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Abstract

A superhydrophobic xerogel coating synthesized from a mixture of nanostructured fluorinated
silica colloids, fluoroalkoxysilane, and a backbone silane is reported. The resulting fluorinated
surface was characterized using contact angle goniometry, SEM, and AFM. Quantitative bacterial
adhesion studies performed using a parallel plate flow cell demonstrated that the adhesion of
Staphylococcus aureus and Pseudomonas aeruginosa were reduced by 2.08 £ 0.25 and 1.76 £ 0.12
log over controls, respectively. This simple superhydrophobic coating synthesis may be applied to
any surface regardless of geometry and does not require harsh synthesis or processing conditions,
making it an ideal candidate as a biopassivation strategy.

Introduction

The development of non-fouling coatings remains an important objective for the next
generation of marine hulls, optical surfaces, and medical devices. Indeed, microbial fouling
of biomedical devices (i.e., catheters, artificial joints) often results in blood stream infections
(BSI) that have long plagued the healthcare industry. In 2002, 17 million cases of hospital
acquired infections were reported in the United States resulting in roughly 100,000 deaths
and $45 billion in direct medical costs.} 2 The increasing prevalence of these devices and
the concomitant rise in associated infections have led to widespread dissemination of
antibiotics, resulting in the emergence and rapid spread of drug-resistant microbes.3

As such, the development of device coatings capable of resisting microbial colonization has
become a major thrust of research with recent activity focusing on the active release of
antibiotics* or broad-spectrum antimicrobials such as silver ions or nitric oxide.> ® To date,
concerns about toxicity,” microbial resistance,3 & and finite release lifetime® have limited
the use and effectiveness of such coatings. Passive strategies including the physical or
chemical modification of surfaces have been developed to resist bacterial adhesion in the
absence of antimicrobial release, although such approaches have been pursued for decades
with limited success.! For example, polymers including polyurethanel® and poly(ethylene
glycol) have been shown to reduce in vitro bacterial adhesion, ! but their in vivo
effectiveness varies widely with surface chemistry, polymer composition and bacterial
species.
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Ideal non-fouling coatings not only resist adhesion of fouling agents (i.e., microorganisms),
but allow for easy removal of contamination that may occur. Examples of “self-cleaning”
surfaces that exist in nature include lotus leaves and water strider legs. These surfaces are
referred to as “superhydrophobic,” and exhibit static water contact angles >150°.12 13 The
preparation of synthetic superhydrophobic surfaces generally involves surface modification
via nanoparticles, photolithography, mesoporous polymers or surface etching resulting in
nanoscale surface roughness, sometimes in conjunction with additional chemical
modifications to reduce surface energy.12 14-16 The latter often require harsh synthetic
conditions (e.g., etching and high temperature)’- 18 and complex fabrication

techniques,® 20 thus limiting the substrate type and geometry that may be coated.18: 19. 21
While previous reports have highlighted the utility of superhydrophobic surfaces for
reducing fouling, few have evaluated the ability of such surfaces to resist the adhesion of
medically-relevant bacteria.22-24 Of those evaluations published, assays were non-
quantitative?? 24 or did not evaluate the viability of attached bacteria.23 Herein, we describe
the synthesis of a superhydrophobic fluoroalkoxysilane coating that unlike previous reports
makes use of mild reaction and curing conditions, and should enable modification of any
substrates regardless of size or geometry. Using a quantitative bacterial adhesion/viability
assay, we demonstrate the utility of this coating to reduce bacterial adhesion.

Experimental Details

Silica colloids were synthesized by sonicating a mixture of (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trimethoxysilane (17FTMS) and tetraethylorthosilicate (TEOS) for 5 min.
The amount of 17FTMS in the silane mixture was varied between 0 and 70 mol% (6.23
mmol total silane). The silane mixture was then added dropwise to a stirred solution of 30
mL ethanol (absolute) and 12 mL ammonium hydroxide (28%, w:w) over 30 min to form
silica colloids. After an additional 20 min of mixing at room temperature, a white precipitate
was collected via centrifugation at 4500 x g, washed twice with ethanol, and dried overnight
under ambient conditions.

Silica colloid-doped 17FTMS/methyltrimethoxysilane (MTMOS) films were prepared via
dispersing 400 mg silica colloids in 9.4 mL cold ethanol via sonication, and then adding
17FTMS and MTMOS. The amount of 17FTMS in the silane mixture was varied between 0
and 40 mol% (1 mmol total silane). Following 5 min of additional sonication, the mixture
was added to a flask containing 2 mL H,0 and 200 pL 0.1 M HCI and stirred for 1 h. The
sol solution was spread-cast onto ozone/UV-treated glass slides (69.4 pL sol solution per
cm?) and dried overnight, resulting in an opaque white film or xerogel. The control sols
without colloids were spincast onto 9 x 24 mm glass substrates (200 pL at 3000 rpm for 10
s) as simple spread-casting resulted in non-uniform coatings.

The wettability of the resulting surfaces was characterized via static water contact angle
goniometry. Reported results are an average of 12 measurements. Surface morphology was
characterized via electron microscopy after coating with 2.5 nm Au/Pd and imaging using a
Hitachi S-4700 scanning electron microscope. Root-mean-square (RMS) roughness of the
substrates was measured via atomic force microscopy, and were calculated from 20 pm?
images of three different substrates obtained in AC mode in air using an Asylum MFP-3D
AFM and Olympus AC240TS silicon beam cantilevers (spring constant of 2 Nm™1).
MFP-3D software was used for calculation of RMS values. The stability of the coatings was
assessed via daily contact angle measurements while soaking the substrates in water at 25 °C
for 15 d.

Bacterial adhesion to the substrates was characterized using a parallel-plate flow cell. S.
aureus and P. aeruginosa were grown overnight from a frozen (—80 °C) stock in tryptic soy
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broth (TSB) at 37 °C, reinoculated in fresh TSB (37 °C), and grown to 108 colony forming
units (CFU)/mL as determined by optical density at 600 nm and verified by replicate plating
on nutrient agar. The bacteria were pelleted via centrifugation (4500 x g, 15 min) and
resuspended in an equivalent volume of PBS. The bacterial suspension was flowed over the
xerogel substrates at 0.2 mL/min in a custom-machined polycarbonate parallel-plate flow
cell (chamber dimensions = 2.1 x 0.6 x 0.08 cm?3) for 90 min. The bacterial suspension was
then exchanged with sterile PBS without passage of an air-water interface and flowed for
another 20 min to rinse away any non-adherent bacteria. The substrates were removed,
immersed in 5 mL sterile PBS, and subjected to ultrasonication for 15 min to remove
adhered bacteria from the substrates. Bacterial suspensions were then serially diluted, plated
on tryptic soy agar, and enumerated after incubation at 37 °C for 24 h.

Results and Discussion

Silica colloids were synthesized from 17FTMS (0 — 70 mol% total silane) and TEOS via
base-catalyzed hydrolysis and condensation. The resulting silica colloids were composed of
agglomerated silica particles with both micro-scale particle agglomerates (Figure 1A) and
nano-scale individual particle definition (Figure 1B).

Xerogel coatings with and without added colloids were synthesized from 17FTMS (0 - 40
mol% total silane) and MTMOS via acid-catalyzed hydrolysis and condensation. The
xerogel served as a low surface energy chemical modification to hold the silica colloids in
place. Control surfaces consisted of 1) 17FTMS colloids without the additional 177FTMS
xerogel coating (i.e., 100 mol% MTMOS); 2) 30 mol% 17FTMS/MTMOS xerogel coating
without colloids; and, 3) a 100 mol% MTMOS xerogel coating without colloids. Contact
angle goniometry (CAG) was used to measure static water contact angles of the control and
silica colloid-doped xerogels. As shown in Figure 2, the optimal 17FTMS concentrations for
both silica colloids alone and the xerogel blanks (without doped silica colloids) was 20-30
mol%. Increasing the 17FTMS concentration above 30 mol% 17FTMS did not significantly
increase the water contact angles, but negatively impacted the quality of the resulting films
(data not shown).

Thus, 30 mol% 17FTMS was used for all fluorinated colloid and xerogel film compositions.
Static water contact angle images of the silica colloid-modified xerogels (superhydrophobic
films) and controls, and blanks are shown in Table 1. Doping the silica colloids into
17FTMS xerogels resulted in a superhydrophobic interface that was not achievable with
silica colloids or 17FTMS xerogels alone.

Scanning electron microscopy (SEM) images of the resulting silica colloid-containing
fluorinated xerogel surfaces revealed a dense assembly of agglomerated particles consisting
of both micro- and nano-scale features (Figure 3), which are prerequisite surface properties
for obtaining superhydrophobicity.12

The 17FTMS/MTMOS xerogel film was not apparent in the SEM images as it was spread as
a thin coating on the high surface area created by the colloids. Both fluorinated and non-
fluorinated blank substrates (without colloids) were characterized with a slight surface
roughness of 11.7 + 0.3 and 1.5 + 1.3 nm, respectively. As expected, the surface roughness
of the 17FTMS colloid-doped substrates was much greater (898.5 + 84.8 and 573.8 + 154
nm for fluorinated and non-fluorinated xerogels, respectively). The substantially greater
surface roughness for the silica colloid-containing fluorinated substrates may be attributed to
the assembly of the hydrophobic silica colloids within the hydrophobic 17FTMS. Indeed,
comparison of scanning electron micrographs of both fluorinated and non-fluorinated
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colloid doped substrates revealed flat islands of colloids on non-fluorinated surfaces but no
such features on the fluorinated interface (Figure 4).

The presence of the smoother colloid islands would be expected to reduce both the measured
surface roughness and resulting superhydrophobic character of the films. The stability of the
coatings was evaluated by soaking substrates in distilled water for 15 days while measuring
the static water contact angle each day. Contact angles were maintained for all four
substrates over this period (Figure 5), indicating that these xerogel-modified interfaces are
sufficiently stable in aqueous solutions.

Furthermore, the static water contact angle for the fluorinated superhydrophobic substrate
(~167°) remained constant under the conditions of the bacteria experiment (25 °C in
phosphate buffered saline) over the course of the bacterial adhesion assay.

Bacterial infection of pin tracts represents the most common complication associated with
external fixation of orthopedic biomaterials.2>-2” We thus evaluated the adhesion of Gram-
positive Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa, strains
common to pin tract infections, to control and superhydrophobic surfaces, using a
conventional flow cell assay.

As shown in Figure 6, the adhesion of S. aureus and P. aeruginosa to the silica colloid-
doped fluorinated substrates was reduced by 99.0 and 98.2% (2.08 and 1.76 logs,
respectively) versus the MTMOS blank. For silica colloid-coated substrates lacking the
additional fluorosilane film modification, the reduction in S. aureus and P. aeruginosa
adhesion versus MTMOS was an order of magnitude less at 87.4 (0.93 log) and 91.3% (1.10
log), respectively. Bacterial adhesion to fluorinated and non-fluorinated controls (without
colloids) were identical within error as shown at A in Figure 6, indicating that the low
surface energy of the fluorinated surface alone does not reduce bacterial adhesion. While
these results suggest that the surface roughness of the silica colloid coatings alone may
reduce bacterial adhesion, the low surface energy fluorosilane modification further improves
the non-fouling nature of the surfaces as observed previously.28 Although the increase in
static water contact angle upon fluorine modification was similar (~16°), only the colloid-
containing substrates showed a measurable decrease in bacterial adhesion (1-log reduction
for fluorinated versus non-fluorinated). These results suggest that the greater surface
roughness observed for the colloid-containing fluorinated surfaces plays a major role in the
observed bacterial adhesion, compared to the 17FTMS coating alone.

Conclusions

The simple and flexible synthesis of silica colloid-based superhydrophobic surfaces has been
reported and represents an important advance in developing non-fouling surface coatings.
The combination of micro- and nanostructured features from silica colloids and a low
surface energy fluorinated silane xerogel resulted in surfaces that reduce the adhesion of
highly pathogenic S. aureus and P. aeruginosa by ~2 orders of magnitude vs. controls,
making these surfaces excellent candidates for further study as medical device coatings. By
utilizing well-defined sol-gel chemistry for colloid and xerogel synthesis, the surface
chemistry and physical properties of the resulting coatings may be tuned and optimized
depending on the applications. Future studies will focus on the effect of colloid size, surface
roughness, backbone silane structure and concentration, and protein preconditioning on
bacterial adhesion. Furthermore, the bacterial adhesion of the superhydrophobic surfaces
may be further reduced with additional silane precursor modifications that enable the active
release of biocidal agents. For example, we have previously reported on silica hanoparticles
and xerogels capable of releasing antimicrobial concentrations of nitric oxide.>: 2
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Figure 1.
Scanning electron microscopy images of 30 mol% 17FTMS-TEOS silica colloids at (A)
15000x%, and (B) 36,600x magnification.
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Figure 2.

Static water contact angles of (A) xerogel films, and (B) silica colloids as a function of the
concentration (mol%) of 17FTMS (balance MTMOS and TEQS for films and particles,
respectively). Data are represented as means + SD (n = 15).
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Figure 3.

Scanning electron microscopy images of 30 mol% 17FTMS (balance MTMOS) xerogel
films doped with 30 mol% 17FTMS (balance TEOS) silica colloids at (A) 1500%, and (B)
15,000 magnification.
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Figure 4.

SEM images of A) a fluorinated xerogel (30 mol% 17FTMS-MTMOS) doped with silica
colloids (30 mol% 17FTMS-TEOS) and B) a non-fluorinated xerogel (100 mol% MTMOS)
doped with silica colloids (30 mol% 17FTMS-TEOS). White arrows indicate examples of
smooth colloid islands.
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Figure 5.

Static water contact angles after immersion in distilled water at 25 °C. A) Superhydrophobic
30 mol% 17FTMS (balance TEOS) colloid-doped 30 mol% 17FTMS (balance MTMQOS)
and B) colloid-doped 100 mol% MTMOS xerogels; C) blank (no colloids) 30 mol%
17FTMS (balance MTMOS) xerogels; and, D) MTMOS controls (100 mol%). Data are

represented as means + SD (n = 12).
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Figure 6.

Reduction in S. aureus and P. aeruginosa adhesion at (A) blank (no colloids) 30 mol%
17FTMS (balance MTMOS) xerogels; (B) colloid-doped 100 mol% MTMOS xerogels; and,
(C) superhydrophobic 30 mol% 17FTMS (balance TEOS) colloid-doped 30 mol% 17FTMS
(balance MTMOS) xerogels versus MTMOS controls (100 mol%). Data are represented as
means + SD (n = 9).
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Table 1
Static water contact angle measurements.
Silica colloid-doped xerogel Xerogel blanks
Surface 100 mol% 30 mol% 17FTMS- 100 mol% 30 mol% 17FTMS-
MTMOS MTMOS MTMOS MTMOS
Static water contact 151.0+0.5 167.7+1.8 88.3+55 104.7+£0.8

angle (degrees)
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