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ABSTRACT: Here we demonstrate a simple and scalable //'
nanotexturing method for both planar (films) and nonplanar R4

(tubes) polytetrafluoroethylene (PTFE) surfaces using a commer-
cial desktop oxygen plasma etcher. The simple process can PTFE " , Eristine PR

o . tube > - a .. .
generate semiordered nanopillar structures on both tubular and L @, Zi;;‘a Bactericidal & anti-inflammatory
planar samples with high radial and axial uniformity. We found that ';'Si”line /Fixtur\e S AN 9 TN )
the resulting surfaces exhibit good in vitro bactericidal and in vivo ) O,?ead pacterta
anti-inflammatory properties. When tested against Staphylococcus \ :
aureus, the nanotextured surfaces showed significantly decreased *\ Uniform o
live bacteria coverage and increased dead bacteria coverage, “rEEY
demonstrating significant bactericidal functionality. Moreover, the
etched planar PTFE films exhibited better healing and inflammatory responses in the subcutis of C57BL/6 mice over 7 and 21 days,
evidenced by a thinner inflammatory band, lower collagen deposition, and decreased macrophage infiltration. Our results suggest the
possibility of using this simple process to generate large scale biomimetic nanotextured surfaces with good antibiofouling properties
to enhance the functionality of many implantable and other biomedical devices.
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B INTRODUCTION contact mechanisms.® Inspired by these recent studies,
numerous materials, such as silicon,'® metals,"”*° and
polymers,”" with synthetic nanostructures have been fabricated
using various techniques (e.§., nanoimprint,”* hydrothermal
synthesis,”® laser treatment,”" and metal-assisted chemical
etching).25

Several of these techniques demonstrate good scalability for
mass manufacturing, including laser interference or colloidal
photolithography to generate wafer-scale ordered nanoscale
etch masks,”*”” nanoimprinting to shape numerous preheated
materials using a single negative mold,” and plasma etching to
generate high aspect ratio nanowires with ease.”” However,
most current nanoscale fabrication methods are designed for
planar surfaces with the exception of nanoimprinted slightly
curved surfaces for ocular applications.™

These “mechano-bactericidal” nanotextures may be benefi-
cial for implantable medical devices, as noted by great efforts to
prevent biofilm development and infection on and near device
surfaces. Many available in vitro and in vivo studies have already

Implantable devices account for a quarter of all healthcare-
related infections in the United States,’ leading to a growing
interest in materials with antifouling and bactericidal proper-
ties. These advanced materials can minimize incidences of
implant revision, decrease the use of antibiotics, and increase
the overall quality of medical care. Various approaches have
been made to integrate novel bactericidal functionalities”
including the usage of intrinsically’ or trig;c;ered4 antimicrobial
materials, grafts loaded with antibiotics,” mechanical actua-
tion,’ nanoparticle Ioading,7 and namotexturing.gf12 Among
these approaches, biomimetic nanotexturing features several
convenient advantages over other methods including wide
applicability against a number of bacteria types, long shelf life,
minimum postimplantation procedures, and minimum con-
cerns over drug resistance development."'

Found on the wings of cicada,"? dragonﬂies,14 and gecko
skins,"> naturally occurring nanostructures have previously
been shown to have excellent bactericidal properties against
both Gram-positive and negative bacteria. The bactericidal
mechanism was recently postulated to be caused by the
mechanical rupture of the bacterial membrane via both in vitro
experiments and numerical modeling.lé’17 Further studies
summarized that nanostructures with pillar-shaped morphol-
ogy (approximately S0—250 nm in diameter, 80—250 nm in
height, and 100—250 nm in spacing) have similar killing-upon-
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demonstrated that nanostructured surfaces have better
biocompatibility, better ability to modulate cell behavior
(e.g., adhesion, proliferation, and orientation), and better
immune and inflammatory responses that lead to accelerated
wound }1ealing.31_33 However, in vivo studies on nanostruc-
tures with both bactericidal and anti-inflammatory properties
are still scarce.”* With almost all implantable medical devices
having nonplanar surfaces, there is a strong demand for a facile
method for fabricating nanoscale features on large-scale
nonplanar surfaces.

Plasma treatment can etch various polymer surfaces to form
high aspect ratio nanoscale features.”> Compared to other
nanotexturing techniques, plasma etching requires no pre- or
postfabrication processing, allowing for extremely simple, fast,
low cost, and scalable manufacturing process. Moreover,
plasma treatment is widely used already for removing
contaminants, increasing hydrophobicity, depositing polymer-
ized coatin§, improving adhesion, and enhancing implant
integration.”® Since plasma use is ubiquitous in medical device
manufacturing for improved sterilization and biocompatibility,
the potential utility of this plasma-induced nanotexturing is
also quite high.

In this work, we demonstrate that this simple process can
further be applied to nonplanar polytetrafluoroethylene
(PTFE) surfaces to produce nanoscale pillar structures without
any pretreatment steps. There are several studies that proposed
mechanisms by which nanoscale structures can form on various
polymer materials without masks using plasma etching. In
general, there are two leading theories which include (1)
nanotexturing due to redeposition of sputtered impurities37
and (2) nanotexturing due to inherent surface morphology."’8
Here we demonstrate a maskless nanotexturing using simple
oxygen plasma on both planar and nonplanar PTFE surfaces,
which is widely used in implantable applications due to its high
thermal, chemical, and dielectric stability (e.g., insulin
cannula,® bioartificial liver,"’ maxillary sinus augmentation,41
and horizontal bone augrnentation).42

Using a commercially available radio frequency parallel-plate
capacitively couple discharge plasma system and a bespoke
fixture to vertically position nonplanar PTFE (tubes), we show
that nanotexturing can be applied uniformly along the tube’s
radial and axial axes. We believe this is the first work to
demonstrate the large-scale uniform nanotexturing on non-
planar implantable polymer surface. We evaluated these
nanotextured surfaces for their bactericidal property against
Staphylococcus aureus (S. aureus) and their resistance to
physical abrasion by manual scratch and insertion into artificial
and pork skin. Finally, we subcutaneously implanted the etched
planar PTFE (films) into mice for 7 and 21 days to examine
the anti-inflammatory effects of these nanotextured surfaces.

B RESULTS AND DISCUSSION

Mechanism of Nanotexturing. Here we used a radio
frequency parallel-plate capacitively coupled discharge plasma
system to produce nanotextured surfaces. As shown in Figure
la, oxygen (O,) under low vacuum is subjected to an
electromagnetic field with a radio frequency of 13.56 MHz,
during which O, molecules are stripped of electrons and
experience physical dissociation, resulting in a pool of charged
or neutral particles with high-energy (i.e., plasma) contained
between the upper power electrode and the lower ground
electrode (plasma glow zone). When electrically insulated
surfaces are exposed to plasma (e.g,, PTFE films on the ground
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Figure 1. Schematic of the O, plasma etch system to create
nanotexturing on nonplanar PTFE surfaces. (a) Nonplanar PTFE
tubes are etched by vertically positioning them in the center of the
plasma glow zone. (b,c) During the etching process, the outer surfaces
of PTFE tubes are uniformly nanotextured with semiordered
nanopillar structures.

electrode), a net negative bias is developed due to the higher
mobility of electrons compared to positive ions, attracting high
energy (typically 50—1000 eV)*’ ion bombardment toward the
surfaces, breaking C—F bonds (with dissociation energy of 5.6
eV)** and etching the surface. We used this simple approach to
create nanostructures on both planar PTFE films and
nonplanar PTFE films. PTFE films were placed on the ground
electrode of a plasma etcher (Figure S1) while the tubes were
vertically positioned in the middle of the plasma glow zone
(Figure la) to experience uniform plasma density and ion
energy, as reported in both simulation and experiment
studies.”>™"" This resulted in a semiordered nanopillar
structure with axial and radial uniformity (Figure 1).

As previously reported, polymer surfaces can develop semi-
or well-ordered nanopillar structures via plasma etching.””*®
While the definitive mechanism of such self-formation of
nanostructures remains debatable, it is suggested to be due to
the masking effects from redeposited impurities sputtered from
the etching chamber’” or due to inherent surface morphology
(i.e., initial surface roughness)."’8 Morber et al. suggested that
ion bombardment can strike the surface at different points of
the native topology during plasma etching, which will lead to
different interaction volume and varying local etch rates.*

We suspect that the inherent roughness is the main
mechanism of nanostructure formation in our work for two
reasons. First, masking impurities were typically reported in
etchers with a higher plasma bias (e.g., reactive ion etching,
RIE) or a hi§her plasma density (e.g, inductively coupled
plasma, ICP), 3 typically resulting in higher aspect ratio (>5)
nanopillar structures.*® In the subsequent sections, we show
that our nanostructures had a lower aspect ratio (<2) with no
metallic impurities on the etched surfaces. Second, we show
that the initial surface morphology differed for planar and
nonplanar samples and the resulting nanotextures also differed
in their pillar size, density, and spacing, which suggest that
nanotexturing morphology may depend on initial roughness of
the sample.

Nanotextured planar PTFE. Following the O, plasma
treatment, we saw that the planar PTFE film surfaces were
covered with semiordered nanopillar structures, as evidenced
by the scanning electron microscopy (SEM) (Figure 2a—f) and
the atomic force microscopy (AFM) (Figure 2g—i) images.
Pristine PTFE films without etching showed microscale
roughness with no observable nanostructure (Figure 2a,d,g).
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Figure 2. (a—c) Nontilted SEM, (d—f) 45° angled SEM, and (g—i) AFM results of pristine planar PTFE film and after 15 or 30 min of O, plasma
etching. Insets in (a—c) show water droplets images (contact angles indicated by the dashed lines, scale bars = 1 mm). Plots in (g—i) show z-axis

profile across the surfaces, captured by AFM.

Table 1. Measured Roughness (nm) and Surface Areas (um?*) of Etched PTFE Surfaces (Scan Area = 100 y#m?)

planar PTEE

nonplanar PTFE

mean roughness mean square roughness

mean roughness mean square roughness

(R,) (R) total surface area (R) total surface area
pristine 102.90 + 29.69 13221 + 3741 107.42 + 2.02 43.32 + 14.19 55.15 + 19.07 103.80 + 1.82
1S min etching 128.70 + 25.52 167.76 + 34.71 126.84 + 6.61 86.24 + 10.18 108.70 + 13.72 131.95 £ 17.72
30 min etching 207.74 £ S3.14 264.60 + 68.26 141.82 + 4.34 177.82 + 23.82 220.05 + 29.96 154.32 £ 1548

The water droplet contact angle of the pristine PTFE film,
which inherently has a low surface energy,” was 125.24 +
2.28° (Figure 2a inset, Figure S2). After 1S min of O, plasma
etching, we saw an increase in nanostructures compared to the
pristine surfaces, indicated by the bright dotlike particles
shown in SEM. These particles had a density of 1075.60 +
31.54 count/100 pm” and the peak area (i.e., area of white
dots) of 0.89 + 0.20 nm* (Figure 2b). Using 45° angled SEM
and AFM, we confirmed the spikelike morphologies of these
nanofeatures (Figure 2e,h) which had height of 264.63 + 60.05
nm. The water contact angle, after 15 min of etching, increased
to 134.66 = 1.81° (Figure 2b inset, Figure S2). This increase in
water contact angle may be due to the increased surface
roughness as suggested by the Wenzel’s model.”

After 30 min of etching, we found that the bright dotlike
particles became less dense (459.33 + 10.12 count/100 um?)
but had larger peak area (1.52 + 0.47 nm?) (Figure 2c). The
fabricated nanopillars had a height of 497.04 + 82.31 nm and
spacing of 440.19 + 4.81 nm (Figure 2fi). The water contact
angle further increased to 154.82 + 1.48° (Figure 2c inset,
Figure S2), making the surface superhydrophobic (>150°).
This suggests that the water droplets on these samples are

suspended on top of nanoscale structures as described by the
Cassie—Baxter model.”’

Using the AFM results, we calculated the roughness as well
as the total surface area (versus scanned area) of the planar
PTFE samples before and after the O, plasma etching (Table
1). A more detailed quantification of nanopillar structures is in
Table S1 of Supporting Information. We found that the mean
roughness (R,), the mean square roughness (R,), and the total
surface area of all samples increased following etching, which
suggests successful nanotexturing of PTFE surface using O,
plasma. Interestingly, we found that the height and peak area of
nanopillars increased (from 264.63 + 60.05 nm and 0.89 +
0.20 nm” on 15 min etched films to 497.04 + 82.31 nm and
1.52 + 0.47 nm? on 30 min etched films) but decreased in
density (from 1075.60 + 31.54 to 459.33 + 10.12 count/100
um?) with longer etching periods. We attributed this decrease
in density to surface diffusion as described by the Bradley-
Harper model, which suggested that nanoscale structures may
be smoothed off during a prolonged plasma etching.*® We also
examined the planar PTFE films that were exposed to even
longer etch times (45 and 60 min) and found that the resulting
nanostructures feature a broader topography with increasing
etch time (Figure S3).
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Figure 3. (a—c) Nontilted SEM, (d—f) 45° angled SEM, and (g—i) AFM results of pristine nonplanar PTFE tubes and after 15 or 30 min of O,
plasma etching. Plots in (g—i) show the z-axis profile across surfaces. (j,k) Study of nanotexturing uniformity. (j) The nanopillar density of the 30
min etched PTFE tubes when they were positioned vertically in the lower, middle, and upper regions of the etching chamber, respectively. (k) On
the same plane, 30 min etched PTFE tube surfaces had radially similar nanopillar density. Between different planes, etched PTFE tubes also had

axially similar nanopillar density.

To verify that no traceable amounts of impurities were
sputtered back onto the surface during etching, we examined
energy-dispersive X-ray spectroscopy (EDS) result on the
etched samples. We detected the presence of only carbon and
fluorine before and after the O, plasma treatment (Figure S4
and Table S2), which suggests that masking from impurities
may not be responsible for the nanotexturing observed here.

Nanotextured Nonplanar PTFE. After the O, plasma
etching, we observed similar semiordered nanopillar structures
on nonplanar PTFE tube surfaces (Figure 3). Like the planar
PTFE films, the pristine PTFE tubes showed only microscale
roughness (Figure 3a,d,g). After 1S min of O, plasma etching,
PTFE tubes were covered with pillar-shaped nanostructures,
confirmed by tilted SEM and AFM (Figure 3eh). These
nanopillars had a density of 405.16 + 73.74 count/100 um?,
peak area of 3.44 + 0.75 nm? and height of 265.05 + 37.62
nm.

After 30 min of O, plasma etching (Figure 3cfi) the
nanopillar structure became more pronounced. The nanopillar
density decreased to 293.38 + 66.76 count/100 um?, but the
average peak area increased to 7.44 + 1.45 nm?, and the height

26896

increased to 578.20 + 61.93 nm. Also, R, Ry, and the total
surface area of etched PTFE tube surfaces increased after the
prolonged etching (Table 1). A more detailed morphology
analysis of nanopillars on etched PTFE tubes can be found in
Table S1. We believe the mechanism of nanostructure
formation during O, plasma etching on nonplanar PTFE
tube surfaces is similar to that of the planar PTFE film surfaces.

Our results suggest that the initial surface roughness may
have played a key role in nanostructure formation. We saw in
Figures 2a and 3a that the pristine PTFE surfaces appear to
have distinct initial morphology in SEM. The AFM data
confirm that planar and nonplanar PTFE samples had different
initial roughness. Furthermore, both types of samples resulted
in different surface roughness and nanostructure geometry
following the plasma etching. For example, R, increased from
102.90 + 29.69 to 207.74 + 53.14 nm (101.89% increase) after
30 min of etching for planar PTFE films, while it increased
from 43.32 + 14.19 to 177.82 + 23.82 nm (310.48% increase)
for nonplanar PTFE tubes. In addition, we observed more
densely packed nanostructures in planar PTFE film than in
nonplanar tube samples (Table S1). Since other factors (e.g.,
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ACS Appl. Mater. Interfaces 2020, 12, 26893—26904


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04729/suppl_file/am0c04729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04729/suppl_file/am0c04729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04729/suppl_file/am0c04729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04729/suppl_file/am0c04729_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04729?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04729?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04729?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c04729?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c04729?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

sample curvature, location) may also have significant effects,
we will conduct additional experiments in the future to clarify
the effects of intrinsic surface roughness on nanostructure
formation.”>>

Uniformity of Nanostructure on Nonplanar PTFE. To
ensure that nanotexturing can be uniformly applied on large-
scale nonplanar surfaces, we examined the location-dependent
etching effects by varying the placement of PTFE tubes in the
O, plasma etching chamber. Nonplanar PTFE tubes were
positioned in the plasma glow zone between the power and the
ground electrodes in the etching chamber. As suggested by the
Monte Carlo simulation and experimental studies of the radio
frequency parallel plate capacitively coupled discharge plasma
system, the middle region between the two electrodes has
nearly the same levels of electron and ion densities."” ™"
Therefore, the electrically insulated PTFE tubes positioned in
the middle region should theoretically experience nearly equal
levels of ion bombardment induced by the negative bias at all
surfaces,™ resulting in uniform nanotexturing. To confirm this,
we examined the axial and radial uniformity of 30 min etched
PTFE tubes using SEM.

To study the axial uniformity of resultant nanostructures,
three separate PTFE tubes were etched for 30 min at different
positions: the lower, middle, and upper regions of the glow
zone between the power and ground electrodes. The
positioning of PTFE tubes was accomplished using a custom
fixture that allowed them to be suspended with minimal
contact (Figure la and Figure SS). The fixture had little effect
on the formation of the nanostructures, as evidenced by similar
nanostructure on samples placed directly on the ground
electrode (Figure S6). We captured SEM images at different
heights along the vertically positioned etched tubes (Figure
S7) and counted the nanopillars to quantify their height-
dependent densities (Figure 3). The PTFE tube positioned in
the middle region had the greatest uniformity of nanopillar
distribution. At the lowest measured point, nanopillars had a
density of 370.36 count/100 um> At the highest measured
point, nanopillars had a density of 298.42 count/100 ym?® (a
decrease of 19%). However, for PTFE tubes positioned in the
lower or upper regions of the glow zone, the differences were
much bigger (64% decrease and 61% increase, respectively).
The etched PTFE tubes had the highest nanopillar densities at
places closest to the electrodes. This higher density of
nanopillars may be due to an increase in plasma ion
density.”~*” Using these results, we determined that we can
achieve good nanotexture uniformity in the middle region
between the ground and power electrodes.

Figure 3k illustrates the radial uniformity at a single cross-
sectional plane perpendicular to the vertical tube axis and
parallel to the plasma electrode. To demonstrate the radial
uniformity, we etched nonplanar PTFE tube surfaces for 30
min and quantified the nanostructure density on the three
radially symmetrical faces (i, ii, and iii). We also measured
along the length of the tube at three locations separated by ~4
mm (Planes 1, 2, and 3) and found similar nanostructure
density all around the tube as well as along the length of the
tube. SEM images taken at different locations along the tube
surface all showed similar nanostructure morphology (Figure
§7). Together, these results suggest that the O, plasma etching
on nonplanar samples can produce a large scale nanotexturing
with good axial and radial uniformity.

Resistance to Physical Abrasion. To withstand the
clinical usage as implantable devices, the nanotextured surface

needs to have high resistance against physical handling and
abrasion that can occur during a surgical procedure. To test,
we intentionally abraded etched PTFE surfaces and examined
the changes in nanostructures using SEM. For the etched
PTFE films, we scratched them by hand (Figure 4a) or placed

Etched PTFE film

Etched PTFE tube

Y ,'\
XN B

4 'ri/ ¢ 4
After pork insertion

After EcoFIex® insertion

Figure 4. Resistance of etched nanotexturing against physical
abrasion. PTFE films and tubes were etched for 30 min, then (a)
scratched by hand, (b) placed into pork subcutis, (c) inserted into
artificial skin (EcoFlex), or (d) inserted into pork subcutis and
intramuscular space. After removal, samples were cleaned and
examined using SEM. Insets illustrate the specific procedures
performed. Scale bar = § pm.

them into pork subcutaneous space (Figure 4b). For etched
PTFE tubes, we inserted them into artificial skin (EcoFlex,
Figure 4c) or pork subcutis and intramuscular space (Figure
4d). Planar nanostructures that underwent manual hand
scratch were severely damaged and pillar tips were flattened
as shown in Figure 4a. However, a considerable amount of
nanopillars were intact, and nanostructures at the valleys
between larger structures remained. We attributed this to the
macroscale roughness of the etched PTFE films and high
aspect ratio of the nanostructures which protect the entire
surface from being flattened. PTFE films implanted in
subcutaneous space maintained nearly all nanostructures
upon insertion and removal (Figure 4b). PTFE tubes also
maintained original etched morphology after artificial skin
insertion (Figure 4c). However, the finer nanoscale roughness
was smoothed out. Finally, PTFE tubes inserted into subcutis
and intramuscular space maintained nanopillar structures, only
experiencing slight bending of pillar tips (Figure 4d).

On the basis of these results, we concluded that the O,
plasma-etched nanostructures created on both PTFE films and
tubes are somewhat resilient to physical abrasion but require
careful handling. Although we observed some mechanical
damages during certain procedures, most nanostructures
remained unscathed. In practical application, we foresee
nanotexturing to be applied only in areas that require minimal
handling by surgical or implantation tools. As a part of our
future work, we will better quantify the mechanical limitations
of these nanostructures using a more systematic method, such
as droplet impacting or pull tests.”*’

Bactericidal Properties. Using a confocal microscope, we
examined the coverage and survival of GFP-tagged S. aureus to
evaluate the bactericidal properties of both planar and
nonplanar PTFE surfaces. To contrast the live and the dead
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bacteria, we used propidium iodide (PI) to stain damaged and
punctured bacterial membranes. Figure 5 shows bacteria
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Figure S. Bactericidal property of etched PTFE films against S. aureus.
(a) Calculated bacteria coverage (%) of live S. aureus (green) and
dead S. aureus (red) using (b) CLSM image and (c) rendered cell
location and density. *, **, and *** respectively indicate p-values
lower than 0.05, 0.01, and 0.005 in one-way analysis of variance
(ANOVA) with Bonferroni correction. Decreased live bacteria
coverage and increased dead bacteria coverage on etched PTFE
films suggest bactericidal property. Scale bars = 20 ym.

coverage on pristine and etched planar PTFE films, and
Figure 6 shows bacteria coverage on nonplanar PTFE samples.
The quantified results in Table 2 show the change in bacteria
coverage on etched PTFE surfaces compared to the pristine
samples. Biofilms on pristine and etched PTFE surfaces were
also fixed and examined using SEM (Figure S8). Both bacteria
and surface morphologies of PTFE surfaces can be clearly
observed. Etched PTFE surfaces (30 min) that underwent
physical abrasion were also tested against bacterial adhesion
and survival.

Our results showed significant decreases in live and increases
in dead bacteria coverage on both planar and nonplanar
nanotextured surfaces. For 30 min etched samples, the
coverage of live bacteria decreased by 63.48% on planar
PTFE films and 66.90% on nonplanar PTFE tubes. Conversely,
the coverage of dead bacteria increased by 138.99% on planar
PTFE films and by 83.34% on nonplanar PTFE tubes.

The PTFE films that underwent abrasion demonstrated less
impressive bactericidal properties, indicated by a higher
average live bacteria coverage and a lower dead bacteria
coverage compared to the unabraded samples. However, the
live bacteria coverage on scratched film was still significantly
lower than that of pristine film, and the dead bacteria coverage
on inserted tubes was significantly higher than pristine tube,
which suggests that the abraded surfaces may still maintain
some of its bactericidal properties.

When comparing the total bacteria coverage (live and dead)
on etched PTFE surfaces with pristine ones, all cases had
similar results without showing statistically significant differ-
ence (Table 2 and Figure S9). This indicates that S. aureus
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Figure 6. Bactericidal property of etched PTFE tubes against S.
aureus. (a) Calculated bacteria coverage (%) of live S. aureus (green)
and dead S. aureus (red) using (b) CLSM image and (c) rendered cell
location and density. Decreased live bacteria coverage and increased
dead bacteria coverage on etched PTFE tubes suggest bactericidal
property. Scale bars = 20 um.

biofilms have nearly the same coverage on both pristine and
etched PTFE surfaces and that bactericidal properties are
enhanced by the addition of surface nanostructures, as
opposed to bacteriostatic properties of pristine PTFE, which
would otherwise prevent overall biofilm attachment and
growth.

Previous studies have suggested that the bactericidal
property of nanostructures originates from the interaction
between the bacteria membrane and surface nanostructure.”*
The deformation of bacteria membranes that is induced by
gravity and van der Waals forces can cause excessive stretching
across nanoscale morphologies which act as anchor points for
cell adhesion. This excessive strain can lead to membrane
rupture and cell lysis.'”>> To induce greater strain, it is
reasonable to suspect that higher-density nanostructures of
greater aspect ratio will improve the bactericidal properties.
Here, planar PTFE films etched for 15 min demonstrated more
dense nanostructures with better bactericidal property
compared to 30 min etched surfaces. In the case of nonplanar
PTFE tubes, surfaces etched for 30 min had better bactericidal
properties potentially due to larger nanostructure heights.

The relationship between nanostructure (e.g., size, height,
density, and aspect ratio) and bactericidal effects has recently
been investigated using various models. The thermodynamic
model proposed by Li et al. suggests that nanopillar surfaces
with higher density and pillar radius have better bactericidal
performance.’® Here, for both planar and nonplanar cases
PTEFE surfaces after 30 min of etching had an increase in dead
S. aureus coverage. Consequently, we also observe that 30 min
of etching results in a nearly doubled pillar radius with only a
slight increase in pillar spacing, especially in nonplanar PTFE
case. Though our experimental results align well with the trend
proposed in the thermodynamic model, the effects of
nanopillar heights and the curvature of the substrate still
need to be investigated. Moreover, hydrophilicity or hydro-
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Table 2. Change in S. aureus Coverage on Etched PTFE Surfaces to Compared to Pristine PTFE Ones

PTEE films PTFE tubes
live S. aureus dead S. aureus total live S. aureus dead S. aureus total
15 min etching —75.01% +102.09% —1.68% —62.68% +67.56% -9.81%
30 min etching —63.48% +138.99% +9.52% —66.90% +83.34% —4.69%
after abrasion —51.65% +93.47% +7.30% —30.67% +51.14% +3.04%

Healthy tissue (21 day) Pristine (7 day)
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Figure 7. Histopathology results from in vivo study of subcutaneous implantation of PTFE films. Collected tissues were stained with (a—d) H&E,
(e—=h) MTC, (i—1) CD68, and (m—p) CD206. Tissues implanted with etched PTFE films (especially after 30 and 45 min etching) showed lowered
inflammation band, collagen deposition, and M1 and M2 densities compared to pristine and sham groups, suggesting anti-inflammatory property of
nanotexturing. Scale bars in (a—h) and (i—p) are 1 mm and 200 pm, respectively. In quantification results, unfilled and filled bars represented

samples collected at 7 and 21 days, respectively.

phobicity and pliability of pillars®” may also play a large role in
the functional effects of bacteria cell death. Tripathy et al.
provided a thorough review of the various experimental and
modeling approaches to link nanostructured materials with
bactericidal effects.®

We conducted EDS to further verify that bactericidal effects
were due solely to the formation of nanostructures induced by
O, plasma etching. We examined the elemental composition of
PTFE films etched for 15 and 30 min before and after etching.
We also found prior work that suggests transient oxygen
radicals may form on some O, plasma-etched surfaces.”® Thus,
we sought to examine the change in chemical composition over
time (1—20 days) following the plasma treatment. By
comparing the atomic ratio (Table S2) calculated using EDS
spectrum (Figure S4), we observed no difference in carbon/
fluorine ratio before and after etching or aging. Moreover, we
found the amount of oxygen presented on the surface to be
negligible as others have previously reported.””

26899

Foreign Body Response. To examine the biocompati-
bility and anti-inflammatory properties of O, plasma-etched
nanostructures, we subcutaneously implanted pristine and
treated PTFE films (1S, 30, and 45 min etching on both sides
of the films) in mice for 7 or 21 days. Afterward, we explanted
tissues surrounding the PTFE samples and compared against
healthy tissue as well as tissue that underwent sham surgeries
(explanted after 7 days). All animals healed properly with no
indication of infection or observable inflammation. Histo-
pathological analysis was conducted using hematoxylin and
eosin (H&E) and Masson’s trichome (MTC) stains. To
quantify the effect of implant, we measured the thickness of the
inflamed connective tissue and the total amount of collagen
deposition surrounding the implant (Figure 7, panels a—d and
e—h, respectively). We also quantified the density of classically
activated macrophages (M1 macrophages) and alternatively
activated macrophages (M2 macrophages) using CD68 and
CD206 immunohistochemical stains (Figure 7i-p). A board-
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Table 3. Qualitative and Quantitative Results of Tissues Collected from Subcutaneous Implantation Study of PTFE Films

group grade inflammation band thickness (xm)

healthy 0

sham 1 155.26 + 35.12
7 day pristine 0-1 199.86 + 72.61
7 day 15 min 1 160.33 + 74.53
7 day 30 min 1 97.80 + 41.87
7 day 45 min 1 79.44 £ 31.82
21 day Pristine 1 98.71 + 38.73
21 day 15 min 1 64.18 + 18.17
21 day 30 min 1 46.55 + 12.09
21 day 45 min 0-1 61.08 + 21.85

normalized collagen amount

ML density (#/100 ym*) M2 density (#/100 um?)

1.00 + 0.17 0.08 + 0.02 0.07 + 0.02
1.65 + 0.24 0.30 + 0.07 0.30 £+ 0.03
1.76 + 0.25 0.30 + 0.05 0.23 + 0.06
1.78 £ 0.21 0.31 + 0.07 0.27 + 0.05
1.75 £ 0.22 0.37 £+ 0.06 0.31 + 0.04
1.23 + 0.09 0.29 + 0.06 0.25 + 0.0S
1.54 £ 0.22 0.30 + 0.03 0.26 + 0.04
1.39 £ 0.22 0.30 + 0.05 0.25 + 0.06
1.09 £ 0.17 0.27 + 0.0S 0.25 + 0.05
123 + 0.10 0.17 + 0.03 0.17 £ 0.03

certified veterinary pathologist also evaluated the quality of the
surrounding connective tissue and the levels of macrophage
infiltration in single-blind review (Table 3, criterion can be
found in Table S3).

Figure 7a—c and Figure S10 show representative images of
H&E staining. Figure 7d illustrates the comparison of the
inflammation band.°”®* In tissues that experienced sham
surgery, we observed a layer of inflammation band with a
thickness of 15526 + 35.12 pm. After 7 days, tissues
implanted with pristine PTFE films had an increase in
inflammation band thickness, reaching 199.86 + 72.61 um,
which is expected due to the foreign body response. However,
the observed inflammation band decreased for nanotextured
samples, especially for films etched for 30 and 45 min. These
samples had inflammation band thickness of 97.80 + 41.87 and
79.44 + 31.82 pum, respectively, showing significant decrease
compare to the pristine films and even versus the sham group.
After 21 days, inflammation band in all tissues experienced a
23.1-50.6% decrease in thickness, which is a sign of proper
healing. Compared to the pristine samples, 15 and 30 min
etched films still resulted in the thinnest inflammation bands
after 21 days.

The representative images of MTC staining are shown in
Figure 7e—g, followed by a comparison of the total amount of
collagen deposition for each treatment group normalized to
collagen deposits present in healthy tissue (Figure 7h and
Table 3). The measurement protocol is adapted from work by
Ibrahim et al. (additional images in Figure $11).°* Figure 7h
shows that without any material implanted in the subcutaneous
space, collagen deposition increased by 65% as a result of the
surgical procedure to open a pocket in the subcutis. We
observed similar amounts of collagen when pristine, 15 min
etched, and 30 min etched PTFE samples were implanted over
7 days. However, PTFE films treated for 45 min induced
collagen deposition at levels similar to the healthy tissue.
Overall, the collagen amounts decreased between 7 and 21
days. The decrease in collagen is more clearly evident for films
treated for 15 and 30 min, showing a 21.9% and 37.7%
decrease, respectively. Compared to the pristine samples, 45
min etched PTFE samples resulted in a significantly reduced
amount of total collagen.

Figure 7, panels i—k and m—o, shows representative images
of tissues immunostained for CD68 and CD206 macrophagic
markers, respectively (additional images in Figures S12 and
S13). Using the color deconvolution function in Image], we
isolated blue macrophagic cells in the images. The number of
cells was then counted and plotted as cell density in Figure
71,p, respectively. Similar to the total collagen deposition, the
density of both M1 and M2 macrophages present in the

connective tissue surrounding the implant pocket increased as
a result of the surgical procedure to open the pocket. The M1
and M2 macrophages had similar densities when tissues were
implanted with PTFE films (pristine or etched) with the
exception of 45 min etched films experiencing a significant
decrease in infiltration after 21 days. In addition, we saw
increases in M1 and M2 macrophage densities for tissues
implanted with 30 min etched PTFE films compared to the
ones implanted with pristine films. While M1 and M2
macrophage infiltration did not change over 7 and 21 days
when tissues were implanted with pristine and 15 min etched
PTFE films, we saw significant decreases for 30 min (26.4% in
M1 and 20.7% in M2) and 4S5 min (40.3% in M1 and 32.2% in
M2) etched films. The ratio of M1/M2 macrophage densities
also shows similar levels in all cases (Figure S14).

Lastly, the gradings of the collected tissue are presented in
Table 3, which is given based on overall tissue conformity and
composition, as well as neutrophil, macrophage, and foreign
body giant cell infiltration. Results show that tissues in all
groups only had minimal or mild acute inflammation (grade
1), demonstrating good biocompatibility of PTFE films and
nanotexturing.

In general, thinner inflammation band, lower level of
collagen deposition, and lower macrophage density are
indicators of better implant integration. Thinner inflammation
band and less collagen deposition with uniform and open
structure are beneficial for metabolite exchange between the
implanted materials and the host.”*®® Here, both pristine and
etched PTFE films facilitated a healthy layer of collagen
fibroblasts in the surrounding connective tissue of the implant
pocket. Tissues implanted with etched PTFE films showed
thinner inflammation band and less collagen deposition,
especially after 21 days of implantation and with 45 min
etched ones. In some cases, the results are even better than the
sham group and similar to healthy tissue, indicating the
potential ability to accelerate healing. For macrophages, M1
type is generally considered to be pro-inflammatory while M2
type is presumed to be anti-inflammatory (or pro-healing),
thus a lower M1/M2 ratio is a sign of anti-inflammation. In
this work, all etched samples showed a lower M1/M2 ratio
compared to tissues implanted with pristine PTFE films at 7
days (Figure S14). Although the decrease is marginal, tissue
implanted with etched PTFE films had significantly lower
densities for both M1 and M2 macrophages, which may
suggest a better healing process.’”*

B CONCLUSION

In this study, we demonstrated a simple one-step maskless
fabrication process to transfer nanostructures onto large-scale
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planar and nonplanar PTFE surfaces. This process can
generate axially and radially uniform nanostructures in scale
by optimizing the material’s etching position in a plasma
chamber. The fabricated nanostructures are relatively resistant
to minor physical abrasion during subcutaneous and intra-
muscular implantation, and they demonstrate significant
bactericidal properties against S. aureus. Further, results from
our in vivo study of PTFE films implantation in mouse subcutis
revealed that the etched surfaces can mitigate the foreign body
response and accelerate healing, quantified by thinner
inflammation band, less collagen deposition, and fewer
macrophage infiltration. Besides serving as implantable
materials, nanotexturing on nonplanar surfaces has a wide
range of other gotential applications, including inducing
hydrophobicity,””°® creating an antireflection surface,”” and
for energy harvesting.70 Here, we show that our nanotextured
PTFE may be useful as a surface functionalization method for
implantable devices, which require passive bactericidal and
anti-inflammatory properties. Nevertheless, additional evalua-
tions are needed to confirm the bactericidal properties of such
nanostructures against other types of bacteria (e.g., Gram-
negative bacteria and antibiotic-resistant strains). Furthermore,
the effects of fabrication parameters (e.g., etching gas, power,
and time) on nanostructure (e.g., density, height, and aspect
ratio) may be optimized. With additional data, it may be
possible to use such a simple process to improve the lifetime of
implantable devices that are often limited due to biofouling
and the foreign body responses.

B METHODS

Sample Preparation. Planar PTFE thin films with thickness of
50.8 + 7.6 um were prepared with virgin Teflon PTFE resins
(McMaster Carr, Elmhurst, IL). The 12.7 X 12.7 mm pieces were cut
and glued to diced microscope slides (Fisherbrand, Pittsburgh, PA)
using silicone (Momentive, Waterford, NY) for ease of handling.
Nonplanar PTFE tubes (inner diameter: 430 ym, outer diameter: 700
um) were provided by Eli Lilly & Company (Indianapolis, IN) and
cut into 1S mm pieces. All surfaces were thoroughly washed in 10%
(v/v) micro-90 solution (Cole-Parmer, Vernon Hills, IL), rinsed with
Milli-Q water (18.2 M€/cm, Burlington, MA), and dried at room
temperature prior to etching and characterization.

Nanotexturing via O, Plasma Etching. A commercial desktop
plasma etcher system (AP-300, Nordson March, Concord, CA) was
used for processing the samples with 99.5% pure O, (Indiana Oxygen,
Lafayette, IN) at a flow rate of SO sccm. The planar PTFE films were
etched by placing them on top of the ground electrode with power
and the ground electrodes separated by 23 mm. The PTFE tubes were
etched by positioning them vertically and in the middle between the
power and the ground electrodes separated by 47 mm. Bespoke
fixtures made of copper wire (28AWG, insulated with Polyurethane/
Nylon, Belden, St. Louis, MO) were used to batch process multiple
tubes simultaneously. Etching was carried out at a chamber pressure
of ~130 mTorr with etching power of 150 W and varying etching
times. Such flow rate and etching power were selected to achieve the
highest possible nanotexturing (Figure S15). Before each batch, the
etching chamber was cleaned using 5 min of plasma exposure with the
same conditions.

Surface Morphology Characterization. The 2D scanning
electron microscopy (SEM) images of surfaces were captured using
Hitachi $-4800 Field Emission SEM (Schaumburg, IL) with S kV as
the accelerating voltage and analyzed using Image]. The 3D atomic
force microscopy (AFM) images of surfaces were captured using
Bruker BioScope Catalyst AFM (Santa Barbara, CA) in contact mode
(nominal tip diameter: 20 nm, spring constant: 0.24 N/m) and
analyzed using Gwyddion. Energy-dispersive X-ray spectroscopy
(EDS) was carried out using Oxford X-Max" 80 (Concord, MA)
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working with Hitachi S-4800, during which surfaces of 12.5 X 9 ym
were scanned using electron beam with a S kV accelerating voltage
and 15 A emission current, and X-ray signals were collected for 240
s. Before SEM and EDS, a thin layer of platinum (Pt) was sputtered
using a desktop sputter coater (Cressington 208HR, Watford, U.K.).

Water Contact Angle (CA) Measurement. CA measurements
were completed by analyzing the photographic pictures of water
droplets on respective surfaces (pristine, 15 min, and 30 min etched
PTFE films). Five microliter droplets were applied to the surfaces, and
the CA of the static droplets were evaluated between the solid—liquid
and liquid—air interfaces using MB-Ruler software. Measurements
were taken in triplicate.

Physical Abrasion. PTFE films and tubes were etched for 30 min
before testing for deformation caused by physical abrasion. Artificial
skin was made using EcoFlex 00—30 (Smooth-On, Inc., Macungie,
PA) with 1:1 Part A/B weight mixing ratio. Pork belly was used for
subcutaneous and intramuscular implantation. Insertion of PTFE
tubes was conducted with the help of a 30G needle threaded through
the tubes’ inner lumens. After insertion and removal, samples were
sonicated in 10% (v/v) micro-90 solution and thoroughly rinsed with
Milli-Q water before imaging.

Bactericidal Property Evaluation. Erythromycin-resistant
Staphylococcus aureus (S. aureus) tagged with green fluorescent
protein (GFP) were used to culture robust biofilms on PTFE
surfaces. Prior to each experiment, bacteria subcultures were grown
using 19:1:0.02 (v/v/v) tryptic soy broth (TSB, Becton Dickinson,
Franklin Lakes, NJ):20% (w/v) glucose (Sigma-Aldrich, St. Louis,
MO):erythromycin antibiotic at 37 °C for 12 h at 250 rpm. Growth
cultures from day 1 were diluted 1/1000 in new growth medium. To
facilitate bacterial attachment, PTFE surfaces were incubated in S mL
1:9 (v/v) poly-p-lysine (1.0 mg/mL, Sigma-Aldrich, St. Louis,
MO):1X phosphate-buffered saline (PBS, Invitrogen, Carlsbad, CA)
solution for 12 h at room temperature. Five milliliters of bacteria
culture was aliquoted to each PTFE surface and incubated at 37 °C
for 48 h at 50 rpm. After 48 h, 1.5 uL of propidium iodide (PI, 20 mM
in dimethyl sulfoxide) from LIVE/DEAD BacLight Bacterial Viability
Kit (L7012, Invitrogen, Carlsbad, CA) was added into bacteria
solution. After aspiration of bacteria solution and proper air drying,
biofilms were imaged using a confocal laser scanning microscope
(ZEISS LSM 880, Carl Zeiss, Jena, Germany)). Z-stack images at
100X magnification were taken and analyzed using Zeiss Zen software
and MATLAB.

To acquire SEM images of bacterial biofilms, samples were fixed in
2.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO) in 0.1 M sodium
cacodylate buffer (Sigma-Aldrich, St. Louis, MO) at 4 °C overnight,
rinsed with 0.1 M sodium cacodylate buffer, postfixed in 1% osmium
tetroxide (Sigma-Aldrich, St. Louis, MO) for 1 h, and rinsed in
deionized water. Samples were then dehydrated in graded steps of
ethanol (Sigma-Aldrich, St. Louis, MO)/hexamethyldisilazane
(Sigma-Aldrich, St. Louis, MO) solution, air-dried, and Pt sputter-
coated.

In Vivo Surgery. All animal experiments were previously
approved by the Purdue Animal Care and Use Committee
(PACUCQ). Thirty-three female six-week-old C57BL/6 mice (Taconic
Biosciences, Rensselaer, NY) were randomly divided into 10 study
groups. Each etching treatment of PTFE films (pristine, 1S min etch,
30 min etch, 45 min etch) was assigned to a short-term (7 days)
implantation group and a long-term (21 days) implantation group (n
= 3 per group). One group (n = 3) underwent sham surgery in which
a pocket was opened but no material was implanted to provide a
comparison of effects of surgery without any material implantation.
Finally, one group (n = 6) did not undergo surgery; healthy tissue was
collected from this group after 21 days.

PTFE films were prepared for implantation by cutting coupons
from larger PTFE sheets which were pristine or previously etched on
both sides. Coupons were cut using a Keyes cutaneous biopsy punch
(Sklar Instruments, West Chester, PA) then sterilized by autoclave
(20 min at 250 °F and 20 psi). Animals were acclimated for 4 days
before preparing them for surgery. During subcutaneous implantation,
animals were anesthetized and the dorsal interscapular region was
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shaved and sterilized. A 1 cm incision and subcutaneous pocket was
opened, and PTFE implants were inserted. After insertion, the surgical
wound was sutured and animals were recovered from anesthesia.
Twelve hours postsurgery, meloxicam (subcutaneous injection, 1—2
mg/kg) analgesic was administered. Animals were housed by Purdue
Laboratory Animal Program (LAP) under standard conditions,
including artificial day/night cycle, and water and rat pellet ad
libitum. Pre- and postoperative care was conducted according to the
established protocol. All animals survived surgeries without any
complications. After 7 or 21 days of implantation, animals were
sacrificed by anesthetic overdose, and PTFE implants and
surrounding subcutis were explanted.

Tissue Processing. Tissues were fixed in 10% neutral buffered
formalin between days 1—4. They were placed in a Sakura Tissue-Tek
VIP6 tissue processor (Sakura Finetek, Torrance, CA) for
dehydration through graded ethanols, clearing in xylene, and
infiltration with Leica Paraplast Plus paraffin. After processing, tissues
were embedded in Leica Paraplast Plus paraffin.

Microtomy. Tissue sections were taken at a thickness of 4 ym
using a Thermo HM3S5SS microtome (ThermoFisher Scientific,
Waltham, MA). Sections were mounted on charged slides and dried
for 30—60 min in a 60 °C oven. After drying, all slides were
deparaffinized through three changes of xylene and rehydrated
through graded ethanols to water in a Leica Autostainer XL (Leica
Biosystems, Wetzlar, Germany).

Histology. Using the Leica Autostainer XL, slides were stained in
Gill’s II hematoxylin, blued, and counterstained in an eosin/phloxine
B mixture. Finally, slides were dehydrated, cleared in xylene and
coverslipped in a toluene-based mounting media (Leica MM24). The
Masson’s trichome staining protocol was adapted from Carson et al.”*

Immunohistochemistry. After deparaffinization, antigen retrieval
was done with a TRIS/EDTA pH9 solution in a BioCare decloaking
chamber (Biocare Medical, Pacheco, CA) at a temperature of 95 °C
for 20 min. Slides were cooled for 20 min at room temperature and
transferred to TRIS buffer with Tween 20 detergent (TBST). The rest
of the staining was carried out at room temperature using a BioCare
Intellipath stainer (Biocare Medical, Pacheco, CA).

Slides were incubated with 3% hydrogen peroxide in water for 5
min. Slides were rinsed with TBST and incubated in 2.5% normal
goat serum for 20 min. Excess reagent was blown off. CD68
(Invitrogen, PAS-78996) was applied at a dilution of 1:500 (1 ug/
mL) for 30 min or CD206 (Proteintech 18704-1-AP) was applied at a
dilution of 1:2000 (1 yg/mL) for 30 min. The negative control slide
was stained with Rabbit IgG (Vector Laboratories, 1-1000) at a
concentration of 1:5000 (1 pg/mL) for 30 min. A normal mouse
tissue array was used as a control. Slides were rinsed twice in TBST
and a goat antirabbit secondary (Vector Laboratories, MP-7451) was
applied for 30 min. Slides were rinsed twice in TBST, and Vector
ImmPACT DAB (Vector Laboratories, SK-4105) was applied for 5
min. Slides were rinsed in water and transferred to a Leica Autostainer
XL for hematoxylin counterstain, dehydration, and coverslipping.

All slides were imaged using a Nikon 90i upright microscope
equipped with DS-Ril camera (Tokyo, Japan) at 4X or 10X
magnification and analyzed using Image]. Histology and immuno-
chemistry were evaluated and graded by a pathologist in a single-blind
review.

Statistical Analysis. All values are reported as average + standard
deviation. Statistical analysis was performed using one-way analysis of
variance (ANOVA) with Bonferroni correction using OriginPro 2018
software (Northampton, MA). A p-value lower than 0.05, 0.01, and
0.005 was denoted as *, **, and ***, respectively.
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