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Plasma Activation and its Nanoconfinement Effects Boost

Surface Anti-Biofouling Performance

Nasim Mahmoodi, Dario G. Bazzoli, Tim W. Overton,* and Paula M. Mendes*

Although plasma treatment can alter polymer surface wettability and adhe-
siveness, scant attention has been given to plasma effects across scales and
their anti-fouling performance. Herein, the discovery that plasma-activated
polydimethylsiloxane (PDMS) nanopillar arrays remarkably enhance anti-
fouling behavior, yielding a 98.7% reduction in Escherichia coli adhesion
compared to native planar surfaces. The plasma-activated nanopillar arrays
can hold to their anti-fouling properties for extended periods of storage,
still exhibiting more than 65.1% less bacterial colonization than their native
planar counterparts after 50 days. The anti-fouling behavior promoted by
plasma activation is significantly enhanced as the structure features reduce
in size from macroscale to microscale to nanoscale, revealing an altered
plasma activation effect upon confinement at the nanoscale level. It is
anticipated that the findings will improve the ability to achieve non-fouling

In the past decade, applications of
topographies(’22l inspired by natural
antifouling or bactericidal surfaces such
as lotus leaves,?3 shark skin,?¥l cicada
wing 2% gecko skin,”l and dragonfly
wing?®l have shown a promising strategy
in the area of anti-microbial and anti-
fouling materials. The use of some
nanoscale topographies inspired by nat-
ural bactericidal surfaces was found to be
lethal for the bacteria.?*3% The mecha-
nism is based on cell membrane damage
or rupture due to physical contact with
these nanoscale features. However, there
are some concerns regarding the use
of these surfaces, as the dead bacteria

effects in polymeric materials for a broad range of applications in clinical

and industrial settings.

1. Introduction

Bacterial attachment to material surfaces poses a major clin-
ical and industrial problem as it is the first step of biofilm
formation.'™ The physical and chemical properties of the
material surface affect the interaction between the bacteria
and the surface. The effect of physicochemical properties of
the material such as surface charge density,>¢! stiffness,”!
hardness,®1% surface roughness,''? topography,>™ chem-
ical composition,™ and hydrophobicityl"® on the adhesion
of the bacteria has been studied extensively. These findings
highlight the importance of chemical and topographic modi-
fications of the surface for the prevention and mitigation of
bacterial attachment.
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provide a nutritious platform for subse-
quent bacteria approaching (and poten-
tially attaching to) the surface.3!! Micro/
nano surface topographies have also been
shown to decrease bacterial attachment
and mitigate biofilm formation. It has been shown that the
features’ shape, size, and distribution affect microbial attach-
ment.?2 The general findings reveal that by reducing the
dimension of the topographies, the number of attached bacteria
decreases.32734

Polydimethylsiloxane (PDMS) is a bulk polymer consisting
of repeated units of —~OSi(CHj3),0- and known as one of the
most extensively used materials for biomedical devices such
as catheters, contact lenses, medical adhesives, finger joint
implants, and drug delivery systems owing to a number of
advantages: ease of replication procedure, biocompatibility,
nontoxicity, optical transparency, durability, and low fabrication
cost.®’l A micro/nano surface with highly ordered features can
be reproduced using PDMS through a replica molding tech-
nique.®¥ In the past two decades, various research has been
performed to investigate the effect of engineered patterns on
bacterial adhesion to PDMS surfaces. The main findings high-
light the dependence of adhesion on bacterial dimension and
shape relative to the dimensions of the PDMS surface features
and the gap size between them.(®l It has been shown that when
the gap size or dimensions of the patterned features are smaller
than the bacteria, the adhesion decreases due to the reduced
surface area available for binding.3**! While these studies
provide important insights into the design and development
of antifouling surfaces, they also raise important questions
about whether, or how, these structured surfaces can be further
manipulated for optimal anti-biofouling performance.

By virtue of its simplicity and scalability, plasma-induced sur-
face modification illustrates a potentially exploitable pathway
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to promote antifouling behavior on PDMS materials. Through
PDMS surface plasma activation, different reactions can take
place, including the generation of silanol groups (Si—~OH) that
can form strong intermolecular bonds or undergo condensa-
tion reactions to yield siloxane bonds (Si-O-Si)."*? These
processes can change the surface properties significantly, even
if some temporarily, but little is known about how plasma-acti-
vation affects bacterial adhesion, whether to planar surfaces or
those structured at the micro or nanoscale.

With this in mind, in this work, we set out to create and
plasma-activate PDMS-based materials with different struc-
tural properties to elucidate their impact on bacterial adhesion.
Arrays of PDMS pillars with a height of 800 nm, diameters
ranging from 0.5 to 2.5 um, and spacing of 0.5 and 1 um were
generated using a replication molding technique. To enable
direct comparisons, planar PDMS surfaces were also investi-
gated. Low-power air plasma was used to activate the generated
surfaces, which were subsequently evaluated for their capability
to prevent bacterial adhesion using Escherichia coli, a Gram-
negative bacterium that is responsible for catheter-associated
urinary tract and orthopedic implant infections.[*3#4

2. Results and Discussion

Our initial experiments were focused on establishing how the
plasma-activated planar PDMS interface characteristics (hydro-
philicity and charge) influence bacterial adhesion. Hydrophi-
licity and surface charge are key parameters that affect bacterial
attachment to surfaces.*”! The effect of plasma treatment and
the change in the hydrophobicity of PDMS has been broadly
studied .4 In general, plasma treatment makes the PDMS
surface more hydrophilic, and the PDMS hydrophobicity is
known to recover partially or entirely over time. The timescale
for the hydrophobicity recovery can vary from hours to weeks,
being dependent on the time of plasma treatment, the thick-
ness of the PDMS sample, and storage conditions (e.g., tem-
perature and storage medium).[#-50-54

Given the variability introduced by different experimental
parameters, it was important to generate, plasma-activate, and
store planar PDMS surfaces in well-defined conditions. The
individual PDMS sample was placed in 35 mm Petri dishes and
plasma-treated for 100 s at 18 W. The samples were then stored
at 20 °C in the air at atmospheric pressure.

In order to evaluate the hydrophilicity of the activated PDMS
surfaces over time, the surfaces were tested for their water con-
tact angle, and the data are presented in Figure 1. As a con-
trol, native PDMS samples were also analyzed. Native PDMS
showed hydrophobic properties with advancing and receding
contact angles of 120.2° + 1.2 and 81.9° £ 2.4. This result is in
good agreement with the reported value range for native PDMS
109-122°.#9:515255-7] Upon exposure to plasma, the hydro-
phobic methyl groups (Si-CHj3) are changed into hydrophilic
silanol groups (Si—-OH), leading to highly hydrophilic surfaces.
Several research groups have investigated the surface compo-
sitions of the plasma-treated PDMS samples. The XPS data
showed that the oxygen content of the plasma-treated PDMS
samples increases at the expense of carbon content, and the
ATR-FTIR measurements confirmed the presence of silanol
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Figure 1. Hydrophobicity recovery of plasma-treated planar PDMS sam-
ples over 50 days; advancing and receding contact angles were measured
for native and plasma-treated samples aged 2 h and 1, 3, 10, 30, and
50 days. The error bar represents SD.

groups in the treated samples.#158%] For the samples with
an age less than 2 h, the contact angle values were below 10°.
The advancing contact angle for 2 h aged plasma-treated sam-
ples was 29.8° and increased gradually to 74.9° for 10 days aged
samples, and thereafter minimal changes were observed for
samples up to 50 days with the contact angle of 94.1°, which is
the maximum time point in our study. It has been suggested
that hydrophobicity recovery is due to the migration of free
oligomers from the bulk to the surface and possibly a reorien-
tation of the polar species into the bulk.”>*>8 PDMS had not
fully regained its initial hydrophobicity during this study time,
and the advancing contact angle at saturation point was about
26.1° lower than native PDMS. The hydrophobicity recovery
rate of the PDMS is slower than those obtained by Bodas et al.
and Bacharouche et al.*2%% The different behavior may be
attributed to several factors, including the time of plasma treat-
ment, the used plasma gas, the plasma power, and the storage
conditions.

Previous studies highlighted the presence of negative surface
charge on both native and oxidized PDMS samples.[®62 How-
ever, in these studies, oxidized samples exhibited a more nega-
tive surface charge than native samples due to the presence of
ionizable silanol groups on them.®¥l The calorimetric method
proposed by Uchida et al.l* was used to investigate the effect of
the age of plasma-treated planar PDMS on the surface charge.
Toluidine Blue O (TBO) is a positively-charged dyel®! and was
used to measure the surface charge for native and plasma-
treated planar PDMS samples, which were aged 2 min and 1,
3, 10, 30, and 50 days. TBO makes a complex with the nega-
tive surface charge on the PDMS samples in a basic solution at
pH 10, which can later be de-complexed in an aqueous acetic
acid solution (50%, v/v). The surface charge of the treated sam-
ples was determined using the spectrophotometer absorbance
readout of the decomplexation solution of TBO and expressed
in terms of the mol of TBO per cm? using a calibration curve.

The ratio of TBO absorbance on the oxidized over native
planar PDMS samples is plotted against the age of plasma-
treated planar PDMS samples in Figure 2. TBO adsorption
on native planar PDMS indicates the negative charge on the
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Figure 2. Relative surface charge of aged plasma-treated (aged 2 min and
1, 3,10, 30, and 50 days) to native planar PDMS samples. The error bar
represents SD.

surface. This result agrees with previously obtained negative
zeta potential values on native planar PDMS that have been
suggested to originate from the presence of impurities in the
PDMS.[6162:66-68] \While native PDMS is characterized by a nega-
tively charged surface, plasma treatment induced an increased
negative charge density on the PDMS surface. For instance,
the surface charge of the 2 min aged plasma-treated sam-
ples was 4-fold greater than the native sample. These results
are in agreement with the formation of silanol groups on the
PDMS surface, wherein a degree of deprotonation occurs in an
aqueous solution, resulting in the presence of silanolate groups
(Si—O7) that renders the surface negatively charged.®l The
results showed a decrease in the surface charge with the age of
the samples. However, the charge recovery is faster and more
complete than hydrophilicity (Figure 1). The maximum nega-
tive charge was obtained for the 2 min aged sample and began
to plateau after 10 days, in which it reached similar negative
charge values as those of native PDMS samples. These findings
are further evidence that reorganization of the PDMS polymer
structure occurred over time with the migration of the polymer
chains featuring Si-OH groups into the bulk.

Following the insights into the dependence of hydrophilicity
and charge on the aging of the samples, these PDMS sam-
ples were used to investigate E. coli bacterial adhesion. E. coli
SCC1 was selected to quantify the adhesion response on native
(i-e., non-plasma-activated) planar and patterned PDMS sam-
ples. This strain expresses green fluorescent protein (GFP),
making it easy for bacteria visualization.®¥) The PDMS sam-
ples were incubated with E. coli suspension for 2 h at 30 °C
in M63 minimal medium. Following incubation, the samples
were washed to remove the loosely attached cells. Supainarez
et al. showed that hydrodynamic forces due to the air/liquid
interface can detach adherent bacteria from the surface.’” To
eliminate this effect, the samples were washed all the time in
liquid without exposing the surface of the PDMS to air. This
method of washing instead of dipping the PDMS a few times
in fresh PBSPY would avoid applying high shear stress due to
the presence of air/liquid interface when removing the sample
from the washing medium. After incubation, the Petri dish
containing the PDMS sample was placed in a box filled with
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500 ml of fresh PBS, which was then placed in a longitudinal
shaker at 60 shakes per min for 90 s. This washing procedure
has been performed twice with fresh PBS. The longitudinal
movement applies shear force on the attached bacteria which
leads to removing the loosely attached cells from the surface.
Following the washing, the adhesion of bacteria on the PDMS
surface was assessed by confocal microscopy and quantified in
terms of the fraction of the covered area using Image].

Figure 3A shows the ratio of the area coverage of E. coli
on aged plasma-treated over native planar PDMS samples.
The data were collected for native and plasma-treated planar
samples aged 2 min, 2 h, and 1, 3, 10, 30, and 50 days. In gen-
eral, plasma-treated PDMS samples have significantly better
antifouling resistance compared to native PDMS. The results
indicate that the bacterial adhesion on native PDMS is higher
compared to the treated samples. A maximum reduction of
92-96% was observed for plasma-treated PDMS aged less than
1 day. The number of attached bacteria on the plasma-treated
sample was significantly lower (p-value < 0.05) compared to the
planar control native sample for all the aged samples, and the
data suggests a positive correlation between the age of plasma-
treated PDMS and bacterial coverage. After 50 days, the ratio
is around 0.49, which represents a 51% reduction in the E. coli
area coverage on plasma-treated compared to the native sample.
Fluorescent microscopy reveals a regular arrangement of E. coli
cells across the PDMS surface. Additional images are provided
in Figure S1A, Supporting Information.

In order to better understand the role of the surface charge
density of plasma-treated samples in the adhesion of E. coli,
abiotic negatively charged carboxylic acid-modified polystyrene
beads (PS-COOH, 1 um diameter) were also evaluated for their
adhesion to the PDMS surfaces. To be able to compare the adhe-
sion behavior of the beads and E. coli, PS-COOH beads were
suspended in M63 minimum medium to the optical density of
0.65 at 600 nm, which was the final optical density of E. coli
after 2 h of incubation. After 2 h of incubation at 30 °C, the
samples were washed. As shown in Figure 3B, the PS-COOH
beads exhibited an adhesion profile similar to that of bacteria
in the first few hours, with plasma-treated samples aged 2 min
and 2 h exhibiting 85-90% reduction in bead adhesion over
native PDMS samples (additional confocal microscopy images
shown in Figure S1B, Supporting Information). These results
strongly suggest that charge repulsion plays a key role in inhib-
iting E. coli adhesion to freshly plasma-treated PDMS samples,
as the PDMS surface, PS-COOH beads, and E. coli all carry a
negative charge.’273l

With longer aging times, the adhesion behavior for the
beads and E. coli was found to be considerably different, with
beads showing a higher adhesion to aged plasma-treated sur-
faces than native PDMS. For samples aged > 10 days, the level
of bead adhesion reached a plateau, with the aged samples dis-
playing =4-fold more adhered beads than native PDMS surfaces.
These results and the observed significant decrease in negative
surface charge over aging time (Figure 2) indicate that electro-
static repulsion could no longer prevent adhesion between the
anionic beads and aged samples, leading to the domination of
other interfacial interactions. Since the beads interacted more
favorably with the plasma-activated PDMS than native PDMS
even after the samples have been aged for 50 days, it suggests

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. The ratio of the area coverage of A) E. coli SCC1 and B) PS beads for aged plasma-treated (samples aged 2 min, 2 h and 1, 3, 10, 30, and
50 days) over native planar PDMS. The error bar represents SD from three independent experiments.

that the plasma-activated PDMS surfaces have been altered
with some long-lasting physicochemical characteristics. The
enhanced adhesion of beads to plasma-treated surfaces can
potentially be ascribed to multiple hydrogen bonding interac-
tions between the carboxylic acid groups of the beads and the
silanol groups on the activated PDMS.

The difference in adhesion trends between beads and E. coli
also highlights that while surface charge prevents adhesion
immediately after plasma treatment, hydrophilicity plays a
more prominent role in aged samples. Notably, the increase
in bacterial adhesion from aging of 10 days onwards follows
a linear relationship (Figure 3A), with reduced adhesion even
after 50 days of the aging time when compared with native sam-
ples. A similar linear relationship was observed for hydropho-
bicity recovery, in which the 50 days aged PDMS samples never
recovered to the hydrophobicity observed in native samples.

The results from the planar plasma-activated PDMS samples
revealed valuable insights into the relationship between their
charge and hydrophilicity and their capability to inhibit bacte-
rial adhesion. This knowledge sets the stage for the evaluation
of bacterial adhesion on plasma-activated PMDS surfaces when
they occur as micro or nanostructured surfaces.

Bacterial adhesion to structured surfaces is known to be
affected by parameters such as the size, shape, and density of
the surface features,[?2’¥l and thus these parameters were con-
sidered as factors that could act in concert with the changes in
surface chemistry induced by plasma to control bacterial adhe-
sion. PDMS micro and nanopillar arrays were fabricated with
a height of 800 nm and diameters of 0.5, 1, and 2.5 um and
spacing of 0.5 and 1 um. These structured surfaces cover fea-
ture dimensions that are equally sized, larger, or smaller than

Adv. Mater. Interfaces 2022, 2202087 2202087 (4 0f10)

E. coli, which have an approximate shape of a spherocylinder of
the length 2 um and width 1 um./!

The test specimen (160 x 40 mm) consists of six different
patterns (0.5 x 0.5 mm), separated by a smooth planar area
and arranged by two rows and three columns (Figure 4A). This
setup is advantageous for two reasons. First, it allows the dif-
ferent surfaces to be exposed to the same bacterial culture con-
ditions, removing batch effects from data. Second, analysis of
the surfaces can be done simultaneously after the experiments.
As part of the analysis, each individual patterned area had a
corresponding planar area, with a maximum distance of 1 mm
from each other to eliminate the effect of washing along the
length of the test specimen and potential edge/central effects.
Figure 4B represents the flow of the PDMS micro/nanopillar
arrays replication from a silicon master mold. The scanning
electron microscopy (SEM) micrographs of the fabricated pil-
lars are presented in Figure 4C.

Bacterial adhesion experiments were conducted following
similar incubation, washing, and analysis steps as described
above for the planar surfaces. To start with, native (non-plasma-
treated) structured surfaces were evaluated for their ability to
affect bacterial adhesion. The ratio of bacterial coverage on
native pillars to native planar area is shown in Figure 5. The
coverage of E. coli on the different topological regions, except for
DO0.5S0.5, increased compared to the planar area (Figure S2A,
Supporting Information). The highest coverage was observed
for D1S1 with an average of 27% increase in adhesion compared
to the planar control area. These results agree with previously
reported data,’®”/ in which there is a dimensional threshold
associated with the size of bacteria above which the topolog-
ical features promote adhesion. The mechanism is suggested
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Figure 4. A) Schematic of the test specimen (the dimensions are not to scale). B) Fabrication of PDMS pillars, i) the silicon master mold with holes,
ii) the mold is coated with PDMS and PDMS is cured, and iii) the cured PDMS is peeled off. C) SEM micrographs of the pillars with diameters ranging
from 0.5 to 2.5 um and spacing of 0.5 and 1 um. Scale bars = 5 um. The patterned surfaces are named with their diameter and spacing. For instance,
DO0.5S1 corresponds to the pillars with a diameter and spacing of 0.5 and 1 um, respectively.

to be through the availability of a larger surface area for bac-
terial interactions compared to planar surfaces. In the case of
smaller features (such as D0.550.5), due to the smaller spacings
between the pillars, bacteria are mainly lodged on top of them
(Figure S2A, Supporting Information).

Considering now the response of E. coli to the plasma-
activated micro/nanopillars (Figure 6 and Figure S2B, Sup-
porting Information), the plasma treatment had a much greater
effect on inhibiting bacterial adhesion when applied to struc-
tured surfaces. As emerged from the bacterial adhesion studies
on planar surfaces, charge, and wettability both play key roles

Adv. Mater. Interfaces 2022, 2202087 2202087 (5 of 10)

in inhibiting adhesion on plasma-activated surfaces. The wet-
tability of the patterned area has not been investigated due to
their small area (500 x 500 um?, Figure 4A), which restricts
their contact angle measurements. However, it has been
shown that the hydrophilicity of the plasma-treated surface is
enhanced by plasma treatment, and the Wenzel model predicts
that the wettability can be further enhanced by increasing the
roughness.”®! Therefore, it is anticipated that the presence of
the micro/nano features (which influence the surface rough-
ness) results in a higher level of hydrophilicity on the plasma-
treated structured samples compared to planar ones. Due to the
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Figure 5. Ratio of E. coli adhesion on the native pillar (with different
diameters and gap sizes) to native planar samples. * Represent that the
adhesion on the pillar is significantly different from the planar control
area (n = 60, p < 0.05). The error bar represents SD from three inde-
pendent experiments.

high surface-to-volume area on the patterned features, a higher
charge density is also expected of them. While the small area of
the patterns hampers their direct measurement, the bacterial
adhesion results from plasma-activated micro/nanopillars pro-
vide indirect, although compelling, evidence that surface charge
and wettability were altered to a larger extent in structured sur-
faces. This can potentially be explained by the increased amount
of silanol groups at the interface due to the larger surface area
exposed for plasma activation, leading to higher hydrophilicity
and surface charge density.”®! This behavior is consistent with
the largest effect being observed for the 2 min aged surfaces,
wherein the highest charge density and hydrophilicity existed.
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Within the 2 min aged samples, plasma-treated nanopillars
with the smallest dimensions (D0.5S0.5) showed the highest
effect on preventing bacterial adhesion, with a reduction in the
adhesion of 77.5% when compared with plasma-activated planar
counterparts (Figure 7A). The lower adhesion can be potentially
explained by the higher electrostatic repulsion force on the
bacteria due to the high surface area for D0.5S0.5 (Figure 7C).
These differences are even more apparent when one compares
native structured surfaces with planar counterparts, where
the opposite behavior was observed with higher bacterial
adhesion for the structured surfaces (Figure S2A, Supporting
Information).

The patterned surfaces with a gap size of 0.5 um had less
adhesion than those with a 1 um gap. Inspection of fluorescence
micrographs (Figure S2B, Supporting Information) reveals
that bacteria adhered to patterned surfaces with a gap size of
1 um mainly in the gaps between pillars, whereas adhesion
was mainly on top of pillars on surfaces with a gap of 0.5 um,
presumably as the bacteria could not fit into the smaller gaps.
Visual inspection did not reveal any major differences between
the morphology of bacteria that attached to planar and struc-
tured surfaces (Figure S2, Supporting Information).

Equally interesting was the ability of the structured PDMS
surfaces to sustain their antifouling properties for longer
periods of storage than the planar PDMS, with the pillars of
smaller diameter not reaching the values observed for planar
counterparts after 50 days (Figure 7B). The bacterial coverage
for D0.5S0.5, aged 2 min and 50 days is reduced by 98.7% and
65.1% compared to native planar control (Figure S4, Supporting
Information). These results suggest that the smaller pillars
(diameter of 0.5 pm) were capable of significantly delaying the
hydrophobicity recovery, and this can potentially be explained
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Figure 6. The ratio of E. coli adhesion on plasma-treated micro/nanopillars over plasma-treated planar control PDMS. The data labels represent the
pillars’ diameter and the age of the sample after plasma treatment. * Represent that the coverage on the pillar is significantly different from the planar
area (n =60, p < 0.05). The error bar represents SD from three independent experiments.
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Figure 7. Comparison of E. coli adhesion between plasma-treated D0.5S0.5 and planar surfaces for A) 2 min and B) 50-day aged samples. Scale bars:
25 um. C) Schematic effect of presence of nano topography on surface charge density and electrostatic interaction (Fg) between the bacteria and the

surface.

by the constrained migration of free oligomers through the oxi-
dized PDMS pillars.””!

Figure 8 represents the percentage reduction in E. coli adhe-
sion for plasma-treated patterned surfaces and the calculated
surface area of each over a 500 x 500 um planar area. The rela-
tionship between adhesion and surface area was shown to be
dependent on the pillar spacing and diameter. While the per-
centage of reduction of adhesion decreases proportionally with
a decrease in surface area for 0.5 um spaces between pillars, no
trend was observed between the surface area and the bacterial
adhesion for the pillars with the spacing of 1 um. For the latter,
bacterial adhesion was promoted by increasing the diameter
of the structured PDMS. A spacing of 1 um had higher adhe-
sion than 0.5 um, presumably due to bacteria being able to
adhere to the 1 um but not the 0.5 um spaces between pillars
(Figure S2B, Supporting Information). The bacterial adhesion

for D2.5 samples for all the aged groups, apart from 2 min aged
samples, was similar to the planar area as their larger diameter
allowed the bacteria to attach on top of them. The results sug-
gest that D2.5 structures have undergone faster hydrophobic
recovery than the other structures.

A time-lapse study has been performed to compare the adhe-
sion of the bacteria over 2 h on 2 min aged plasma-treated
D0.5S0.5 and the planar control sample. The sample was sus-
pended with E. coli at ODgy = 0.5 for 30 min to provide enough
time for the initial adhesion of the bacteria. Following that, the
suspension was diluted 20 times with the fresh M63 medium to
dissipate the planktonic cells. The adhesion of E. coli on an area
with the boundaries of the pillar and the planar surface was
monitored by capturing images every 2 min for 2 h (Figure 9
and Video S1, Supporting Information). E. coli adhesion on the
planar surface increased steadily over time, however, it was

100 - 6>
PY --@-- 2 min -=#A-- 1 day 1
g g5 - ® — @ - 3 days 10 days X
= - @ = 30days ==-@=50days [ 5
%’ i """" i\ ® area
< 70 7 ‘\\\ & ® R 4 (flg
S e - o !
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= 40 - 3
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g s 2 g
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D2.550.5 DO0.5S1  D1SI D2.5S1

Pillar ID

Figure 8. Percentage (%) of reduction in E. coli adhesion on aged plasma-treated pillars compared to its planar counterpart. Red dots represent the
calculated surface area over the 500 x 500 um? array for each feature size. The lines are only presented as an eye guide.
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Figure 9. Time-lapse study of E. coli adhesion on plasma-treated D0.550.5
and planar over 2 h (Video S1, Supporting Information).

approximately constant for D0.5S0.5. Two factors appear to con-
tribute to this observation: first, there were far fewer bacteria
attached to the nanopillar surface than the planar; and second,
bacteria attached to the planar surface were observed dividing
whereas those attached to the nanopillars were not. Therefore,
the nanopillars could be inhibiting both attachment and divi-
sion of attached bacteria, similar to the drop in viability previ-
ously observed in other studies.[*’]

The hydrophobic recovery of PDMS is mainly attributed to
the migration of free oligomers from the bulk to the surface and
possibly the reorientation of the polar species into the bulk.
To rationalize the reduced bacterial adhesion associated with
slower recovery rates of hydrophobicity for the smaller nano-
pillar structures (D0.5S0.5), we propose that the mechanism is
related to the geometric nanoconfinement effects. The reduc-
tion of structure size to the nanometer range has been shown
to affect polymer molecular mobility,®! and our results strongly
suggest that similar nanoconfinement effects were exerted
on the oligomer chains within the nanopillars. The physico-
chemical properties (charge density and hydrophilicity) of the
plasma-activated surfaces were enhanced by confinement,
and that enhancement depended on the size of the confined
pillar interface and the confined space between the pillars. The
smaller the interface and space, the larger the enhancement,
leading to stronger anti-biofouling effects for the smaller pillars
such as D0.5S0.5.

3. Conclusion

The results presented in this study revealed that the plasma
treatment provokes a significant reduction in bacterial adhe-
sion on structured surfaces relative to the planar control
PDMS samples, and the effect remains there even after the
aging of the PDMS samples. It has been shown that bacte-
rial adhesion is affected by the dimension of the topological
features and the surface hydrophobicity/hydrophilicity and
charge. The findings of this study highlight the presence
of the nanoconfinement effect for plasma-treated nanopil-
lars which can serve as an effective strategy to enhance the
anti-biofouling properties for nano topological features.
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Plasma-treated PDMS nanopillars with a diameter and
spacing of 500 nm possess the highest antifouling properties
against E. coli. In contrast, the antifouling efficiency reduces
by increasing the pillar size to almost the level of control sam-
ples for pillars with a diameter of 2.5 um. The presence of the
submicron pillars and thus reduced contact area coupled with
long-lasting increased hydrophilicity of the surface by plasma
treatment are responsible for superior bacterial fouling resist-
ance. The antifouling sustainability for the nanopillar struc-
tures is quite remarkable, with a 65.1% reduction compared
to the native planar control sample after 50 days. Our study
provides potential prospects to further enhance the anti-
fouling properties of PDMS samples by the combination of
the nanoconfinement effect and plasma treatment as a simple
and cost-effective method.

4. Experimental Section

Fabrication of Master Mold and Preparation of PDMS Substrate:
Micro/nano pattern holes were produced on a 4-inch single-side
polished silicon wafer in Southampton Nanofabrication Centre, UK. The
process involved e-beam lithography and patterning of the poly(methyl
methacrylate) (PMMA) as a resist, followed by reactive ion etching (RIE)
and removal of the PMMA.

PDMS substrates were fabricated using a silicone elastomer kit (Dow
Corning Corporation, SYLGARD 184, USA) by mixing the base with the
curing agent with a ratio of 10:1. The PDMS was mixed thoroughly using
both components and degassed using a vacuum pump for 30 min to
remove any trapped air bubble in the mixture. The mixture was then
poured on a silicon wafer mold (plain or patterned with holes), degassed
for another 30 min and cured at 40 °C for 48 h to fabricate 1 mm thick
samples. The planar and patterned PDMS were cut into 1T X 1 and
1.6 X 0.5 cm? pieces, respectively. The side which was in direct contact
with the silicon wafer was used to study bacteria and beads adhesion.

Plasma Treatment: The PDMS samples were placed in 35 mm
polystyrene Petri dishes with triple vents, and air plasma-treated for
100 s using Harrick Plasma Cleaner PDC-32G-2 (Harrick Cleaner, New
York, USA) at 18 W. Following the oxidization, sample dishes were
covered with their lids and stored at 20 °C without extra sealing.

Contact Angle Measurements: Dynamic contact angle measurement
was performed using the Theta Lite instrument (KSV Ltd., Helsinki,
Finland) to characterize and compare the hydrophobicity of PDMS
plasma-treated and native samples. The advancing and receding contact
angles on the surface were measured using 5 pl of deionized water at
15 °C using the sessile drop technique.®? Young-Laplace equation!®
was used to determine the right- and left-hand side contact angle, and
the average value was used for comparison between different samples.
The contact angle for each storage condition was averaged along three
samples and five measurements for individual ones.

Surface Charge Density Measurement: The surface charge density
of the PDMS samples was determined using the colorimetric method
by measuring the amount of bounded Toluidine Blue O (TBO, Sigma
Aldrich, Co., USA) on the PDMS samples.*>®1 TBO (CysHgN3S*) is a
cationic blue dye that can be bounded to ionic charges and shows a light
absorption peak at 633 nm.[#4

Each PDMS sample was immersed in 5 ml of 0.5 mM aqueous TBO
solution (pH was adjusted to 10 using Na,CO3/NaHCO; buffer) for 6 h
at 30 °C. Following that, the samples were washed using NaOH and
each was placed in 50% (v/v) acetic acid for 24 h to obtain complete
decomplexation of TBO from the sample surfaces; at this step the TBO
molecules diffuse into the solution, coloring it blue. The latter solution
was analyzed using the Evolution 300 UV-vis spectrophotometer
(Thermo Scientific, UK) with an absorption peak at 633 nm. The
measurements were performed in triplicate. The calibration curve
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was obtained by measuring the optical density of TBO at a varying
concentration in 50% acetic acid and was used to find the concentration
of TBO on the surface of the PDMS samples. The control samples
consisted of 50% acetic acid in contact with the untreated PDMS
samples.

Due to the area of the patterned PDMS (0.5 x 0.5 cm?), contact angle
and surface charge measurements were only performed for the planar
PDMS.

Microbial Culture and Micro Beads Preparation: E. coli K-12 SCC1
(MG1655 Paj04/03.gfomuts=), Which expresses green fluorescent protein
(GFP),l®l was used for microbial culture. E. coli cells were taken from
the frozen glycerol stocks and grown for 24 h on a nutrient agar plate
at 37 °C. A single E. coli colony was inoculated in a 10 ml standard M63
minimal medium (contained 100 mM KH,PO,, 1 mM MgSO,, 15 mM
(NH,4),SOy4, 17 mM sodium succinate, 10 mM D-glucose and 1.8 uM
FeSO,) and allowed to grow in a shaking incubator (150 rpm) for 24 h at
30 °C. The cells were harvested by centrifugation at 3900 rpm for 5 min,
the bacterial pellet was then resuspended in a fresh M63 medium to a
final optical density of 0.5 at ODgqg. 5 ml of the bacterial suspension was
then added into the petri dish with the PDMS sample and incubated in a
stationary incubator at 30 °C for 2 h. The experiments were conducted in
triplicate for statistical analysis.

Fluorescent carboxylate-modified polystyrene (PS) beads with
an average diameter of 1 um (L4655, Sigma-Aldrich, Co., UK) were
suspended in M63 minimal medium to the final optical density of 0.65
at OD600. 5 ml of the solution was added to the petri dish with the
PDMS sample and incubated in a stationary incubator at 30 °C for 2 h.

Imaging: E. coli adhesion on PDMS samples was quantified on a
standard fluorescent microscopy Axio Lab (Zeiss, Germany) with a 60x
water objective equipped with a digital camera Motic image plus 3.0, or
a Confocal Scanning Light Microscopy Leica TCS SP8 (Leica, Wetzlar,
Germany) with a 40x water dipping objective lens and 2.5x digital zoom.
For each sample, 20 images were collected randomly on the surface.
Three biologically different replicas were examined for statistical analysis.

Hitachi TM3030 SEM was used to image the patterned PDMS. The
samples were coated with 30 nm of platinum prior to the imaging and
imaged using an accelerating voltage of 15 kV.

Image and Statistical Analysis: The percentage of the area coverage of
E. coli and PS-COOH beads on the PDMS surfaces was quantified using
Imagej through an automated custom script to determine the fraction
of area covered by cells in each picture.B5 The data collected (sample
size n = 60) were statistically analyzed using ANOVA and Bonferroni
post-hoc test. The presented data are reported as the mean £ SD. The
data was considered statistically significant for p < 0.05. All statistical
analysis was performed using MATLAB.
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Supporting Information is available from the Wiley Online Library or
from the author.
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