysics 5.3a, Comsol Inc., Sweden). Over 3300000 free
tetrahedral elements were used for the numerical analysis.

Statistical analysis

Mann-Whitney’s U test was conducted to compare two different
conditions, and Kruskal-Wallis’ H test was performed to compare
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Fig. 1 Design of the composite tubular fluidic device with undulatory inner walls. (a) Tilted and (b) cross-sectional schematic illustrations showing the
concept and structure of the dynamic composite-based tube with enhanced antifouling performance.
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three or more conditions. Values of p < 0.05 were considered
statistically significant.

Results and discussion

The structure of the fluidic device consisted of four layers: the
innermost wall, an AML, a RDL, and the outermost supporting
layer (Fig. 1a and b). The innermost wall layer was made of s-
PUA with a thickness of 100 pm. The AML was made of a
composite of PDMS and CI microparticles (diameter: 1-5 pm).
This layer enables immediate local deformations of the tubular
wall in response to the external magnetic field, without compli-
cated wired connections (Fig. 1a and b). The RDL was composed
of PDMS and silicone oil. The elastic modulus of this layer was
optimized to ~10 kPa to enable depth-wise deformations of the
innermost layer and AML without the outward protrusion of the
damping layer (RDL). The outermost supporting layer was made
of the PET film. This layer passivates the entire multilayered
tubular structure of the device.

When a circular magnet moves along the lengthwise direction
of the tube, the depth-wise deformation of the AML and the
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innermost layer propagates with the magnet (Fig. 1a and b), which
results in the sinusoidal undulatory motions of the inner wall of
the device. These dynamic undulatory surface waves were expected
to prevent a close approach of foulants to the surface by generat-
ing local or global vortices near the inner surface of the device,
and thus enable efficient suppression of biofilm formation in the
tube (Fig. 1b). Experimental results described in the following
sections were conducted in the setup described above.

Fig. 2a shows the deformations of the composite tube wall in
response to an external magnetic field (see Movies S1 and S2,
ESIt). To better investigate the dynamic deformation of the
device, the innermost s-PUA layer was stained with rhodamine
B (Fig. 2a-ii and b). Initially, the device had uniform inner wall
geometry along its length direction without any deformation
(Fig. 2b-i). When a magnet approached the device, the local
inner wall region of the tube, which was close to the magnet,
was deformed in the radial direction with an increased inner
diameter of the tube, by the external magnetic field (Fig. 2b-ii).
This deformation was generated by the AML composite containing
the field-responsive CI particles. During the deformation, the RDL
allows the radial deformation of the inner wall of the tube based
on its low elastic modulus without the protrusion of the outer

Undulatory motion

Undulatory inner wall movements

Fig. 2 Undulatory surface waves generated along the inner wall of the tubular fluidic device. (a) (i) Monochromic and (i) fluorescence cross-sectional
images of the undulatory inner wall motions of the tube in response to the magnetic field. (b) Time-lapse fluorescence images of the undulatory inner
wall motions of the tube induced by the translation of a magnet (T = 3 s) at different times of (i) t = O T, (i) 0.1 T, (iii) 0.25 T, and (iv) 0.4 T. Here, T represents
the periodic time for the reciprocating motion of the wave. The innermost s-PUA layer of the tube was stained with rhodamine B.
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surface of the tube. Upon the lengthwise movement of the
magnet, the local circular deformation of the inner wall pro-
pagates in the longitudinal direction, resulting in sinusoidal
topographical waves (Fig. 2b-iii and iv) (Movies S1 and S2, ESIf).
During the propagation, the elastic RDL enables full restoration of
the deformation.

The amplitude (H) and periodic time (7) of the surface wave are
important factors that can affect the antifouling performance of
the composite tube. T is the periodic time for the reciprocating
motion of the surface wave (Fig. S5, ESIT), which can be adjusted by
modulating the actuating speed of the magnetic field. For a fixed
magnetic field and mechanical property (i.e., elastic modulus) of
each tubular layer, the depth (amplitude, H) of the deformation
could be readily controlled by modulating the thickness of the
RDL. Based on our theoretical analysis (Fig. 3), a thicker RDL
resulted in a greater dimple depth in the inner wall. The deforma-
tion depth (9) is determined by the compressive stiffness (k) of the
RDL. The k and ¢ of the RDL can be determined by

i) B
IRDL
_(0'~A)_(0'-t )
R o

where A and E are the area and elastic modulus of the RDL. These
equations imply that thicker RDL results in lower compressive
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stiffness k£ and thus induce larger deformations ¢ under the same
external stress.*” In addition, a thicker RDL provides more under-
lying spaces deformable to the inner AML. For example, tubular
devices with three different thicknesses of the RDL (tgpy, = 2.1 mm,
1.4 mm, and 0.7 mm) resulted in radial deformations (AR) of
0.63 mm, 0.51 mm, and 0.30 mm, respectively, under an identical
field density (Fig. 3).

The dynamic inner wall motions of the tube can induce
alterations in the fluid behavior inside the device. To investigate
the fluidic behavior inside the tube, we performed PIV measure-
ments of flow inside the tube. For the measurements, NaCl
solution containing microparticles (diameter: 20-50 pm) was
supplied into the tube. The NaCl solution was kept stationary
without flowing in a specific direction and the dimple depth was
maintained at 0.63 mm (H = 0.63 mm). Then, a magnet was
reciprocated along the lengthwise direction (z-direction) with a
periodic time of T =3 s (speed of 20 mm s~ ') (Fig. 4a).

The PIV measurement results showed that the dynamic surface
waves of the tube generated a noticeable vortex near the inner wall
surface of the device (Fig. 4b and Movie S3, ESIY). Initially (¢ = 0 7),
the fluid inside the tube was at rest across the device. When a
dimple was generated by the magnet, outward fluid flow was
generated by the newly generated dimple (¢ = 0.1 7). When the
magnet was placed at the next position, the previously generated
dimple was restored into the original un-deformed state while
another outward fluid flow was generated on the newly generated
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Fig. 3 Finite element analysis (FEA) of the deformation behavior of the composite tube under magnetic field. (a) Longitudinal views showing the
simulated deformation behaviors of the tube with different thicknesses of RDL (i: 2.1 mm, ii: 1.4 mm, iii: 0.7 mm) and (b) their enlarged views. (c) Cross-
sectional views showing the simulated deformation behaviors of the multilayered tube with different thicknesses of the RDL (i: 2.1 mm, ii: 1.4 mm,

iii. 0.7 mm) and (d) their enlarged views.
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Fig. 4 Experimental analysis of the fluidic behavior inside the composite tube with dynamic walls (H = 0.63 mm, T = 3 s). (a) A schematic diagram of the
experimental set-up and the planes of interest for the particle image velocimetry (PIV) experiment. (b) (i) Time-lapse fluorescence images showing the
trajectories of tracer particles inside the tube with dynamic walls and (ii) their enlarged views. Colors of the trajectory lines indicate speed of each particle.
(c) Velocity components of the flow in the radial (V,), and longitudinal (V,) directions at (i) the wall (r = 2.5, z = 0) and (ii) center (r = 0, z = 0) of the dynamic

tube.

dimple (¢ = 0.25 T). Accordingly, this sequential dimple propaga-
tion resulted in the generation of a vortex along the inner surface
of the tube (¢ = 0.4 T). Fig. 4c shows the particle velocity in the
radial (V,) and longitudinal (V) directions at the wall (r = 2.5,z =0,
Fig. 4c-i) and center (r = 0, z = 0, Fig. 4c-ii) of the tube during the
propagation of the dimple. The particle near the dynamic wall
exhibited remarkable changes in both, the magnitude and direc-
tion (Fig. 4c-i), while the particle at the center of the tube showed
nearly zero velocity with minimal variations (Fig. 4c-ii). This result
indicates that foulant particles near the dynamic tube wall would
be engulfed in strong vortices and thereby cannot be easily
attached onto the device wall.

To further investigate the fluidic behaviors inside the
dynamic tube, numerical analyses were conducted using FEA.
Governing equations of the fluidic behavior inside the device
model were defined by the dynamic and kinematic coupling of
stress tensors at the interface of fluid and solid domains.*®
Each end of the internal channel is set as an open boundary.
The FEA confirmed that the dynamic surface waves of the tube
resulted in significant changes in the velocity field of the fluid
(Fig. S2a, ESIt) and vortex generation (Fig. S2b, ESIT) on the
dynamic inner wall surface, which were overall in sufficient

1720 | Soft Matter, 2021, 17,1715-1723

agreement with the experimental observations. The FEA further
showed that surface waves with higher amplitudes H and lower
periodic times T resulted in higher vorticity (Fig. S3, ESIT). Note
that the vortex generated by the surface waves did not disturb
the overall fluid flow through the tube (Fig. S4, ESIT).

To investigate the fouling-resistant properties of the tube
with undulatory surfaces, E. coli cells were cultured on the
dynamic s-PUA surfaces with undulatory waves of different
periodic times (7 = 3, 20, 60 s) and amplitudes (H = 0.30,
0.51, and 0.63 mm) for 18 h. E. coli cells were also cultured on a
static surface as a control (T = o). Highly dense E. coli cells
were observed on the static tubular surface, as indicated by the
green color of the confocal microscopy image (Fig. 5a-1, i).

When the device surface underwent a dynamic undulatory
motion, the number of adhered bacterial cells was noticeably
lower than that on the static surface (Fig. 5a-l, ii-vi). The
surface fouling was significantly reduced as the periodic time
(T) of the surface wave decreased from 60 s to 3 s for a fixed
amplitude (H = 0.63 mm) of the wave (Fig. 5a-, ii-iv). According
to the areal coverage (AC) analysis, the tube with dynamic walls
of T'=60, 20, and 3 s (H = 0.63 mm) exhibited 43.3, 85.4, and
93.2% lower AC values, respectively, than those of the tube with

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Antifouling properties of the tube with a dynamic inner wall. (a) Confocal microscopy images of the E. coli cultured (18 h at 37 °C) inside the tubes
with the s-PUA (top-row) and PEGDMA (bottom-row) innermost layers under different undulating conditions (T and H). (b) Areal coverages and (c) CFU of
the live E. coli cultured in the different static and dynamic tubes. The data were analyzed using Mann—Whitney U test (red) or Kruskal-Wallis" H test (blue)
(h=5*p < 0.05 ***p < 0.001). (d) Contact angle of water droplets on the (i) s-PUA and (ii) PEGDMA surfaces.

static walls (Fig. 5b). This is because a faster surface undulation
(lower T) resulted in more severe shear stresses and vortex, thus
inhibiting a close access and attachment of planktonic bacteria
to the device surface, as demonstrated in our PIV analysis
(Fig. 4).** The amplitude of the wave also affected the antifouling
performance of the tube. For a fixed periodic time of T'=3 s, the
tube wall with a higher amplitude led to a higher fouling
resistance (Fig. 5a-l, iv-vi). The tube with an H value of
0.63 mm exhibited 82.2% and 87.5% lower AC values than those
of the tube with an H of 0.51 mm and 0.30 mm, respectively
(Fig. 5b). The CFU analysis also showed an overall similar
tendency with the AC analysis results (Fig. 5¢).

To further enhance the antifouling performance of the tube
with a dynamic undulatory wall, the innermost wall layer of the
tube was prepared using poly(ethylene glycol) dimethacrylate
(PEGDMA), instead of s-PUA. PEGDMA is a biocompatible
hydrogel having an intrinsic antifouling property.*>™*’ It can
form a hydration layer on its surface based on its hydrophilic
nature (Fig. 5d) which prevents a surface attachment of
foulants including bacterial cells.***° Furthermore, it is an
UV-curable material which facilitates rapid surface coating and
modification.’’™* As expected, the tubular devices with a
PEGDMA innermost wall showed enhanced antifouling perfor-
mance compared to the counterpart samples made of s-PUA
(Fig. 5a-II). For example, for the static sample, the PEGDMA-
based tube showed a 56.0% lower AC value compared to that of

This journal is © The Royal Society of Chemistry 2021

the s-PUA based tube. Furthermore, the PEGDMA-based tube
with a surface undulation of 7= 3 s and H = 0.63 mm exhibited
a 95.9% lower AC value compared to the s-PUA-based tube with
the same surface undulation (7' = 3 s, H = 0.63 mm). However,
note that the surface undulation of the device resulted in
antifouling performance superior to the surface coating of the
tube with an intrinsically antifouling PEGDMA. For example,
the tube with an undulating s-PUA inner wall with a T value of
3 s and H value of 0.63 mm showed 84.6% lower AC than that of
the tube with a static PEGDMA inner wall (Fig. 5b). Moreover,
the reduction rates in the AC reached 93.2% and 99.8% for each
tubular device with a s-PUA and PEGDMA inner wall, respec-
tively, under a properly dynamic undulating condition (7= 3 s,
H = 0.63 mm) compared to that of the s-PUA-based static tube.
In contrast to the dynamic case, the reduction rate in the AC of
the static PEGDMA-based tube was only 56.0% compared to
that of the s-PUA-based static tube. These results demonstrate
that the surface undulatory motions could provide a high-
performance antifouling pathway for biomedical devices
including a catheter towards an efficient and safe prevention
of HAIs and CAIs, even without using surface coatings with
bactericidal materials.

To further characterize the long-term antifouling perfor-
mance of the dynamic tube, E. coli was cultured in the prepared
model tube for 14 days with and without the surface undulation
(T=3s, H=0.63 mm) (Fig. 6). Fig. 6a shows the unfolded tubes
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Fig. 6 Long-term antifouling tests of the tubular device with dynamic
inner wall motions. (a) A photograph of the unfolded tube's innermost
walls stained with crystal violet after the 14 days-exposure to E. coli culture
with- (left) and without- (right) topographical wave generation (T = 3 s,
H = 0.63 mm). (b) Normalized ODsgq values of the CV-stained static and
dynamic tubes (n = 10, *** p < 0.001 compared to static; the data were
analyzed using Mann—Whitney U test).

stained with CV after a 14 days-exposure to the E. coli culture.
As a result, the tube with continuous undulatory waves exhibits
significantly lower CV staining compared to those without
undulatory waves. The quantitative CV assay showed that the
tube with dynamic undulation has a notable biofilm-resistance
compared to the static tube (91.4% lower normalized ODsg,
compared to the static surface) (Fig. 6b). Note that our device
also showed noticeable antifouling performance for Gram-positive
bacteria Bacillus subtilis (Fig. S6, ESIT).

Conclusions

In summary, a new design of the tubular fluidic device model
that consists of magnetic field-responsive multilayered compo-
sites for the effective suppression of biofouling of the tubular
device was proposed. The field-responsive inner walls of the
device could be dynamically undulated in a simple and con-
trolled fashion with the external magnetic field. The PIV tests
showed that the dynamic inner wall motions of the device can
induce high vortices and shear stresses on the near surface of
the device, fundamentally inhibiting the access of planktonic
bacteria to the device surface. As a result, the dynamic tubular
device exhibited considerable resistance against biofilm for-
mation despite 14 days of exposure to bacterial cells. According
to previous studies, shear stress alone cannot properly prevent
biofilm formation on surfaces.>*** Local and global vortices
combined with high shear flow generated on the undulatory
surface of our device were highly effective to suppress surface
fouling.

In this study, an external magnetic field was utilized to
derive surface undulation of the device. While this approach
enables active control over the surface motions, it requires an
application of external magnetic field. Thus, it would be
difficult to directly apply the proposed dynamic tube model to
body-indwelling medical implants, while the dynamic tube
model can be directly utilized in the development of fouling-
resistant LOC systems. Beyond the magnetic field-based active
undulation mechanism, passive approaches that can generate

1722 | Soft Matter, 2021, 17,1715-1723
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dynamic surface movement by external energy or internal body
energy can be harnessed to develop dynamic surfaces-based
antifouling fluidic systems. Significantly soft materials,
rationally-designed micro/nanoscale structures, or a combi-
nation thereof could be possible solutions for achieving the
passive undulatory mechanisms in biomedical fluidic devices.
Nonetheless, the dynamic undulatory topography-based anti-
fouling strategy proposed in this study could contribute to the
development of biofouling-free LOC and medical devices by
combining antifouling materials and nanostructures.
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