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Nanoscale Plasma Coating Inhibits Formation of Staphylococcus
aureus Biofilm

Yuanxi Xu,? John E. Jones,® Haiqing Yu,® Qingsong Yu,® Gordon D. Christensen,® Meng Chen,® Hongmin Sun?®

Department of Medicine, University of Missouri, Columbia, Missouri, USA%; Center for Surface Science and Plasma Technology, Department of Mechanical and Aerospace
Engineering, University of Missouri, Columbia, Missouri, USA®; Nanova, Inc., Columbia, Missouri, USA®

Staphylococcus aureus commonly infects medical implants or devices, with devastating consequences for the patient. The infec-
tion begins with bacterial attachment to the device, followed by bacterial multiplication over the surface of the device, generating
an adherent sheet of bacteria known as a biofilm. Biofilms resist antimicrobial therapy and promote persistent infection, making
management difficult to futile. Infections might be prevented by engineering the surface of the device to discourage bacterial
attachment and multiplication; however, progress in this area has been limited. We have developed a novel nanoscale plasma
coating technology to inhibit the formation of Staphylococcus aureus biofilms. We used monomeric trimethylsilane (TMS) and
oxygen to coat the surfaces of silicone rubber, a material often used in the fabrication of implantable medical devices. By quanti-

tative and qualitative analysis, the TMS/O, coating significantly decreased the in vitro formation of S. aureus biofilms; it also
significantly decreased in vivo biofilm formation in a mouse model of foreign-body infection. Further analysis demonstrated
TMS/0, coating significantly changed the protein adsorption, which could lead to reduced bacterial adhesion and biofilm for-
mation. These results suggest that TMS/O, coating can be used to effectively prevent medical implant-related infections.

S taphylococcus aureus frequently causes skin, soft-tissue, respi-
ratory, bone, joint, and endovascular infections (1). Although
S. aureus employs multiple virulence mechanisms to promote
these infections (1), the formation of a bacterial biofilm appears to
be the crucial stage in staphylococcal infection of implanted med-
ical devices, such as intravascular catheters, artificial heart valves,
orthopedic devices, and prosthetic joints (2, 3). Staphylococcal
biofilms consist of bacterial cells cemented to the medical device
surface and to each other by an extracellular matrix composed of
polysaccharides produced by the bacteria and by serum and tissue
proteins produced by the patient (2, 3).

The biofilm protects the bacterial cells from antimicrobial
therapy and host defenses (4). The resting metabolism of the bio-
film bacteria resists the action of antimicrobial agents, while the
extracellular matrix also serves as a diffusion barrier of antimicro-
bial agents into the encased bacterial cells (5). However, some
studies disputed the relevance of extracellular matrix as a diffusion
barrier to account for antibiotic resistance, because the difference
in the diffusion coefficients of antibiotics between biofilms and
microcolonies could not account for the increased resistance fully
(6,7). The mechanism of the antibiotic resistance is still not clearly
defined.

The combination of the unique biofilm physiology and the
enhanced virulence of pathogenic staphylococci make medical de-
vice-associated infections caused by S. aureus particularly difficult
to treat. Management often requires the removal of the implant at
great cost to the patient’s health and wealth (2). It was estimated
that in the United States the annual cost of medical device-associ-
ated infections was in excess of 3 billion dollars (2). For these
reasons, we need new approaches to prevent device-related infec-
tions.

One way would be to apply antimicrobial agents to the surface
of devices to impair bacterial survival and proliferation (8-10).
For example, some investigators have coated biomaterial surfaces
with the combination of the antiseptics chlorhexidine and silver
sulfadiazine or the combination of the antibiotics minocycline
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and rifampin (11). Using a combination of multiple antimicrobial
reagents is meant to prevent resistance for singular agents and has
been shown to be highly effective in preventing resistance. Anti-
microbial-impregnated catheters have demonstrated efficacy in
preventing catheter-related infections (12). However, there still
are risks that the extended and widespread use of bactericidal
agents could lead to the emergence of bacterial resistance to the
antibiotics (13). Loss of antimicrobial function also could occur
by covering the surface of the biomaterial with a layer of organic
macromolecules and dead microorganisms (14).

Another way would be to modify the biomaterial surface in a
manner that does not alter the bulk properties of the material nor
utilize licensed pharmaceutical agents but at the same time dis-
courages bacterial surface adhesion and growth. Reports of suc-
cess with this tactic include coating the material with peptide-
functionalized poly(L-lysine)-grafted-poly(ethylene glycol) copolymers
(15), grafting long-chain zwitterionic poly(sulfobetaine methac-
rylate) onto the surface (16), and manufacturing the biomaterial
with a submicron-textured, antiadhesive surface (17). Because an-
imal studies have not yet been reported for these approaches, the
in vivo efficacy of such antibiofilm techniques remains unclear.
One possible exception is the recent report by Tran et al. (18).
These investigators coated hemodialysis catheters with an or-
ganoselenium compound through a wet coating process consist-
ing of multiple steps and taking 3 days to complete; the organose-
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lenium-coated catheters inhibited S. aureus biofilms both in vitro
and in vivo.

In our previous study, we developed a novel low-temperature,
nanoscale plasma-coating technology using TMS alone as a
monomer to modify the surfaces of stainless steel and titanium to
prevent Staphylococcus epidermidis biofilm formation (19). In the
current study, we demonstrate that further modification of this
coating technology with the addition of oxygen at an optimal ratio
in the deposition process inhibits S. aureus biofilm formation on
silicone rubber (also known as polydimethylsiloxane [PDMS])
both in vitro and in vivo.

MATERIALS AND METHODS

Silicone rubber. Silicone rubber (polydimethylsiloxane [PDMS]) (cata-
log no. 1227609; Bentec Medical Inc., Wakefield, MA) coupons of 10 mm
by 10 mm by I mm or 5 mm by 5 mm by I mm were used as substrates for
plasma coating to study its antibiofilm properties. Silicone substrates were
cleaned by soaking them in 100% alcohol (200 proof) for 1 h at room
temperature and then blot-dried with Kimwipes paper.

Plasma coating on silicone substrate. The plasma reactor used in this
study has been described in our previous publication (19). Trimethylsi-
lane (TMS) (SIT8570.0; >97.0% pure; Gelest Inc., Morrisville, PA) and its
mixture with oxygen (O,) (OX UHP300; 99.994% pure; Airgas, Bowling
Green, KY) were used for coating deposition. Plasma surface pretreat-
ment using argon (Ar) (AR UPC300; 99.999% pure; Airgas, Bowling
Green, KY) as a working gas was believed to provide a clean and repro-
ducible starting condition for further plasma-coating deposition to form
a well-controlled surface layer. Specifically, it was used to introduce reac-
tive sites on the silicone substrate surface for covalent chemical bonding to
the subsequent TMS/O, plasma coating. The argon plasma pretreatment
step was carried out at a flow rate of 1 standard cubic centimeter per
minute (sccm), a working pressure of 50 mTorr, and a power of 20 W for
5 min. Following plasma pretreatment, the samples were coated at 1 sccm
of TMS plus 4 sccm of O,, 30 W, and 50 mTorr for 10 min. Si wafers were
included in each plasma coating batch so as to ascertain coating thickness.

Coating thickness assessment. The thicknesses of plasma coatings on
silicone rubber substrates were determined by measuring coatings depos-
ited on Si wafers for each coating batch. The thicknesses of coatings on Si
wafers were assessed using an AutoEL-II automatic ellipsometer (Ru-
dolph Research Corporation, Flanders, NJ) as described previously (19).

Contact angle measurement. The contact angle formed between a
sessile drop and its support indicates the hydrophilic or hydrophobic
characteristics of the surface. The water droplet size used on silicone sur-
faces in the contact measurements was 1 pl, and the measurements were
performed and recorded using a computer-aided VCA-2500XE video
contact angle system (AST Products Inc., Billerica, MA).

Surface chemistry analysis. All of the plasma-coated and uncoated
substrates were analyzed using X-ray photoelectron spectroscopy (XPS)
at the Material Research Center, Missouri University of Science & Tech-
nology, Rolla, MO, as previously described (19). The takeoff angle of the
X-ray source was fixed at 90° to the substrate surface, for an area of 200
pm by 200 wm to be analyzed at a depth of 1 to 10 nm from the top surface
of the substrates.

Bacterial strains. The two strains used in this study, RN6390 and
NRS234, were the subjects of a previous report from us regarding the
inhibition of biofilm formation (20). RN6390 is a laboratory strain orig-
inally derived from RN1 (21). It is known to be a relatively weak former of
biofilm based on a previous report (22). In contrast, NRS234 is a wild-
type, clinical isolate from a patient with native valve endocarditis; our
prior investigations have found that it was capable of forming biofilm
(20). Both RN6390 and NRS234 strains were obtained from the Network
on Antimicrobial Resistance in Staphylococcus aureus program (NARSA),
which is supported by NIAID, NIH contract no. HHSN272200700055C.
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Biofilm formation measurement. Biofilm formation was measured,
under static conditions, as previously reported (19, 20). We examined
uncoated and coated 5-mm by 5-mm silicone coupons in triplicate. Those
silicone coupons were sterilized by exposing them to UV lamps at a wave-
length of 253.7 nm for 20 min on each side. The sterilized coupons then
were coated by overnight incubation in a 20% (vol/vol) dilution of human
plasma (Innovative Research, Novi, MI) in phosphate-buffered saline
(PBS). Coupons coated with human plasma were incubated in 1 ml Todd-
Hewitt broth containing 0.2% yeast extract (THY) medium, 0.5% glu-
cose, and 1:200 diluted bacterial culture at 37°C overnight. The coupons
were washed gently three times with PBS to remove nonadherent cells and
air dried briefly. The coupons were put in 1.5-ml Eppendorf tubes with 1
ml PBS. The biofilms formed on the substrates were detached and disag-
gregated with ultrasonic bath treatment (23, 24). The number of bacterial
cells in PBS was quantified using the spread plate technique. The percent-
age of biofilm formation on coated silicone surfaces was calculated against
the mean of biofilms on uncoated controls. Experiments were repeated
three times. Student’s ¢ tests were performed. A P value of <0.05 was
considered statistically significant.

Biofilm response to vancomycin treatment was studied with a proto-
col established previously, with modifications (25). Biofilm was grown on
uncoated coupons as described above for 8 h. The coupons were gently
washed with PBS to remove nonadherent bacterial cells. Fresh medium
with or without 100 pg/ml vancomycin was added to the wells containing
coupons and cultured at 37°C overnight. The coupons then were washed
and biofilm formation was analyzed as described above.

SEM. Biofilms of S. aureus formed on two groups of silicone coupons
(uncoated control and TMS/O, coated) were visualized by scanning elec-
tron microscopy (SEM) as described previously (19, 20).

Protein adsorption on silicone coupons. The protein adsorption on
silicone coupons was measured by an enzyme-linked immunosorbent
assay (ELISA) approach (26, 27). The protein binding of fibrinogen, fi-
bronectin, and albumin to biomaterial surfaces was measured by adopting
the protocol established previously, with modifications.

Silicone coupons (10 mm by 10 mm) with and without TMS/O,
plasma coating were coated by 20% (vol/vol) human plasma in PBS at
37°C overnight as a test group. Another group of coupons with and with-
out TMS/O, plasma coating was coated with 1% bovine serum albumin
(BSA) as a blank for fibrinogen or fibronectin adsorption evaluation. A
third group of coupons with and without TMS/O, plasma coating coated
with 5% low-fat milk was used as a blank for measurement of albumin
adsorption. After washing in PBS 3 times, triplicate coupons of each con-
dition from the test group were incubated in PBS containing 1% BSA and
a 1:500 dilution of either goat anti-human fibrinogen (Nordic Immunol-
ogy Laboratory, Tilburg, The Netherlands) or rabbit anti-human fi-
bronectin (Sigma-Aldrich, St. Louis, MO) as the primary antibody. For
the evaluation of albumin adsorption, coupons of the test group were
incubated in 5% low-fat milk with rabbit anti-human albumin (Cell Sig-
naling Technology, Danvers, MA) as the primary antibody. The blank
group coupons also were incubated in triplicate with the respective anti-
body. All of the coupons, including the test group and the blank groups
(1% BSA blank group and 5% low-fat milk blank group), were incubated
at 37°C for 1 h and washed with PBS. Those coupons then were moved to
a fresh 24-well plate, incubated in PBS-BSA or PBS-milk containing 1:250
dilutions of the respective horseradish peroxidase (HRP)-conjugated
polyclonal IgG for 1 h, and washed with PBS. The coupons then were
incubated with the chromogenic substrate 2, 2’-azinobis(3-ethylbenzo-
thiazoline-6-sulfinic acid) (ABTS; Thermo Fisher Scientific Inc., Rock-
ford, IL) for 10 min at room temperature, and the absorbance at a wave-
length of 410 nm was measured using a SpectraMax spectrophotometer
(Molecule Probes, Sunnyvale, CA). The final values of the optical density
at 410 nm (OD,,,) of either fibrinogen or fibronectin adsorption were
calibrated by subtracting the average OD,,, of the respective 1% BSA
blank group. The final OD,,, values of albumin adsorption were cali-
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FIG 1 TMS/O, coating inhibits S. aureus biofilm formation on silicone surfaces. (A) Biofilm formation on silicone coupons (uncoated or coated with different
ratios of TMS/O,) by NRS234. The mean of uncoated samples was set as 100%. Data were pooled from nine samples (three independent experiments with
triplicates) and are presented as means * standard errors of means. **, P < 0.01. (B) Biofilm response to vancomycin (100 pg/ml) treatment. (C) Scanned
electron microscope studies of biofilm formation. One representative picture is presented from duplicate samples. Scale bar, 5 pm.

brated by subtracting the average OD,, of the 5% low-fat milk blank
group.

Serial dilutions of the commercially available fibrinogen, fibronectin,
or albumin protein (Sigma-Aldrich, St. Louis, MO) in PBS were incu-
bated with uncoated coupons, and OD,,, values were obtained to con-
struct standard curves for each protein (28). The amounts of proteins
adsorbed to the coupons were calculated based on the standard curves.
The percentage of protein adsorption to coated samples was calculated
against the mean of uncoated samples, which was set as 100%. Experi-
ments were repeated three times. Student’s ¢ tests were performed. A
P value of <0.05 was considered statistically significant.

Cytotoxicity test on silicone surfaces. CCL-1 fibroblasts (ATCC, Ma-
nassas, VA) (10,000 cell/well) were cultured with silicone coupons (10
mm by 10 mm) in 24-well plates in 5% CO, at 37°C, and the medium was
changed every 2 days. At day 3, cell medium was aspirated and cells were
incubated with 1 ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) solution (0.5 mg/ml; Roche, Indianapolis, IN) for
4hat37°C. The MTT solution was aspirated and the precipitate dissolved
in dimethyl sulfoxide (DMSO)-ethanol (1:1) solution, and the OD,, was
used as a measurement of cell viability. One hundred percent viability was
set as the absorbance of the cells incubated with uncoated coupons. The
assay was performed three times to obtain the means and standard errors
of means of cell viability.

Biofilm infection mouse mode. Our model of foreign-body infection
is a modification of the model originally introduced by Christensen et al.
(29). The biofilm infection mouse procedure was approved by the Uni-
versity of Missouri Institutional Biosafety Committee (IBC) and Animal
Care and Use Committee (ACUC). We used 8-week-old BALB/cJ female
mice (The Jackson Laboratory, Bar Harbor, ME) and housed the mice in
the University of Missouri animal facility prior to performing the foreign-
body infection study. After disinfecting the skin, we implanted 5-mm by
5-mm silicone coupons subcutaneously into the back and closed the in-
cision with surgical sutures. One day after implantation, we injected 100
wl of a bacterial suspension (1.7 X 10° to 2.8 X 10* CFU) of S. aureus
NRS234 subcutaneously into the area next to the implanted coupon.
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Three days later we harvested the implanted silicone coupons and rinsed
the coupons with sterile PBS three times. Bacterial numbers were counted
by the spread plate method after sonication (19).

In order to assess the soft-tissue damage caused by biofilm infection on
implants, we infected mice with 1.2 X 10° to 2.0 X 10° CFU of S. aureus
NRS234 and observed the mice for 2 weeks. The skin lesion size around
the area of implant was measured daily. Once the mouse lost the im-
planted coupon due to skin necrosis, the mouse was excluded from fur-
ther skin lesion measurement.

We analyzed bacterial count data by the Mann-Whitney rank test and
skin lesion size by the student ¢ test. The time of the mouse losing the
implanted coupon due to skin necrosis was analyzed by the Kaplan-Meier
method and log-rank test. The SigmaStat program (Systat Software, Inc.,
Chicago, IL) was used to perform the analysis.

RESULTS

Inhibition of biofilm formation by TMS/O, coating. We mea-
sured bacterial density on PDMS coupons by counting the num-
ber of CFU released from the coupons by ultrasound disaggrega-
tion; with this method, we found that adding oxygen to the
low-temperature plasma-coating process significantly decreased
biofilm formation by S. aureus NRS234. NRS234 is a wild-type
strain isolated from a patient with native valve endocarditis (20).
The inhibition of biofilm formation increased with the increase of
oxygen level with TMS. When expressed as a percentage of biofilm
on the uncoated PDMS, coating PDMS with TMS alone signifi-
cantly reduced biofilm formation (69.5% * 10.1%; P < 0.001),
while coating PDMS with TMS and oxygen at a 1:4 ratio (termed
TMS/O, 1:4) yielded the most potent inhibition (92.7% = 0.95%;
P < 0.001) (Fig. 1A). Thus, we selected TMS/O, 1:4 for detailed
analysis. As a comparison, we also examined how biofilm re-
sponded to antibiotic treatment, since antibiotics are used to treat
biofilm-related infections in the clinic with unsatisfactory results.

December 2015 Volume 59 Number 12


http://aac.asm.org

g 120000 - °

g Al 3

@ 100000 -+ »

" —

o (8]

g 80000 -

]

£ 60000 -

8 :" w Q

4 40000 +~ X NN

k] o 55

£ 20000 -

£ —

£ 0 } y
1000 500 0

Binding Energy (eV)

? 120000 - Bl a

o

$ 100000 - °

"

& 80000 -

2 “»

§ 60000 - b5

S 2 v a

z 40000+ 5 S o

‘B v n

S 20000 -

£ -]

| = i

- 0

500
Binding Energy (eV)

1000

o

Plasma Coating Inhibits S. aureus Biofilm

10000

z A2 C-Si-0

§ 8000 - (100.00 %)

& 6000 H

2 i

3 4000 - HE

] Dot

Z 2000 - ;o

E O | ; . .-0-...70.00.. i 0.-%0“
300 295 290 285 280

Binding Energy (eV)

T 7000 - B2 C-C/C-H

§ 6000 - ':':(45‘65%)

3 :

5 5000 - :

o .

.g 4000 -+ C-Si(36.98%)—_¢

3 3000 - :

Z 2000 - C-0(17.37%)

w

§ 1000 Jrmmmmepean Y

£

= 0
300 295 290 285 280

Binding Energy (eV)

FIG 2 XPS survey spectra of uncoated PDMS (A1) and TMS/O, 1:4 plasma-coated PDMS (B1) and high-resolution Cls spectra of uncoated (A2) and

plasma-coated PDMS (B2).

Treating biofilm on uncoated PDMS with 100 pg/ml vancomycin
led to no reduction of biofilm (Fig. 1B), supporting previous ob-
servations of the high resistance of biofilm to antibiotics (30).

Using scanning electron microscopy (SEM), we examined the
microscopic biofilm structures of NRS234 and RN6390, which is a
well-characterized laboratory strain (20), on both coated and un-
coated PDMS coupons. On uncoated coupons, RN6390 formed
tight multilayered structures with dense bacterial cells that cov-
ered the surface, while NRS234 formed a multilayered biofilm
with numerous channels and spaces between cell clusters (Fig.
1C). The colonization of coated coupons by both strains also was
greatly reduced, exhibiting only scattered cells or cell clusters in
SEM images (Fig. 1C). The inhibition was more evident with
strain NRS234, which only sparsely colonized TMS/O,-coated
surfaces (Fig. 1C).

Surface characterization. With ellipsometric measurements,
we found the thickness of the resultant TMS/O, plasma coatings
deposited on Si wafers to be 50 to 60 nm, with a refractive index of
about 1.58. Bare PDMS substrates without plasma coating
exhibited a hydrophobic surface with contact angles over 105°
(106° = 5°). The PDMS substrate with TMS/O, plasma coating
greatly reduced surface hydrophobicity initially, generating a con-
tact angle of 51° = 3° measured at day 1 after plasma coating.
Plasma reduction of surface hydrophobicity degraded over time; 1
week after plasma coating, the contact angle of coated PDMS
changed to 99° = 7°, nearly identical to that of uncoated PDMS.

We used X-ray photon spectroscopy (XPS) to detect surface
elemental concentrations for uncoated PDMS containing a re-
peating unit of —O-Si-(CH;), in the polymer chain and on the
TMS/O, plasma coatings (Fig. 2 and Table 1). The atomic com-
position of PDMS, as determined by XPS, was similar to theoret-
ical values (carbon, 50%; oxygen, 25%; silicon, 25%) (note that
XPS could not detect hydrogen incorporated within methyl
groups of PDMS). Compared to the uncoated PDMS, the TMS/O,
plasma-coated surface showed a different composition, with both
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higher silicon and oxygen and lower carbon concentrations at the
surface. Surfaces coated with TMS only demonstrated 17% O,
56% C, and 26% Si at the surface (19); in contrast, the TMS/O,
plasma-coated surface demonstrated a higher atomic oxygen con-
centration (about 32%) (Table 1), indicating oxygen incorpora-
tion into the coating during the TMS/O, plasma deposition pro-
cess. XPS further revealed distinct chemical states of carbon or
functional groups on the plasma-coated surface through high-
resolution deconvolution of the Cls peaks (Fig. 2A2 and B2 and
Table 1). Three distinct subpeaks were fitted to the Cl1s peak asso-
ciated with the plasma coating. C—C/C—H bonding was preva-
lent within the coating, along with C—Si and C—O bonding at
higher binding energies (31). Other researchers also found C—C/
C—H, C—O0, and C—Si on the surfaces of TMS-based plasma
coatings using XPS and spectral deconvolution of Cls (31-33).
The presence of the oxides was due to the reactive nature of the
TMS/O, plasma glow discharge as well as subsequent surface ox-
idation by atmospheric oxygen (32, 34-37).

TABLE 1 Surface elemental composition?

Survey analysis High-resolution scan of Cls

Atomic  Binding Chemical
Sample Element % energy (eV) state %"
PDMS (control) C 54.63 284.6 C—Si—O 100
O 26.55
Si 18.82
PDMS (plasma  C 46.83 284.4 C—C/C—H 45.65
coated)
O 32.45 285.0 C—Si 36.98
Si 20.72 285.9 C—O 17.37

“ Surface elemental composition was determined by XPS surface scan and carbon
functional groups from Cls peaks as determined from high-resolution scan for
uncoated and TMS/O, plasma-coated PDMS.

b Proportion of chemical bonds in Cls.
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FIG 3 Biofilm formation on implanted coupons in BALB/c] female mice. (A) Biofilm on implanted coupons. Data were pooled from 2 independent experiments
(with an NRS234 inoculation dose of 2.8 X 10% and 1.7 X 10® CFU per mouse, respectively). A total of 10 mice are represented in each group. Means are
represented by horizontal lines. *, P < 0.05. (B) Rate of implanted coupon retention of infected mice. Data were pooled from 3 independent experiments (with
an NRS234 inoculation dose of 1.2 X 107, 1.2 X 10%, and 2.0 X 10° CFU per mouse, respectively). A total of 15 mice were represented in the uncoated group, and
14 mice were in the coated group. (C) Skin lesion size of infected mice as described for panel B. (D) L-929 mouse fibroblast cell viability (as determined by
mitochondrial reduction of MTT substrate) when cultured with TMS/O, 1:4 coupons normalized to the value of cells cultured with uncoated controls, which was
defined as 100%. The data are presented as means = standard errors of the means for a total of 9 samples (pooled from 3 independent experiments in triplicates).

Inhibition of biofilm-related infection by nanocoating. Be-
cause NRS234 is a clinic isolate and TMS/O, 1:4 inhibition of
biofilm formation in vitro was more evident with NRS234, we
used NRS234 to test the capacity of TMS/O, coating to prevent
biofilm formation in vivo using a mouse model of device-related
infection. The model consisted of the subcutaneous insertion of
coupons on day 0, challenging the coupons with an injection of
1.7 X 10° to 2.8 X 10* CFU bacteria on day 1, recovery of the
coupons on day 4, and then counting the number of CFU in the
biofilm. Compared to the bacterial density on uncoated coupons
(1.4 X 10° = 0.5 X 10° CFU), we observed a significant reduction
in the number of CFU on the surfaces of TMS/O,-coated coupons
(3.1 X 10* = 0.9 X 10* CFU) (P = 0.014) (Fig. 3A). In order to
further assess the soft-tissue damage of biofilm infection, mice
were infected with higher doses of bacteria and monitored for
longer times to observe the skin lesion around the implant area.

Skin lesions started to appear in mice implanted with uncoated
coupons at day 3 postinfection, while skin lesions started to appear
in mice with coated coupons at day 5. At day 8, mice implanted
with uncoated coupons started to lose the coupon due to skin
necrosis, while mice with coated coupons started to lose coupon at
day 9. At the end of the experiment, only 40% of mice with un-
coated coupon still retained their implants while 78.6% of mice
with coated coupons retained their implants (P = 0.041) (Fig. 3B),
suggesting there was a significant difference in soft-tissue damage
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caused by infections on uncoated and coated coupons. A signifi-
cant difference in skin lesion size was observed between uncoated
and coated groups at days 5, 6, and 14 (Fig. 3C). Of note, once a
mouse lost its implant, its skin lesion no longer would be included
in skin lesion analysis, because it had lost the source of foreign-
body biofilm infection. As a result, the uncoated group had lost
the severely affected members much faster than the uncoated
group after day 6, which could bias the test of skin lesion after day
6. However, a significant difference in skin lesion sizes still was
observed at day 14 between the two groups. Overall, our in vivo
data support the hypothesis that coating the implant with TMS/O,
1:4 will significantly reduce biofilm formation and cause less soft-
tissue damage.

Cytotoxicity of TMS/O, coating on mammalian cells. The ef-
fect of the coated coupons on the viability of L-929 mouse fibro-
blast cells was tested using a protocol based on ISO 10993-5 and
MTT assay. The TMS/O, 1:4 coating had no deleterious effect on
cell viability, and it may slightly increase the cell viability (P =
0.034) (Fig. 3D).

Protein adsorption affected by TMS/O, coating. We used a
modified ELISA technique to measure the binding of fibrinogen,
fibronectin, and albumin to coated and uncoated PDMS surfaces.
Although coated and uncoated surfaces exhibited similar hydro-
phobicity, we found that TMS/O, plasma coating had a specific
effect on the adhesion of human plasma proteins to PDMS. The
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albumin binding was increased on TMS-coated surfaces with dif-
ferent oxygen mixtures (Fig. 4A). However, only the TMS/O, 1:4
coating was able to reduce surface fibronectin by 73.9% * 6.9%
(P < 0.003) (Fig. 4B) and surface fibrinogen by 43.1% * 9.3%
(P < 0.002) (Fig. 4C).

DISCUSSION

In our previous studies, a trimethylsilane (TMS) plasma nano-
coating was developed to coat surfaces of metallic biomaterials,
such as stainless steel and titanium, for reduced bacterial adhesion
and biofilm formation (19). The TMS plasma nanocoatings have
the characteristics of chemical inertness and surface smoothness.
TMS coating demonstrated significant inhibition of S. epidermidis
biofilm on stainless steel and titanium surfaces (19).

In this study, we focused on the development of new plasma-
coating conditions targeting polymeric biomaterials, such as
PDMS or silicone rubber of medical grade, which is widely used in
the making of implantable catheters, by introducing oxygen into
the TMS coating process at an optimal level. A variety of ratios of
TMS to oxygen, e.g., 1:0, 1:1, 1:2, and 1:4, was studied using bio-
film assay. It was found that the ratio of 1:4 for TMS to oxygen
generated the most significant inhibitory effect on biofilm forma-
tion by S. aureus (Fig. 1A).

Analysis by biofilm formation and SEM demonstrated that
TMS/O, coating could significantly reduce S. aureus biofilm for-
mation, in contrast to the ineffectiveness of vancomycin treat-
ment. TMS/O, 1:4 also demonstrated in vivo efficacy at reducing
biofilm formation in a mouse foreign-body biofilm infection
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model. For infections involving S. aureus biofilms in patients with
surgical implants, conventional treatments of biofilm-related in-
fections require removing the infected medical implants, followed
by an extensive antibiotic regimen to clear the infection and then
implanting new devices (2). The treatment regimens are highly
risky and traumatic and incur high expense and high risks for
selecting for antibiotic resistance pathogens. Thus, strategies of
preventing S. aureus biofilm formation on medical devices are
urgently needed to address the morbidity and mortality resulting
from biofilm formation.

A key virulence mechanism for the pathogenesis of S. aureus
infection is the display of bacterial surface proteins that specifi-
cally bind to human plasma and extracellular proteins, such as
fibronectin and fibrinogen (38). Immediately upon insertion into
the host, the surfaces of the implanted medical devices adsorb
plasma and extracellular proteins; these adsorbed proteins are be-
lieved to mediate the targeted attachment of S. aureus to the im-
plant surface (38).

We hypothesized that changes in surface chemistry due to the
TMS/O, plasma coating could cause changes in protein adsorp-
tion to the coated surface, which could in turn reduce bacterial
adhesion to the surface, leading to the inhibition of biofilm for-
mation and infection (19). The significantly increased albumin on
TMS/O,-coated surfaces could lead to more inhibition of bacterial
adhesion in all TMS-coated surfaces (39). It was found that mod-
ifying silicone surfaces with nanostructured carbon increased
albumin adsorption and reduced S. aureus adhesion and prolif-
eration (40). The effect of albumin in bacterial attachment to
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biomaterial surfaces is complicated. While there are many reports
that demonstrated albumin inhibited bacterial adhesion (41-44),
there also are reports that coating contact lenses with albumin
could enhance bacterial attachment (45, 46). Thus, it remains a
possibility that there are other factors contributing to the inhibi-
tion of biofilm formation other than albumin.

Interestingly, only TMS/O, 1:4-coated surfaces demonstrated
a significant reduction of both fibrinogen and fibronectin adhe-
sion, which could explain why the least biofilm was formed on
TMS/O, 1:4 even though there was more albumin adsorption on
other surfaces. Protein adsorptions have been reported to be more
sensitive to the underlying surface chemistry than to surface hy-
drophobicity (47). In this study, the TMS/O, plasma-coated sur-
faces exhibited fewer —CHj groups than bare PDMS, and this
change could contribute to the decreased binding of fibrinogen
and fibronectin to the coated PDMS (48). Likewise, the increased
C—O functional groups on the TMS/O, 1:4 plasma-coated
PDMS also could lead to reduced fibrinogen adsorption (49). It
also has been reported that albumin showed high binding affinity
to hydrophobic surfaces (50). The substantially enhanced albu-
min adsorption on TMS/O,-coated surfaces could be attributed to
the C—O functional group as well.

Just like the results from our in vitro studies, our findings from
the mouse foreign-body infection study demonstrated that TMS/O,
1:4 coating significantly reduced staphylococcal biofilm in vivo.
There also was reduced soft-tissue damage caused by the infection,
as demonstrated by smaller skin lesion size and less skin necrosis,
leading to the reduced loss of implant coupons in the group of
mice implanted with coated coupons. This reduction could be due
simply to a reduction in the initial bacterial attachment to the
modified surface, but the reduction also could be due to interfer-
ence with bacterial proliferation across the surface of the coupon,
making the biofilm more susceptible to host defenses. For exam-
ple, bacterial cells scattered over the surface could be more suscep-
tible to host immunity than cells encased in the biofilm. It has been
reported that bacteria adhering to polyethylene glycosylated sur-
faces exhibited a clear tendency to form clumps, which were sim-
ilar to those of the bacteria on the TMS/O, 1:4-coated surfaces.
This bacterial clumping suggests that in this setting, bacterium-
to-bacterium interactions are stronger than bacterium-to-surface
interactions, again possibly making the bacterial cells more sus-
ceptible to host defenses (15).

The biocompatibility of the coating also was assessed by exam-
ining how coating affected cell viability of L-929 mouse fibroblast
cells based on ISO 10993-5 recommendations. The TMS/O, coat-
ing demonstrated no deleterious effect on cell viability and even
slightly increased cell viability, suggesting it is not cytotoxic to the
host.

We expect the nanoscale plasma-coated surface developed in
the current study to have stable and abrasion-resistant antibiofilm
properties, because the TMS/O, coating generates a covalent
chemical bond to the biomaterial surface. In contrast to our
method, other existing methods of coating biomaterials with an-
tibiotics and other agents create surfaces that tend to degrade over
time. Also unlike the wet chemistry processes of applying antibac-
terial agents to biomaterials (15, 16, 18), the nanoscale plasma
coating technology is an environmentally friendly and cost-effec-
tive method for changing the biomaterial surface without affect-
ing the properties of the bulk materials. While the TMS/O, 1:4
coating has yet to reduce the bacterial load by 3 log units (99.9%
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inhibition) as defined by biofilm minimum bactericidal concen-
trations, the in vivo efficacy demonstrated by our plasma-coating
technology significantly boosts the potential for future clinical
applications. In summary, our technology could offer a cost-effec-
tive and efficient way to coat implantable medical devices to pre-
vent the development of S. aureus biofilms. The successful appli-
cation of this technology could bring financial and medical
benefits to the health care system.
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