&
4

Journal of Materials Chemistry B

Journal of

Materials Chemistry B

Evaluation of bacterial adhesion strength on phospholipid
copolymer films with antibacterial ability by microfluidic

shear devices

Journal:

Journal of Materials Chemistry B

Manuscript ID

TB-ART-03-2021-000657.R1

Article Type:

Paper

Date Submitted by the
Author:

02-May-2021

Complete List of Authors:

Kozuka, Yuta; The University of Tokyo, Department of Bioengineering
Lu, Zhou; The University of Tokyo, Bioengineering; National Institute for
Materials Science,

Masuda, Tsukuru; The University of Tokyo,

Hara, Shintaro; The University of Tokyo, Bioengineering

Kasama, Toshihiro; University of Tokyo; Nagoya University, ImPACT
Research Center for Advanced Nanobiodevices

Miyake, Ryo; Tokyo Denki Daigaku, ; The university of Tokyo, Graduate
school of engineering

Isu, Norifumi; LIXIL Corp

Takai, Madoka; The University of Tokyo, Bioengineering

<y

{OLAROMNE™
Manuscripts




Page 1 of 8

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Introduction

Bacterial adhesion and subsequent biofilm formation leads to

Journal of'Materials Chemistry/B

Evaluation of bacterial adhesion strength on phospholipid
copolymer films with antibacterial ability by microfluidic shear
devices

Yuta Kozuka®', Zhou Lu?®', Tsukuru Masuda?, Shintaro Hara?, Toshihiro Kasama?, Ryo Miyake?,
Norifumi Isu®, and Madoka Takai®*

Biomimetic phospholipid copolymer films are known to possess antifouling properties against protein
adsorption and biofilm formation. However, the interactions between bacterial cells and material surfaces are
not fully understood. This work investigated the bacterial adhesion strength of phospholipid copolymer films
using a shear stress-tunable microfluidic device. The copolymer, comprising 2-methacryloyloxyethyl
phosphorylcholine (MPC), 3-methacryloxypropyl trimethoxysilane (MPTMSi), and 3-(methacryloyloxy) propyl-
tris(trimethylsilyloxy) silane (MPTSSi), formed crosslinked films on glass substrates; the thickness of the coating
film was controlled by the polymer concentration during dip-coating. Polymer films with two typical
thicknesses, 20 nm and 40 nm (denoted as C-20 and C-40, respectively), were prepared on the bottom wall of
the microfluidic device. After seeding the S. aureus in the microfluidic device, several shear stresses were
applied to evaluate the adhesion strength of the polymer films. S. aureus was found to have weaker adhesion
strength on the C-40 surface than on the C-20 surface; numerous bacterial cells detached from the C-40 surface
on application of identical shear stress. To mimic the presence of plasma protein, fibrinogen (Fg) was
introduced into the device before performing the bacterial adhesion assay. The results showed that the
adsorption of Fg promoted S. aureus adhesion and strong interactions under shear stress. However, the
adhesion strength of S. aureus did not affect the Fg adsorption for both the C-20 and C-40 surfaces. Using the
shear stress-tunable microfluidic device, we found that the adhesion of S. aureus on the thicker and softer
phospholipid copolymer was weak, and the cells easily detached under high shear stress.

Typically, prior to the bacterial adhesion, numerous proteins or
polysaccharides populate the material surface within seconds or
minutes to form a “conditioning film,” which is believed to promote

serious problems in several areas, including sanitary items,* food
industry,? marine constructions,># and medical devices.>® To solve
these problems, researchers have investigated antibacterial
materials, including surface modifications,’; these are areas
wherein understanding the interaction strength between the
material surfaces and the bacterial cells is important. Biofilm
formation on materials commences with adsorption of planktonic
bacterial cells. The process of establishing irreversible adhesion on a
solid surface’ through synergistic effects includes van der Waals
force, electrostatic attraction, hydrophobic interaction, and protein-
modulated molecular and cellular interactions.8"10
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bacterial adhesion.!*"13 For instance, the adsorption of a plasma
protein, fibrinogen (Fg),'* 1> provides a specific binding site for the
Fg-binding-protein (FgBP) located on the surface of Staphylococcus
aureus® 1% and enhances its adhesion strength.2°

While designing anti-bacterial materials, preventing protein
adsorption on the material surface is a promising strategy.? 22 In a
previous study, we developed a biomimetic phospholipid copolymer
coating film comprising 2-methacryloyloxyethyl phosphorylcholine
(MPC), 3-methacryloxypropyl trimethoxysilane (MPTMSi), and 3-
(methacryloyloxy) propyl-tris(trimethylsilyloxy) silane (MPTSSi) (this
copolymer is denoted as PMMMSi subsequently). PMMMSi can
significantly reduce the protein adsorption owing to the MPC moiety
(Fig. 1).22 Because the copolymer possesses the silane-coupling
MPTMSi moiety, the PMMMSi coating has a crosslinking structure,
which contributes to the high stability of the coating and the
tunability of thickness and mechanical properties.?* As the
concentration of the coating solution increases (~0.2 wt%), the
thickness increases and the Young’s modulus in water decreases for
the obtained film. We further demonstrated that thicker and softer
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Fig. 1 Chemical structure of poly(MPC-co-MPTMSi-co-MPTSSi)
(PMMMS).

PMMMSi coating films can decrease bacterial adhesion more
efficiently.?* This result indicates that the prevention of protein
adsorption as well as the mechanical properties of the PMMMSi film
play an important role in the anti-adhesiveness of the bacteria. To
further understand the interactions between the bacteria and
surfaces in terms of their mechanical properties, we focused on the
adhesion strength of bacteria on the PMMMSi films.

Researchers have developed various methods to evaluate the
interactions between bacteria and material surfaces. For example,
atomic force microscopy (AFM)2025-26 js one of the main instruments
used to measure the adhesion strength of bacteria to surfaces. AFM
can detect bacteria-material interactions in a single cell; however, it
is time-consuming and requires intensive operation to obtain
sufficient data for statistical analysis. Surface plasmon resonance
(SPR)?” and quartz crystal microbalance with dissipation (QCM-D)?32°
are also used to measure their interactions. These instruments are
superior to others because bacterial adhesion can be analyzed in real
time. However, only the mean data of attached bacteria on the
sensor surface can be obtained. Thus, a statistical and high-
throughput method can provide additional information for bacterial
adhesion strength on the surface.

We focused on a hydrodynamic shear assay based on the
designed microfluidic device, which allows the investigation of
bacterial adhesion strength. The assay was interpreted as the
retraction effect of the given shear stress. This strategy imparts
benefits such as static and quick response in the bacterial adhesion
assays and fast turnaround time for device design and fabrication3°
34, The microfluidic device was designed to have suitable dimensions
(4.2 mm in width (w), 0.5 mm in height (h), 42 mm in length (L)) that
allowed broad observation area for laminar flow at considerably high
linear fluid velocities. This phenomenon is important because: 1) the
susceptibility of bacterial adhesion was the result of statistical
analysis of the substantial data collected from a wide area and 2)
bacterial adhesion strength was identified by the endurance test for
shear stress.

With the designed microfluidic device, we investigated the
adhesion strength of S. aureus on bare glass, phospholipid
copolymers, PMMMSi, and modified surfaces. The coating films were
prepared with thicknesses of approximately 20 and 40 nm in water
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(denoted as C-20 and C-40, respectively). A protein (Fg) conditioning
film model was formed in the microfluidic device to investigate its
influence on bacterial adhesion strength. The adsorption amount of
the protein was obtained with quartz crystal microbalance (QCM)
measurement, while the bacterial adhesion strength was analyzed by
comparing the amounts of bacteria before and after applying the
known shear stress. The proposed microfluidic shear device can be
used to confirm biofilm susceptibility to materials.

Materials and Methods

Materials

MPC was purchased from NOF Co. (Tokyo, Japan). MPTSSi and
MPTMSi were purchased from Shin-Etsu Chemical Co. (Tokyo,
Japan). The Sylgard™ 184 silicone elastomer kit was purchased from
Dow Corning Co. (Michigan, USA). Ammonium chloride, disodium
hydrogen phosphate, potassium dihydrogen phosphate, sodium
chloride, tryptic soy broth (TSB), 4% paraformaldehyde solution
(PFA), methanol, ethanol, acetone, hexane, and 10x Dulbecco’s
phosphate buffered saline (PBS, without calcium chloride) were
purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Acetic acid was purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). Loeffler’s methylene blue stain solution was purchased from
Sigma-Aldrich (Missouri, USA). Glass slides (24 x 60 mm? cover slide)
were purchased from Matsunami Glass Ind., Ltd. (Osaka, Japan).
Silicon wafers coated with a 10-nm-thick silicon oxide layer (Si/SiO,
wafer) were purchased from Furuuchi Chemical Co. (Japan).

Preparation and characterization of PMMMSi film

PMMMSi was synthesized by free radical copolymerization of MPC,
MPTMSi, and MPTSSi, followed by reprecipitation in
acetone/ethanol solvent (20/1, v/v) according to a previous study.*
Methanol solutions containing 0.1 and 0.2 wt% PMMMSi were used
for the coating. An aqueous solution containing 1 wt% acetic acid was
used as the catalyst and mixed into the polymer solution at an acetic
acid aqueous solution/polymer solution of 1/10 (v/v). Si/SiO,
substrates were sonicated in hexane, ethanol, and acetone for 5 min,
followed by cleaning with oxygen plasma (PDC-001, Harrick plasma,
USA) at 600 mTorr for 10 min. They were dipped into the coating
solution for 30 min and subsequently vacuum dried for 30 min,
followed by heating at 70 °C for 3 h.

This journal is © The Royal Society of Chemistry 20xx
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Fig.2 (a) Preparation of the microfluidic device with polymer-coated bottom surface. (b) lllustration of the process of bacterial

adhesion strength assay in the microfluidic device. (1) S.aureus suspe

nsion was injected into the device using a peristatic pump with

flow rate of 150 pL/min. (2) Bacteria were statically incubated in the microchannel at 37 °C for 2 h. (3) Shear stress was applied by PBS

to the microchannel using a syringe pump.

The thickness of the polymer coating films was measured by
spectroscopic ellipsometry (M-2000DI, J.A. Woollamn Co., Inc. USA)
in distilled water. The obtained information was analyzed using the
CompleteEASE computer program and fitted according to the
effective  medium approximation (EMA) model. Surface
hydrophilicity was examined by measurements of air bubble contact
angles in an aqueous environment (DM-501Hi, Kyowa Interface
Science Co., Japan). The substrates modified with polymer films on
the top were soaked in water for over 1 h before the measurement
to ensure that the hydrophilic phosphoryl choline moiety was
exposed to the water phase. An air bubble (10 pL) was placed on the
sample surface, and the contact angle was measured. The chemical
composition of the polymer coating films was determined using X-
ray photoelectron spectroscopy (XPS, JPS-9010MC, JEOL, Tokyo,
Japan). The source of the X-ray is aluminum K«, and the emission was
collected at a take-off angle of 90°. The spectra of C 1s, P 2p, and N
1s states were measured with a step size of 0.1 eV.

Preparation of microfluidic device

The microfluidic devices were prepared using a polydimethylsiloxane
(PDMS)-based microchannel. First, a mold for the target
microchannel was designed using Autodesk Inventor Professional
2019 computer software and printed using a 3D printer (Objet Eden
260V, Stratasys, Ltd., USA). As shown in Fig. 2 (a), the main fluidic
channel is rectangular with a length of 42 mm, width of 4.2 mm, and
height of 0.5 mm. Each terminal of the channel is a cylinder with a
diameter and height of 3.0 mm. These cylinders serve as the inlet and
outlet of the device and connect to the main fluidic channel through
smooth slopes. PMMMSi was modified onto glass slides as described
above, excluding the heating step. The molded PDMS, which was
sonicated in ethanol for 15 min and cleaned with oxygen plasma

This journal is © The Royal Society of Chemistry 20xx

treatment, was bonded to the polymer-coated glass slide. The entire
device was heated at 70 °C for 3 h to allow the dehydration of the
PDMS bonds and silane coupling reaction of the polymer chains.
Thus, PMMMS:i films were formed at the bottom wall of the channel
in the microfluidic device. For the preparation of the non-polymer-
coated device as a control, the glass slide was directly bonded onto
the molded PDMS after oxygen plasma treatment, followed by the
heating step. The fluidic device was constructed by connectingitto a
syringe pump system (Legato™ 200, KD Scientific Instrument
Services, USA) with a silicon tube (01778, eastsidemed Inc., Japan).

Fg treatment in the microchannel

Fg/PBS (0.1 mg/mL) was pumped through the microfluidic device for
10 min at a flow rate of 100 uL/min, and fresh PBS (Fg free) was
pumped through the microfluidic device at the same flow rate for 30
min to remove the non-binding proteins.

Protein adsorption determined by QCM measurement

The QCM sensor, an AT-cut Au-coated quartz crystal with an SiO,
layer on the top (QSensor QSX 303 SiO,, Biolin Scientific, Sweden),
was used as the substrate, and the same polymer coating protocol as
for the glass slide was followed. After coating, the QCM sensor was
moved to a QCM flow module. PBS was pumped over the sensor at a
flow rate of 100 uL/min until the system was balanced.
Subsequently, the Fg/PBS (0.1 mg/mL) was pumped through the
sensor at the same flow rate for 10 min, and the fluidic medium was
changed to fresh PBS (Fg free) and kept running for 30 min to remove
the non-bonding protein. There were 30 s intervals between the
exchanging of the solutions. The resonance frequency shift was

J. Name., 2013, 00, 1-3 | 3
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recorded over the third, fifth, and seventh overtones. The weight of
the adsorbed Fg was calculated using the following equation:

mpg=—CAf qu

where mg, is the mass of Fg (ng/cm?) adsorbed on the QCM sensor,
C is the sensor constant (C = 17.7 ng/cm? Hz), and Af (f in Hz) is the
normalized frequency change for each overtone.

Computational fluid dynamics (CFD) characterization

CFD simulation was applied using ANSYS CFX software to analyze the
shear stress distribution in the microchannel. The 3D models of the
designed device were established in Autodesk Inventor Professional
2019 computer software and meshed into triangular elements. The
fluidic liquid near the channel wall was assumed to be non-slip. The
simulation was carried out using the Navier-Stokes equations.

Bacterial adhesion strength assay in microfluidic device

S. aureus stocks were feezed at -80 °C before experiment. In a
biosafety cabinet, the bacteria in a frozen stock were transferred to
the 500 pL of TSB medium. After overnight pre-culturing, it was
mixed with 25 mL fresh TSB medium and shaken gently at 37 °C. The
bacteria were proliferated to be an optical density of approximately
0.5 at a light with 600 nm wavelength. The suspension of 20 mL of it
was centrifuged at 1500 rpm and medium was removed, followed by
adding 20 mL PBS. After centrifuged again, bacteria were suspended
to the 10 mL of PBS.

Before using in the experiment, the microfluidic device was
infused with PBS for a minimum of 1 h to ensure sufficient exposure
of the hydrophilic phosphorylcholine moiety to the aqueous phase.?
bacterial suspension (108 cells/mL) in a PBS medium was injected into
the microfluidic device using a peristaltic pump at a flow rate of 150
pL/min (Fig. 2 b-1). Then, the microfluidic device, with bacterial
suspension loaded, was carefully connected to a 100-mL syringe that
was filled with PBS. The device was sealed and incubated at 37 °C for
2 h (Fig. 2 b-2) under static conditions. After opening the outlet of
the microfluidic device, 90 mL of PBS was pumped through the device
at 15, 30, or 45 mL/min, which corresponded to pressures of 1, 2, and
3 Pa, respectively (Fig. 2 b-3) to generate shear stress over the
adhered bacteria at the channel bottom. After applying shear stress,
a fixative (2% PFA/PBS) was introduced onto the microfluidic device
and maintained at 3 °C overnight. Methylene blue was then delivered
into the device after fixation, and distilled water was pumped
through the microfluidic device to remove any non-bound dye at the
end. In the fixation and staining process, the fluid was run at a low
flow rate (150 pL/min) to generate negligible shear stress over the
adhered bacterial cells on any surface. Thus, only the substantial
shear stresses (1, 2, and 3 Pa) are discussed in the following sections.

Data acquisition and image processing

An inverted microscope was used to observe the bacteria adhered to
the bottom of the microfluidic device. To quantify the bacterial
adhesion on each surface, at least fifteen view fields at x40
magnification were captured along the centerline of the channel. The
images were converted into surface bacterial coverage using the
Imagel software. Surface coverage refers to the area fraction (%) of
the adhered bacteria. For each type of sample, the result is the mean

4| J. Name., 2012, 00, 1-3

of the calculated view fields. These statistical analyses were
performed as Student’s t-test.

Results and Discussion

Characterization of PMMMSi films

The weight-average molecular weight of PMMMSi (Fig. 1) was
confirmed to be 2.9 x 10° using 'H-nuclear magnetic resonance
(JNM-GX 270, JOEL, Japan), and gel permeation chromatography
(JASCO RI-2031Plus detector, Tosoh Co., Japan, column: Agilent
PLgel, 5 um MIXED-C 300 mm, Agilent Co., USA). The PMMMSi films
were coated onto Si/SiO, substrates to characterize their surface
structures and properties. The elemental analysis using XPS revealed
that the content of nitrogen and phosphorus from the MPC unit
emerged after surface modification (Fig. 3), indicating the successful
preparation of the coatings on the substrates. The thicknesses of the
PMMMSi films in water were determined using spectroscopic
ellipsometry. When the concentrations of the polymer solution in the
coating were 0.1 and 0.2 wt%, the thicknesses of the obtained
coatings in water were 18.6 + 2.8 and 41.4 £ 2.0 nm in water,
respectively. These polymer coating samples were named C-20 and
C-40, respectively, based on their approximate thickness in water.
The contact angles of air bubbles in water were 163.2. + 3.6° and
161.7. £ 4.4°, respectively. Detailed characterization results are
summarized in Table 1. This result indicates that the obtained
surfaces in water are hydrophilic because the MPC moiety is oriented
to aqueous media. These characterizations confirmed that the
physicochemical properties of the C-20 and C-40 surfaces did not
vary significantly.

50 350
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Fig. 3 XPS spectra for P(2P), N(1s), and C(1s) of C-20 and C-40 surfaces.

Table 1. Characteristics of the Phospholipid copolymer films
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Thickness Static air
Surface in water [P1/ICI>  [N]/[CIP contact angle
(nm)? (deg)
C-20 18.6 + 2.8 0.119 0.107 163.2 + 3.6
C-40 414+ 2.0 0.124 0.105 161.7 + 4.4

aDetermined by spectroscopic ellipsometry. The values are
expressed as “mean * standard deviation”.
b Determined by XPS.

Microfluidic device design

This journal is © The Royal Society of Chemistry 20xx
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the bottom of the channel; (c) relationship between the shear stress and the flow rate calculated from Eq 2 (See SI.1).

While designing the microfluidic device, it was assumed that the nm-
scale film thickness on the bottom wall would not affect the entire
fluidic profile in the microfluidic device. Because the width (w, 4.2
mm) of the rectangular channel used was much larger than its height
(h, 0.5 mm) (Fig. 4), the effects of the side walls on the fluidic pattern
were negligible; thus, fluidics can be considered to run parallel to the
channel. To support this assumption, a CFD simulation was
performed. As shown in Fig. 4b, even at a high flow rate (45 mL/min),
the shear stress was distributed homogeneously at the bottom wall
of the channel. The effect of the side wall was not clear in the results
of the CFD simulation, whereas the effects of the inlet and outlet
were evident. Nevertheless, the influence from the inlet and the
outlet was confined to a limited area, and most of the bottom surface
was exposed to uniform shear stress. Based on the parallel plate
model and ignoring the effects from the inlet and outlet, the shear
stress corresponding to a given flow rate can be calculated using Eg.
2.

6uQ
h*w
Note that the water molecules at the proximity of the channel walls
were not considered to move along the main fluent body (non-slip
condition). In these ways, by setting the height of the channel at 0.5

mm, the applied shear stress was controlled up to 3 Pa with keeping
the laminar flow condition at the flow rate of 45 mL/min.

Eq.2

Study of bacterial adhesion strength with shear stress

The microfluidic device provided precise control of shear stress to
assess the bacterial adhesion strength. We focused on three typical
values of shear stress generated on the microchannel bottom wall:
1, 2, and 3 Pa. These shear stresses are similar in a human artery.3> A
“0 mPa” value was set to obtain the standard information of bacterial
initial attachment in which the PBS flow was skipped and the PFA
fixation and methylene blue staining occurred immediately after the
2 h static incubation period. Each bottom surface of the channel was

This journal is © The Royal Society of Chemistry 20xx

observed using optical microscopy, and bacterial coverage was
calculated (Fig. 5 (a, b)).

In the bacterial adhesion assay of the microfluidic device, we
changed the flow rate of the solution to remove weakly attached
bacteria while maintaining a constant total volume. On the non-
coated glass surface, the coverage of the bacteria was approximately
7%, regardless of the applied shear stress. The bacteria attached to
the C-20 and C-40 surfaces behaved differently compared to the non-
coated glass. Although bacteria on C-20 remained on the surface
when exposed to a shear stress of 1 Pa, it detached after a sheer
stress of 2 or 3 Pa was applied. For the C-40 surface, the bacterial
coverage gradually decreased as the shear stress increased. When
the shear stress was increased from 2 to 3 Pa, the bacterial polluted
area drastically reduced (from 2.1 to 0.5% in coverage). This decrease
can be useful as an indicator of a material’s anti-biofouling property
in laminar flow.

Bacterial adhesion strength assay in the presence of Fg pre-
treatment

Implantable medical devices are usually challenged by fouling of the
blood protein, which is found to cover the material surfaces in
seconds. Protein adsorption triggers the formation of a “conditioning
film.” Previous studies have suggested that the existence of the
conditioning film promotes the adhesion of bacteria.'>3¢ In this
study, a model of Fg-conditioning film was prepared to mimic the real
application environment of implanted materials. The microfluidic
device was flushed with Fg/PBS solution before bacterial
introduction, and then the bacterial adhesion assay was performed
in the aforementioned manner.

As shown in Fig. 5 (c, d), the Fg-pretreated non-coated glass
surface had 1.6-, 1.7-, and 1.3-fold areas of adhered S. aureus than
the non-treated surface under 1, 2, and 3 Pa shear stress,
respectively (p < 0.001). The non-coated glass surface was affected
by the Fg pre-treatment and enhanced the S. aureus adhesion and

J. Name., 2013, 00, 1-3 | 5
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strength. On the other hand, when shear stress was applied over the
C-20 or C-40 surfaces, a similar quantity of S. aureus was removed
from the surface with and without Fg pre-treatment. This result
indicated that the C-20 and C-40 surfaces were able to maintain their
bacterial anti-adhesiveness even when exposed to Fg.
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Shear stress

Journal Name

We hypothesized that the formation of a conditioning film on
glass surfaces promoted bacterial adhesion. Thus, we analyzed the
Fg adsorption on the SiO,, C-20, and C-40 surfaces using QCM
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indicating that Fg was adsorbed on the surface of SiO,. After the fluid
was shifted to PBS, a slight decrease in the drop frequency was
observed owing to the removal of the specious adsorbed protein.
Finally, the frequency reached a relatively constant level, which
represented the quantity of firmly adsorbed protein. The amount of
adsorbed protein was estimated to be 960 ng/cm?2. Meanwhile, no
significant Fg adsorption occurred on either C-20 or C-40 (27 and 7.6
ng/cm?, respectively). This protein adsorption property is reflected in
bacterial adhesion and detachment. The reason that only C-20 and
C-40 surfaces could prevent the increase of bacterial pollution by Fg
pre-treatment was that the MPC moiety interrupted Fg adsorption
and conditioning film formation on them. On comparing Fg
adsorption on C-20 and C-40, the amount of adsorbed Fg on C-20 was
larger than that on C-40. This trend was the similar to that observed
for bacterial adhesion and suggested that bacterial adhesion is
related to protein adsorption.

This journal is © The Royal Society of Chemistry 20xx
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Our experiments revealed that the quantity of bacteria detached
from the bottom wall depended on both surface properties and
shear stress. C-40 would be softer than C-20 because of the thicker
film of C-40.24 Here, the density of the coating films of C-20, and C-
40 is the almost same as approximately 1.0 g/cm?3,2% and the Young’s
moduli of C-20 and C-40 were estimated to be 107 + 21 MPa and 14
+2 MPa, respectively, 2% in our previous study. Thus, as thickness and
softness increased, the bacterial detachability was enhanced. These
results indicate that the strength of the bacteria-surface interaction
depends on the mechanical properties of the surfaces used. Thus,
microfluidic devices capable of controlling the shear stress on
biomimetic phospholipid polymer films facilitated an understanding
of bacteria-material interactions. Such devices can contribute to
future research on the interactions between bacteria and surfaces.

Conclusions

A shear stress-tunable and polymer-coated microfluidic device
for the investigation of bacterial adhesion strength was
developed using a 3D printed mold. The CFD simulation
indicated that the shear stress in the channel was controlled by
the flow rate. The bacterial adhesion strength among
phospholipid copolymer coating films with different thicknesses
was evaluated by changing the flow rate. Note that bacteria on
the C-40 surface was dramatically removed as the shear stress
was increased. The phospholipid copolymer coating films
reduced the adhesion strength of the S. aureus; thicker and
softer film exhibited enhanced bacterial anti-adhesiveness.
When the surface was exposed to a fibrinogen as a
conditioning-film-formation  protein, the  phospholipid
copolymer films maintained their antifouling properties, while
the control glass surface did not.

The microfluidic device provides an easy and reliable
method for the estimation of bacterial adhesion susceptibility
for a variety of surfaces under multiple conditions; thus, the
proposed device can serve as a useful tool in the investigation
of bacterial adhesion behaviors and antibacterial surface
development.
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