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ABSTRACT: It has been demonstrated that surfaces coated with poly(ethylene glycol)

(PEG) are capable of reducing protein adsorption, bacterial attachment, and biofilm
formation. In this communication cold-plasma—enhanced processes were employed for
the deposition of PEG-like structures onto stainless steel surfaces. Stainless steel
samples were coated under 1,4,7,10-tetraoxacyclododecane (12-crown-4)-ether and
tri(ethylene glycol) dimethyl ether (triglyme)-radio frequency (RF)—plasma conditions.
The chemistry and characteristics of plasma-coated samples and biofilms were inves-
tigated using electron spectroscopy for chemical analysis (ESCA), atomic force micros-
copy (AFM), and water contact angle analysis. ESCA analysis indicated that the plasma
modification resulted in the deposition of PEG-like structures, built up mainly of
—CH,—CH,—O- linkages. Plasma-coated stainless steel surfaces were more hydro-
philic and had lower surface roughness values compared to those of unmodified sub-
strates. Compared to the unmodified surfaces, they not only significantly reduced
bacterial attachment and biofilm formation in the presence of a mixed culture of
Salmonella typhimurium, Staphylococcus epidermidis, and Pseudomonas fluorescens
but also influenced the chemical characteristics of the biofilm. Thus, plasma deposition
of PEG-like structures will be of use to the food-processing and medical industries
searching for new technologies to reduce bacterial contamination. © 2001 John Wiley &
Sons, Inc. J Appl Polym Sci 81: 3425-3438, 2001

Key words: bacterial attachment; biofilm formation; cold-plasma—induced surface
modification; PEG-like structures; surface chemistry

INTRODUCTION

Attachment of bacteria to surfaces can result in
the formation of biofilms that create economic and
health problems in many environments, includ-
ing the food and medical industries. Biofilms can
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be broadly defined as bacterial cells attached to a
surface, which are frequently embedded in a poly-
mer matrix of microbial origin. Biofilms formed
on equipment surfaces, conveyor belts, floors,
drains, and packaging materials in food-process-
ing environments are a potential source for food
contamination and can result in transmission of
food-borne diseases and reduced shelf life of food
products. Biofilms that develop on biomedical de-
vices such as prostheses, catheters, and implants
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can result in infections and cause health prob-
lems. Development of new technologies to prevent
or at least attenuate biofilm formation, as de-
scribed in this study, is highly desirable.

The interaction of biological materials with var-
ious surfaces is controlled by their physical and
chemical characteristics (e.g., surface charge, hy-
drophobicity, topography). It is recognized that a
first step in biofilm formation is the adsorption of
macromolecules such as proteins followed by at-
tachment of bacteria.! Surfaces that can prevent
attachment of proteins and bacteria consequently
will inhibit biofilm formation. Poly(ethylene glycol)
(PEG) has been explored as a potential antifouling
material.>~* Although the mechanisms for the an-
tifouling behavior of PEG structures are not yet
fully understood, some of the properties of these
polymers may account for the low protein-adsorp-
tion characteristics. PEG chains are highly flexible
and can cause an intense entropic repulsion of pro-
tein molecules, which is attributed to the reduced
degrees of conformational freedom of protein mac-
romolecular chains.®® PEG is highly water soluble,
and as a result of hydrogen bonds created between
the oxygen atoms of PEG and water molecules, a
water-molecule—cluster shield is generated around
the PEG macromolecular chains. Surfaces coated
with PEG layers were found to resist bacterial at-
tachment.® Self-assembled monolayers formed by
the adsorption of w-substituted alkanethiols on
transparent gold films were evaluated for the at-
tachment of Staphylococcus epidermidis and Deleya
marina.” It was shown that C-substituted hexa(eth-
ylene glycol) groups were uniformly resistant to
bacterial attachment (>99.7% reduction for both
organisms), whereas C-substituted methyl, carbox-
ylic acid, and fluorocarbon groups exhibited very
different bacterial attachment responses.

PEG-coated surfaces are usually produced us-
ing classical wet chemistry techniques, including
direct adsorption and covalently binding (e.g.,
grafting) of PEG molecules via a predeposited
functional polymeric structure, using virgin PEG
or its modified structures.®®° However, most of
these techniques involve multistep processes and
often require the use of environmentally harmful
chemical reagents.

Cold-plasma technologies open up new and
more efficient routes for the synthesis and depo-
sition of PEG-type structures. It has been demon-
strated that by selecting the proper plasma pa-
rameters the plasma-mediated reaction mecha-
nisms can be controlled. This very efficient and
dry technology, originally considered mainly for

passivation coatings, currently is focused on ap-
plications where the surface structures critically
control device performances (e.g., sensors, dielec-
tric films, etc.).10712

Plasma-enhanced coatings have been used
for inhibiting protein adhesion. It was shown
that protein adsorption was diminished signif-
icantly when poly(2-methacryloyloxyethyl phos-
phorylcholine) was grafted onto argon—plasma-
activated silicone rubber substrate surfaces.'®
It was also found that hydrophilic surfaces re-
sulting from allyl alcohol- and allyl amine—
plasma-treated poly(ethylene terephthalate)
(PET) surfaces retained slightly lower protein
quantities compared to that of hydrophobic sur-
faces generated under perfluorohexene— and
hexamethylsiloxane—plasma conditions. The
extent of fibrinogen adsorption on these sur-
faces was closely related to the presence of spe-
cific plasma-generated functionalities (-OH,;
-NH,; -CF,).**

Because of the diversity of plasma-reactor
characteristics (e.g., reactor geometry, electrode
configuration, geometrical location of the sub-
strates) and the plasma parameters (e.g., power,
pressure, nature of plasma gases) employed, the
resulting surface characteristics are often diffi-
cult to compare. Accordingly, some of the ap-
proaches designed for the plasma-enhanced dep-
osition of antifouling layers are oriented exclu-
sively toward the generation of PEG-like
structures by using volatile derivatives of oligo-
PEG as starting components. It was previously
demonstrated, for instance, that oligo(glyme)
[e.g., tetra(ethylene glycol) dimethyl ether (TEG-
DME)]-plasma discharges resulted in the deposi-
tion of PEG-like macromolecular networks,®¢
and that the substrates coated under mild TEG-
DME-plasma conditions (pulsed plasma, low
power settings) exhibited extremely low protein
adsorption and enhanced the attachment of hu-
man blood platelets and bovine aortic endothelial
cells.!” High-resolution C1s electron spectroscopy
for chemical analysis (ESCA) of TEGDME and
tri(ethylene glycol) dimethyl ether (triglyme)-
plasma-coated samples indicated that the chemi-
cal structure (in which the C—O bond is the ma-
jor component) and atomic composition of the de-
posited films were similar to the structure and
atomic composition of PEG.'718

Considerably less work has been done in the area
of plasma modification of surfaces directed toward
the prevention of bacterial attachment and biofilm
formation. Nonetheless, it was found that dimeth-



ylaminoethylmethacrylate—- and acrylic acid-
plasma treatments of selected medical sutures sig-
nificantly reduced the attachment of coagulase-pos-
itive staphylococci, Streptococcus pyogenes, and
Escherichia coli.’® It was demonstrated that attach-
ment of hydrophobic bacteria was decreased by in-
creasing the hydrophilicity of the substrate surfac-
es.2® However, significantly different results were
obtained with different bacterial species. Coagu-
lase-positive staphylococci, for example, showed
very low attachment levels on plasma-generated
hydrophobic and hydrophilic surfaces, whereas S.
epidermidis exhibited enhanced adhesion to hy-
droxyethylmethacrylate— and oxygen—plasma-ex-
posed polystyrene film surfaces. Radio frequency
(RF) glow discharge plasma was used to deposit
triglyme on polyetherurethane (PEU) surfaces.?!
Attachment of Pseudomonas aeruginosa was re-
duced by 99.3% and biofilm formation by 93.5% on
the coated PEU when compared to the untreated
surfaces.

The present contribution reports on the use of
12-crown-4—ether and triglyme RF-plasma envi-
ronments for the synthesis of PEG-like structures
and the evaluation of their efficacy to reduce bac-
terial attachment and biofilm formation. Thin-
layer macromolecular structures were deposited
under continuous wave (CW) oxygen—plasma and
12-crown-4 and triglyme pulsed plasma (PP) con-
ditions onto stainless steel (SS), a material com-
monly used in food processing equipment and bio-
medical devices. PP conditions were selected to
diminish molecular fragmentation of 12-crown-4
and triglyme. With properly selected duty cycles
the extent of plasma-induced dissociation reac-
tions could be controlled. Formation of macromo-
lecular structures occurs through the recombina-
tion of less-fragmented species with the active
sites of plasma-exposed nascent surfaces.?? 25
During the formation and deposition of PEG-like
structures a balance should be achieved between
fragmentation/dehydrogenation and the synthe-
sis of PEG chains. The plasma-deposited macro-
molecular networks must retain a significant
amount of -CH,—CH,—O- repeating units to ex-
hibit antifouling characteristics, and at the same
time should have a crosslinked nature to over-
come the water-solubility problem.

The surface chemistry and characteristics of
unmodified and plasma-modified SS were inves-
tigated using survey and high-resolution ESCA,
atomic force microscopy (AFM), and contact angle
evaluations. The ability of the plasma-modified
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samples to reduce bacterial attachment and bio-
film formation was assessed.

EXPERIMENTAL

Materials

Stainless steel sheets (type 304, No. 4 finish, 24-
gauge) were obtained from Temperature Systems
(Madison, WI). Chips of 1-cm? surface area were
cut and washed in a hot alkaline detergent (Mi-
cro; International Products, Trenton, NJ) for 30
min, rinsed five times in distilled water, and air-
dried. Oxygen was obtained from Liquid Carbonic
(Brookfield, WI), and 12-crown-4 and triglyme
were purchased from Aldrich Chemical (Milwau-
kee, WI); 12-crown-4 and triglyme were degassed
before use but were not subjected to any purifica-
tion procedure.

Reactions Under Cold-Plasma Conditions
Selection of Starting Compounds

It has been suggested that molecular structures
play a significant role in plasma-induced molecu-
lar fragmentation processes. By analyzing the
molecular fragmentation mechanisms under var-
ious electron-energy mass spectroscopy (MS) con-
ditions it was shown that the electron-energy
level does not dramatically influence the relative
ratios of the ion-molecular fragments in a large
energy range. It was also shown that there is a
strong similarity between the MS-electron and
plasma-induced dissociation processes, even
though these processes are not identical.!! This
behavior opens up possibilities for selecting those
starting components that result in the formation
of a predominant fragment that will be the main
building block of the desired macromolecular
structures.

The gas chromatography (GC)-MS fragmenta-
tion patterns of both 12-crown-4 and triglyme
showed that -CH,—CH,—O- was the predomi-
nant unit generated as a result of MS-electron—
induced fragmentation. Recent investigations
carried out in the area of in situ MS evaluation of
RF-plasma-induced fragmentation of a number
of organic compounds (e.g., isopropyl alcohol, di-
oxane) substantiate the suggestion that the two
fragmentation mechanisms are similar.?6 Accord-
ingly, both 12-crown-4 and triglyme were selected
as precursors for the deposition of PEG-like struc-
tures.
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Table I Summary of Plasma Treatments Used to Modify the Stainless Steel

Surface

Sample Surface Modification
Unmodified Clean sample; no surface modification
O, Oxygen—plasma; 15 min, continuous wave, 25°C
12-Crown-4 12-Crown-4—plasma; 30 min, pulsed, 30% duty cycle, 120°C
0,/12-Crown-4 Oxygen—plasma followed by 12-crown-4—plasma
Triglyme Triglyme—plasma; 30 min, pulsed, 30% duty cycle, 120°C
O,/triglyme Oxygen—plasma followed by triglyme—plasma

Plasma Treatments

All plasma treatments were carried out in a ca-
pacitively coupled, parallel plate (20-cm diameter
disk-shape electrodes with a 3-cm gap between
electrodes; the lower sample-holder electrode was
grounded and the upper electrode was connected
to the RF power supply) cold-plasma reactor pro-
vided with heating capabilities of the monomer
reservoir and reaction chamber, as previously de-
scribed.?” Each experiment was preceded by a
reactor-cleaning procedure involving the follow-
ing operations: wet chemical decontamination
(water and acetone) of the reaction chamber;
evacuation and purging of SS, vapor, and gas
supply lines with oxygen; and exposure of the
reaction chamber to a 30-min oxygen—plasma en-
vironment (RF-power, 250-300 W; pressure, 27
Pa; oxygen flow rate, 6 sccm). Substrates (sets of
25 SS chips) were located symmetrically on the
grounded electrode and coated directly under 12-
crown-4— and triglyme—plasma environments,
and also after a 15-min oxygen—plasma exposure
(Table I). During the plasma-coating processes
the vapor-feed reservoir, SS, and vapor and gas-
supply lines were thermostated at 120°C both to
ensure a steady flow of the vapors and to avoid
undesired condensation in the reaction chamber.
Oxygen—plasma treatments were performed at a
reactor temperature of 25°C.

In a typical experiment, SS samples were
placed on the lower electrode and the reactor was
evacuated to base pressure level. The preselected
oxygen, 12-crown-4 or triglyme pressure was es-
tablished, and the plasma was ignited and sus-
tained at the selected power level, for a predeter-
mined period of time. The following external
plasma parameter space was employed for the
deposition of PEG-type structures: oxygen pres-
sure in the presence of plasma, 27 Pa; triglyme
pressure in the presence of plasma, 40—45 Pa;
12-crown-4 pressure in the presence of plasma,

27-30 Pa; RF-power dissipated to the electrodes,
250 W (CW/O,), 100 W (pulsed/triglyme), and 100
W (pulsed/12-crown-4); RF-frequency, 13.56 MHz;
pulsed plasma duty cycle, 30%; pulsed plasma
period, 500 us; treatment time, 15 min (O,), 30
min (triglyme and 12-crown-4).

At the end of the plasma reactions, the samples
were aseptically removed from the reactor and
stored in clean, sterile petri dishes until analyti-
cal evaluations were initiated.

Bacterial Attachment and Biofilm Formation

Unmodified and plasma-modified SS were sub-
jected to bacterial attachment and biofilm devel-
opment experiments. Three organisms were used:
Salmonella typhimurium, a common food-borne
pathogen; Staphylococcus epidermidis, a bacte-
rium that causes biomaterial infection; and
Pseudomonas fluorescens, a food spoilage bacte-
rium. Organisms were grown individually for
12-18 h in trypticase soy broth (TSB) (BBL Mi-
crobiology Systems/ Becton Dickinson, Cock-
eysville, MD) at 30°C, diluted if necessary to ob-
tain equal densities, and then combined. A por-
tion of the combined culture (100 wl) was
transferred to flasks containing 50 mL extracel-
lular polysaccharide (EPS) medium and the SS
chips and incubated at 27°C with constant agita-
tion (100 rpm). The EPS medium was adapted
from that described by LeChevallier et al.?® and
was composed of 7.0 g of K,HPO,, 3.0 g of
KH,PO,, 0.1 g of MgSO,-7H,0, 0.01 g of CaCl,,
0.001 g FeSO,, 0.1 g NaCl, 1.0 g glucose, and 125
mg yeast extract (Difco Laboratories, Detroit,
MI), per 1 L of deionized water. The initial inoc-
ulum level was 10* colony-forming units (CFU)/
mL.

After 1-h bacterial attachment or 1-day biofilm
formation, the SS chips were removed from the
flasks and rinsed twice in 10 mM phosphate-buff-
ered saline (PBS, pH 7.2) and once in distilled



water. The chips were vortexed for 30 s in 5 mL
PBS containing glass beads to detach biofilm cells
from the surfaces. The number of attached cells
was evaluated by plating onto tryptic soy agar
(Difco) plates. The plates were incubated at 30°C
for 48 h and the numbers of CFUs developed were
counted.

Statistical analysis of the data was performed
using the Minitab statistical software package. A
two-sample ¢-test was used with a confidence in-
terval of 90%. Differences between the numbers of
CFUs on modified and unmodified samples were
considered statistically significant at p < 0.05.

Surface Analyses

Survey and high-resolution (HR) ESCA evalua-
tions of unmodified and plasma-coated SS and
biofilms that developed on these surfaces were
performed using a Perkin—Elmer Physical Elec-
tronics 5400 Small Area Spectrometer (Mg
source, 300 W, 15 kV, 45° take-off angle; Perkin—
Elmer, Palo Alto, CA). Generally, acquisition
times of less than 2 min were employed to avoid
X-ray—induced damage of the sample. However,
increased times (3—4 min) were used for acquisi-
tion of P and N data to avoid a noisy background
of the spectra.

Water contact angle analysis for evaluating
relative hydrophilic or hydrophobic characteris-
tics was carried out with a Rame Hart contact
angle goniometer (Mountain Lakes, NdJ).

The presence of plasma-deposited macromolec-
ular layers and changes in surface topography or
surface roughness were assessed by AFM using a
Digital Instruments Nanoscopy III microscope
(scan area, 14 pm?; number of scans, 512; scan
rate, 1.9 Hz; silicon nitride Nanoprobe, ™SPM
tips, type NP; Digital Instruments, Santa Bar-
bara, CA). The roughness values were defined
and calculated according to the following formu-
las, definitions, and criteria.?® Z-range represents
the difference between the highest and the lowest
points within the given area. R, (R,) stands for
the standard deviation of Z values within the
given area and is expressed as

Z'_Zav92
R, = w/—z( o ) (D

where Z,,. (mean) is the average of the Z values
within the given area; Z; is the current Z value,
and N is the number of points within the given
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Figure1l Survey ESCA of unmodified (solid line) and
oxygen—plasma-treated (dotted line) stainless steel.

area. R, (mean roughness) is the mean value of
the surface relative to the center plane and can be
evaluated using the following equation:

1 Ly | Lk
Ra:LxLyJ'O Jl) f(x’y) dx dy (2)

where flx, y) is the surface relative to the center
plane and L, and L, are the dimensions of the
surface.

RESULTS AND DISCUSSION

Surface Chemistry and Characteristics of
Unmodified and Plasma-Coated SS

ESCA

The percentage composition of 304 stainless steel is
0.08% carbon, 2% manganese, 1% silicon, 18—20%
chromium, 8—-12% nickel, 0.04% phosphorus, and
0.03% sulfur.?° However, survey ESCA data indi-
cated the presence of a significant amount of envi-
ronmental contamination—origin carbon (C1s, 61%)
and oxygen (Ols, 30%) on the surfaces of clean
stainless steel substrates (Figs. 1 and 2) and rela-
tively low iron (Fe2p, 3%) and chromium (Cr2p, 3%)
surface atomic concentrations. HR Cls ESCA of
unmodified SS surfaces [Fig. 3(A)] showed the pres-
ence of oxidized, hydrocarbon-like structures. In ad-
dition to the dominant C—C/C—H binding energy
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Figure 2 Relative percentage surface atomic composition of unmodified and plasma-
modified stainless steel. Solid bars, C1s; hatched bars, Ols; diagonally shaded bars,

Fe2p; empty bars, Cr2p.

peak, low surface area C- and O-based peaks were
identified (C—0O, O—C=0).

Oxygen—plasma treatment significantly modi-
fied the SS surface structure and characteristics.
The relative surface atomic composition showed a
20% decrease in Cls and a slight increase in the
relative surface iron concentration (Fe2p = 8%)
(Fig. 1). The significant increase in the O/C ratio
(1.09; O1s = 48%, Cls = 44%) relative to that of
the unmodified surface (0.48; Ols = 30%, Cls
= 62%) (Fig. 2), the appearance of C=0 function-
alities, and a higher relative percentage of
O—C=0 (Table II) demonstrated that an intense
oxidation process rather than ablation had oc-
curred. The simultaneous development of plasma-
induced oxidation and etching reactions rendered
the formation of very thin (400—-600 nm, esti-
mated based on the interference pattern) oxidized
layers, which explains the high noise level in the
HR ESCA spectrum [Fig. 3(B)]. These layers can
contain free-radical- or surface-charge—bearing
active species that could play an important role in

mediating the covalent attachment of PEG-like
plasma-generated macromolecular structures.

Survey ESCA data collected from all 12-
crown-4— and triglyme—plasma-treated samples
with or without initial oxygen—plasma treatment
(Fig. 4 and Table II) showed the presence of sur-
face-layer structures composed of only oxygen and
carbon atoms. Their relative surface carbon and
oxygen atomic compositions were 64 to 72% (Cls)
and 28 to 32% (0O1s), which corresponded to O/C
ratios of 0.39 to 0.55. The theoretical O/C ratio for
PEG is 0.50, and the HR Cls ESCA exhibits a
unimodal symmetrical C—O (286.4 eV) binding
energy peak attributed to the presence of
—(CH;—CH,—0),, — repeating units.

However, a comparison of relative surface
atomic concentrations does not necessarily indi-
cate the presence of identical functionalities.
Analysis of nonequivalent Cls functionalities is
required to evaluate the nature and relative ra-
tios of carbon-based linkages of plasma-generated
layers. HR Cls ESCA data indicated that the
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Figure 3 High-resolution Cls ESCA of (A) unmodified and (B) oxygen—plasma-

treated stainless steel.

C—O peak had the highest surface area in the
C1s region of all plasma-modified SS surfaces.
The 12-crown-4—plasma-coated SS obtained in
this study shows the presence of a low surface
area C—C binding energy peak in addition to the
dominant peak area C—O linkage [Fig. 5(A)].
This indicates that dehydrogenation processes
also accompanied the plasma-enhanced ring-
opening mechanism of crown—ether molecules. It
is noteworthy that the crown-4-plasma-treated

SS contained the highest relative percentage of
C—O functionality, and was the only sample that
did not contain O—C==0 (Table II). The presence
of hydrogen atoms in the plasma might also be
responsible for the absence of O—C==0 function-
alities as a result of the development of gas-phase
and surface-mediated hydrogenation mecha-
nisms.

C—=C linkages were not detected in the surface
layers of oxygen/12-crown-4—plasma-treated SS
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Table II Relative Percentage Nonequivalent Carbon Functionalities of Unmodified

and Plasma-Modified Stainless Steel

Relative Percentage

Sample c—C Cc—O Cc=0 0—C=0 0—CO0—O0
Unmodified 73.5 18.0 0 8.4 0
0O, 0 60.0 26.8 12.5 0
12-Crown-4 25.4 63.2 4.8 0 0
0,/12-Crown-4 0 58.3 20.2 8.4 13.1
Triglyme 0 50.9 37.4 11.6 0
O,/triglyme 0 57.0 20.0 19.2 3.6
Theoretical PEG/PEO 0 100 0 0 0

samples [Fig. 5(B)]. However, the resulting mac-
romolecular layers contained significant amounts
of C=0, O0—C=0, and O—CO—O functional-
ities. These findings support our initial hypothe-
sis that the formation of oxygen—plasma-gener-
ated structures and active species (e.g., free-rad-
ical sites) rendered a surface recombination
mechanism of 12-crown-4—origin molecular frag-
ments different from that developed on a nonoxi-
dized surface. It also should be noted that free-

radical species trapped in the nascent macromo-
lecular networks could initiate intense ex situ
oxidation reactions under open laboratory condi-
tions.

HR ESCA results obtained with triglyme— and
oxygen/triglyme—plasma-treated SS are shown in
Figure 6. Triglyme-treated samples exhibited the
lowest O/C ratio (0.39; Ols = 28%, Cls = 72%),
and unlike the 12-crown-4—treated surfaces, the
presence of C—C linkages was negligible. In the
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Figure 4 Survey ESCA of stainless steel plasma-treated with 12-crown-4, oxygen/12-

crown-4, triglyme, or oxygen/triglyme.
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Figure 5 High-resolution Cls ESCA of (A) 12-crown-4—plasma-coated and (B) oxy-

gen/12-crown-4—plasma-coated stainless steel.

case of oxygen/triglyme-treated SS, the O/C ratio
(0.55; O1s = 35%, Cls = 64%) was higher, and
similar to the oxygen/crown-4-treated sub-
strates, O—CO—O- functionalities were also
present in the structure of the deposited layers

(Table II).

Contact Angle

Figure 7 shows contact angle data for unmodified
and plasma-modified substrates. A contact angle

of 86° associated with the unmodified SS might be

related to the presence of oxidized hydrocarbon—

type structures, as evidenced by HR ESCA. Our

results are in agreement with reported values of
85-86° for cleaned SS type 304.3! As expected,
significantly lower contact angles were recorded
in the case of oxygen—plasma-treated samples.
The formation of polar functional groups (C—O,
C=0) as a result of the oxygen—plasma exposure
of SS could be responsible for the generation of
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Figure 6 High-resolution Cls ESCA of (A) triglyme—plasma-coated and (B) oxygen/

triglyme—plasma-coated stainless steel.

the lower contact angles. All plasma-modified
samples exhibited fewer hydrophobic surfaces
than did the unmodified sample. The lowest con-
tact angles (i.e., the most hydrophilic surfaces)
were recorded in the case of the oxygen/triglyme—
plasma-coated SS.

Biofilms that developed on unmodified and
plasma-modified surfaces had lower contact an-
gles (more hydrophilic) than their respective sur-
faces without biofilm. The only exception was the
oxygen—plasma-modified surface, which had the
highest contact angle of 63°.

ARM

A typical AFM image of an unmodified SS surface
is shown in Figure 8(A). The grooves exhibited by

the image are characteristic of the No. 4 finish of
the SS surface. Figure 8(B) shows the SS surface
topography after the development of a bacterial
biofilm. The surface was partially covered by the
biofilm. Nonuniform coverage of a surface is typ-
ical in biofilm development. AFM images (ac-
quired at a magnification of 12.5 um) of 12-
crown-4— and triglyme—plasma-coated SS ap-
peared similar (not shown). The surface
roughness values of 12-crown-4-coated (R,
= 191.3 nm; R, = 157.9 nm) and triglyme-coated
(R, = 123.6 nm; R, = 98.7 nm) samples were
lower compared to those of the unmodified SS
samples (R,,, = 245.0 nm; R, = 195.3 nm). Dep-
osition of PEG-like layers on SS apparently re-
duced the roughness of the surface.
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Figure 7 Water contact angles of unmodified and plasma-modified stainless steel
(hatched bars) and biofilms developed on the surfaces (solid bars).

Bacterial Attachment and Biofilm Formation and
Surface Characteristics

ESCA

ESCA has been used to study the cell surface
composition of a wide range of bacteria. Data
were compiled in a recent review for over 210
strains. Generally, bacterial cells were washed,
freeze-dried, and packed into the cell holder for
ESCA.?? In our study, ESCA was performed di-
rectly on the dried biofilm, thus minimizing some
of the artifacts that could be caused by sample
preparation. Biofilms that developed on unmodi-
fied, oxygen—plasma, and 12-crown-4— and trig-
lyme-plasma-modified SS were evaluated by
ESCA.

Cell surface composition can be compared by
calculating the relative ratios of O/C (reflecting
the presence of proteins and polysaccharides),
N/C (proteins), and P/C (lipopolysaccharides, li-
poproteins, and phospholipids). Whereas a
mixed culture was used for attachment and bio-
film formation, visual observation of colony
morphology on agar plates showed that at least

90% of the bacteria recovered from biofilms
were typical for S. typhimurium. ESCA was
used to identify lipopolysaccharides and pro-
teins as the main cell surface components of two
strains of S. typhimurium.?®> We observed that
the biofilm cell surface composition varied and
was dependent on the plasma treatment ap-
plied to SS (Table III). The ratios of relative
percentage atomic composition for biofilms on
12-crown-4— and triglyme—plasma-modified
surfaces were similar. The N/C ratios were
slightly lower, whereas the P/C ratios were 2.5-
to threefold less than the respective ratios from
an unmodified surface. This suggested that the
surface compositions of the biofilms were differ-
ent. Biofilms on oxygen—plasma-treated SS had
a distinctly different composition, with the
highest O/C, N/C, and P/C ratios among the four
biofilm samples. It has been shown that increas-
ing hydrophobicity could be directly related to
increasing N/C ratios,?* which would account
for, at least partially, the rank order of the
biofilm contact angle results (Fig. 7).
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Figure 8 AFM image of (A) unmodified stainless
steel and (B) 1-day biofilm developed on unmodified
stainless steel.

Bacteria Attachment and Biofilm Formation

The levels of bacterial attachment and biofilm
formation on unmodified and plasma-modified SS
are presented in Tables IV and V. Both bacterial
attachment and biofilm formation were increased
as a result of the oxygen—plasma treatment of SS
(Table IV). Surface oxidation reactions and an
intense etching that accompany the oxygen—
plasma process usually result in an increased sur-
face roughness that might enhance bacterial ad-
hesion. It has been shown in some studies that

Table III Bacterial Cell Surface Composition
of 1-Day Biofilms on Unmodified and Plasma-
Modified Stainless Steel

Ratios of Relative
Percentage of Atomic

Composition
Surface 0/C N/C P/C
Unmodified SS 0.45 0.05 0.01
0O, plasma 0.60 0.07 0.02
12-Crown-4—plasma 0.49 0.04 0.003
Triglyme—plasma 0.49 0.03 0.004

even a small increase in surface roughness can
influence the adhesion of microorganisms.?* Al-
ternatively, oxygen—plasma can increase the oxi-
dized layer of the surface. In addition to the pres-
ence of chromium, the relative surface composi-
tion of iron increased to 8% after oxygen—plasma
treatment of SS. It has been demonstrated that
there was an increase in attachment of strepto-
cocci to type 304 SS surfaces with oxide coatings
compared to those with the oxide layers re-
moved.?!

Deposition of PEG-like structures on SS, on the
other hand, had the opposite and desired effect.
Compared to unmodified SS, bacterial attach-
ment and biofilm formation were decreased by
56.5 and 72.2%, respectively, on 12-crown-4—plas-
ma-coated SS, and by 82.2 and 94.0%, respec-
tively, on triglyme-modified samples (Table V).
Our results with the triglyme-modified SS are in
agreement with those reported for triglyme-

Table IV Effect of 15-Min Oxygen-Plasma
Treatment of Stainless Steel on 1-h Attachment
and 1-day Biofilm Formation by a Mixed
Culture of Salmonella typhimurium,
Staphylococcus epidermidis, and Pseudomonas
fluorescens

1-h Attachment 1-day Biofilm

Log % Log %
Sample  CFU/cm® Change® CFU/cm® Change
Unmodified 4.24 — 8.93 —
0, 4.74 215% 9.10 47.9%
inc.P inc.

2 Percentage change compared to unmodified sample (inc.
= increase; dec. = decrease).
» Denotes statistically significant difference.
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Table V Effect of Different Plasma Treatments of Stainless Steel on 1-h Attachment and 1-day
Biofilm Formation by a Mixed Culture of Salmonella typhimurium, Staphylococcus epidermidis,

and Pseudomonas fluorescens

1-h Attachment

1-Day Biofilm

Sample Log CFU/cm? % Change Log CFU/cm? % Change
Unmodified 5.45 — 8.05 —
12-Crown-4 5.08 56.5% dec.” 7.49 72.2% dec.P
0,/12-Crown-4 5.34 21% dec. 8.06 3.3% inc.
Unmodified 5.14 — 8.20 —
Triglyme 4.39 82.2% dec.” 6.98 94.0% dec.”
O,/triglyme 5.44 101% inc.P 8.73 240% inc.?

2 Percentage change compared to unmodified sample (inc.
» Denotes statistically significant difference.

coated PEU, which reduced attachment and bio-
film formation by P. aeruginosa.?!

Bacterial attachment was decreased by 21% in
the case of oxygen/12-crown-4-plasma-modified
surfaces, whereas the level of biofilm formation
was essentially the same as that on unmodified
SS. The oxygen—plasma treatment of SS had an
even more detrimental effect on the antifouling
characteristics of triglyme—plasma-coated sub-
strates. A significant increase in bacterial attach-
ment and biofilm formation was observed on ox-
ygen/triglyme—plasma-modified SS samples (Ta-
ble V).

It is possible that the surface layers generated
as a result of oxygen—plasma exposure of hydro-
carbon-type structures present on SS rendered
the development of different recombination mech-
anisms of 12-crown-4— and triglyme—plasma spe-
cies compared to that of nonoxidized surfaces,
resulting in different surface characteristics. A
more crosslinked structure, for instance, might
significantly reduce the mobility of PEG-type mo-
lecular chains and diminish the antifouling char-
acteristics.

Overall, the levels of bacterial attachment and
biofilm formation could not be related to surface
contact angle or the relative percentage of C—O
functionalities. However, there was a correlation
between the O/C ratio and bacterial attachment.
Oxygen—plasma-treated SS, which had the high-
est O/C ratio (1.09), had the highest number of
attached bacteria; triglyme-—plasma-treated SS
had the lowest O/C ratio (0.39) and the least num-
ber of attached bacteria.

Stability of the biofilms was evaluated by
washing the samples in PBS for 30 min with

increase; dec. = decrease).

agitation. The number of biofilm bacteria de-
creased on all samples after washing. Even
though the number on oxygen—plasma-treated SS
was higher than the control, the number de-
creased by 23.5% more than that on the unmodi-
fied SS after washing. The decrease was also
higher with both 12-crown-4— and triglyme—plas-
ma-coated samples (by 64.4 and 75.0%, respec-
tively). These results indicate that biofilm bacte-
ria are less adhesive on plasma-coated SS. Con-
sequently, if these plasma treatments are applied
to surfaces used in food processing, any biofilms
that develop may be more easily removed by rou-
tine cleaning procedures.

CONCLUSIONS

It has been observed that 12-crown-4— and trig-
lyme—plasma environments are suitable for the
deposition of PEG-like structures on SS surfaces.
Significantly reduced bacterial attachment and
biofilm formation were achieved on 12-crown-4—
and triglyme—plasma-coated surfaces in the pres-
ence of a mixed culture of S. typhimurium, S.
epidermidis, and P. fluorescens. Biofilms that de-
veloped on these and oxygen—plasma-coated sur-
faces were less stable and easier to remove than
those on uncoated surfaces. The higher level of
bacterial attachment and biofilm formation on
oxygen—plasma-treated and, subsequently, 12-
crown-4— and triglyme—plasma-coated surfaces
can probably be explained by the development of
a different recombination mechanism of plasma
species in the presence of an oxidized/crosslinked
surface structure. The RF-plasma approach can
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have potential applications in depositing antifoul-
ing layers on a multitude of materials, such as
those used in food-processing equipment, medical
implants, and catheters.
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