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Abstract: This study reports the adhesion behavior of two bacterial species, Vibrio fischeri
and Escherichia coli, to the photoresistant poly(ferz-butyl methacrylate) (P(fBMA)) polymer
surface. The data has demonstrated that ultraviolet irradiation of P(\lBMA) was able to provide
control over bacterial adhesion tendencies. Following photolithography, several of the surface
characteristics of P(/BMA) were found to be altered. Atomic force microscopy analysis indi-
cated that photolithographically modified P(fBMA) (henceforth termed ‘modified polymer”)
appeared as a ‘nanosmooth’ surface with an average surface roughness of 1.6 nm. Although
confocal laser scanning microscopy and scanning electron microscopy analysis clearly demon-
strated that V. fischeri and E. coli presented largely different patterns of attachment in order to
adhere to the same surfaces, both species exhibited a greater adhesion propensity towards the
‘nanosmooth’ surface. The adhesion of both species to the modified polymer surface appeared
to be facilitated by an elevated production of extracellular polymeric substances when in contact
with the substrate.

Keywords: poly(fert-butylmethacrylate) polymeric surfaces, surface nanotopography, bacterial
attachment, extracellular polymeric substances

Introduction

The pioneering research of Henrici and Zobell (Zobell and Allen 1935; Zobell 1937;
Zobell 1942) recognized the importance of surface-attached bacteria almost 80 years
ago. The solid/liquid interface between a surface and an aqueous medium has been
seen to be a common location for biofilm formation. This can cause contamination
in areas as diverse as dentistry (eg, formation of plaque) (Busscher and van der Mei
1997; Marsh and Bradshaw 1997), biomedicine (eg, implants and other biopolymers)
(Gristina et al 1993; Hendricks et al 1999), and water treatment facilities (Percival
et al 2000). This solid/liquid interface becomes almost immediately conditioned
from the aqueous medium, in which it is immersed, resulting in a chemical or physi-
cal modification which is thought to aid in bacterial attachment (Loeb and Neihof
1975). Despite numerous studies being undertaken, this process remains poorly
understood, primarily because of the vast variety of surface properties possessed
by both the bacterial cells and surface of the substrata (Characklis 1973; Reynolds
and Wong 1983; Hogt et al 1985; Pringle and Fletcher 1986; Oga et al 1988; Barth
etal 1989; An and Friedman 1998; Liang et al 2000; Tegoulia and Cooper 2002).
Characteristics such as surface hydrophobicity, surface charge, and surface chemi-
cal composition together with the physiological cell features such as fimbriae, pili,
extracellular polymeric substances, and cellular surface charge have been shown to
affect the adherence of cells. Most of these issues have been addressed in several
excellent reviews on bacterial biofilm formation, structure and function (Handley et al
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2001; Davey and O’Toole 2000; Donlan 2002; Stoodley
et al 2002; Weibel et al 2007).

Nonspecific cell to surface interactions have been
explained by a number of physicochemical interactions
including van der Waals, electrostatic interactions, and
hydrophobic interactions (Fletcher 1996; Busscher et al
1999; Li and Logan 2004; Senaratne et al 2005). There is,
however, currently no complete model to explain the attach-
ment of bacterial cells from different taxonomic groups to
a surface. Several studies have indicated that some of the
following factors influence the adhesion of some species to a
surface: the chemical compositions of the surface itself (Oga
et al 1988; Barth et al 1989), the bacterial cell surface elec-
trokinetic properties (Li and Logan 2004) and the surface
charge of the substratum (Hogt et al 1985). Hydrophobicity
(Reynolds and Wong 1983; Pringle and Fletcher 1986) and
simple surface roughness or physical configuration (An et al
1995) have also been identified as influential factors. Elec-
trokinetic properties have previously been shown to play
a fundamental role in bacterial aggregation (Eboigbodin
et al 2005). Marshall (1984) proposed that electrokinetic
properties were a major factor in the attraction or repulsion
of bacterial cells to surfaces. Several studies have indicated
that bacterial adhesion negatively correlated with bacterial
zeta potentials (van Loosdrecht et al 1989; Tsuneda et al
2003; Li and Logan 2004; Tsuneda et al 2004; Eboigbodin
et al 2005), conversely, other studies have been reported
that there are no relationship between the two parameters
(Abbot et al 1983; Hogt et al 1985; Harkes et al 1991).
A review by Donlan (2002) has discussed the contribution
of bacterial fimbriae in the surface attachment mechanism.
The presence of such features are thought to positively
influence adhesion by reducing the initial electrostatic
barrier to adsorption that can exist between the cell and
surface by increasing the cell surface hydrophobicity. Other
proteins, extracellular polysaccharides and flagella are also
thought to play an important role in the attachment process
(Donlan 2002).

Recently, the issue of gaining control over nonspecific
binding interactions has received a significant amount of
attention, in particular in the course of the development of
novel nanofabrication techniques (An et al 1995; Li and
Logan 2004). A range of studies in bio- and nanotechnology
have begun to bridge the gap between biologists who study
microbial life and physical scientists/engineers who manu-
facture new materials and structures. A review by Weibel and
colleagues (2007) addressed the significant union of these
technologies. The size scale in nanotechnology studies is well

matched to the physical dimensions of most microorganisms,
allowing the possibility to manipulate the microenviron-
ment of cells as well as the individual cells themselves.
In order to create useful substrata for biotechnological
applications it is essential to address both the enhancement of
specific binding and the reduction of nonspecific binding of
biological systems to an interface. A reduction in nonspecific
binding alone would have a great impact on many areas of
biotechnology (Busscher and van der Mei 1997; Marsh and
Bradshaw 1997).

The current study employs a polymer, photoresistant
poly(tert-butyl methacrylate) (P(BMA)), commonly used in
biomedical applications, to investigate the factors that may
control the nonspecific attachment of two bacterial species,
Escherichia coli and Vibrio fischeri. P(BMA) substrates
were selected as sample surfaces because of its exceptional
mechanical and optical characteristics (transparency, stiff-
ness, low water absorption, high abrasion resistance, etc)
for which P(fBMA) has been frequently used as a positive
photoresist. Currently no published data is available on the
attachment mechanisms of E. coli and V. fischeri specifically
to P(rfBMA) and/or modified P(/BMA) polymer surfaces.
Moreover, there is no complete model to explain the attach-
ment of bacterial cells from different taxonomical groups to
a variety of substrates. In this context, the aim of this study
was to study the nonspecific interactions of the two bacterial
species, E. coli and V. fischeri at the interface of the P(fBMA)
polymer surface before and after surface modification using
ultraviolet (UV) photolithography. Cell-surface interactions
were assessed using a variety of techniques including scan-
ning electron microscopy (SEM), atomic force microscopy
(AFM), confocal laser scanning microscopy (CLSM),
contact angle, and cellular surface charge measurements.

Material and methods

Polymeric surface preparation

Poly(tert-butyl methacrylate) (P(fBMA); Sigma-Aldrich,
St. Louis, MO, USA) was used as the polymer substrate.
The substrates were prepared as described elsewhere
(Ivanova et al 2006). Briefly, a 4 wt% solution of P(fBMA)
(MW=~170,000) in propylene glycol methyl ether acetate
(PGMEA) (Sigma Aldrich) 99% was used. Polymer films
were prepared on 22 X 60 mm glass substrates (glass cover
slips, 1 oz, Deckgléser) that were previously sonicated
in isopropanol (Pr,OH) for 30 min, washed with copious
amounts of sterile nanopure H,O (18.2 MQcm™ Barnstead/
Thermolyne NANOpure Infinity water purification system),
and dried under a stream of high purity nitrogen prior

34

Nanotechnology, Science and Applications 2008:1



V. fischeri and E. coli adhesion on nanosmooth poly(tert-butyl methacrylate) polymer surfaces

to priming with hexamethyldisilazane (HMDS) (Sigma
Aldrich). Primer was spun at 1000 rpm for 15 seconds and
polymers at 3000 rpm for 40 seconds using a spin coater
(Model P6708; Specialty Coating Systems, Indianapolis, IN,
USA). Finally, polymer covered slides were post-exposure
baked for 60 minutes at 95 °C and stored in a desiccator
prior to use.

Photolithography was carried out as described elsewhere
(Ivanova et al 2006). The native P(tBMA) substrates,
prepared as described above, were then UV- exposed
(254 nm, 760 uW cm™) for 10 minutes. The UV-irradiated
samples were post-exposure baked at 90 °C for 20 minutes
to facilitate diffusion of the photogenerated acid thereby
initializing fert-butyl ester deprotection. All samples were
dried at room temperature and stored in a desiccator prior
to use.

Contact angle measurements

Advancing contact angles were measured using sessile drops
(2 uL) of nanopure water at room temperature (20-23 °C) in
air using a contact angle meter constructed from an XY stage
fitted with a (20 uL) micro syringe, a 20 X magnification
microscope (Isco-Optic, Goettingen, Germany) and a fiber-
optic illuminator. The images were captured using a digital
camera (AIPTEK Inc., Hsinchu, Taiwan), and analyzed using
PaintShop Pro (Jasco Software, Fremont, CA, USA). Final
contact angles were taken as the average of six different
measurements.

Bacterial cell surface hydrophobicity was evaluated
from contact angles measurements on lawns of bacteria
using the sessile drop method. Bacterial cells in a buffer
(0D, = 0.4) were deposited on cellulose acetate membrane
filters (Sartorius, 0.2 um). The wet filters were air dried at
ambient temperature (ca. 22 °C) for approximately 30—40
minutes to air dry until a “plateau state”. Water droplets
were deposited on each surface. The drop was allowed to
settle for 2 seconds without needle contact (for static contact
angle measurements). Images were digitally saved. Contact
angle values were obtained by processing the image with the
instrument software.

Surface characterization by atomic force

microscopy

A scanning probe microscope (SPM) (Solver P7LS,
NT-MDT) was used to image the surface morphology and to
quantitatively measure and analyze the surface roughness of
both native and modified P(fBMA) on the nanometer scale.
The analysis was performed in the semi-contact mode which

reduces the interaction between tip and sample and thus
allows the destructive action of lateral forces that exist in
contact mode due to be avoided. The carbon “whisker” type
silicon cantilevers (NSCO05, NT-MDT) with a spring constant
of 11 N/m, tip radius of curvature of 10 nm, aspect ratio
of 10:1 and resonance frequency of 150 KHz were used to
obtain good topographic resolution. Scanning was performed
perpendicular to the axis of the cantilever at a typical rate of
1 Hz. Image processing of the raw topographical data was
performed with first order horizontal and vertical leveling,
and the topography and surface profile of the samples were
obtained simultaneously. In this way the surface features of
the samples were measured with a resolution of a fraction of
nanometer and the surface roughness of the investigated areas
could be statistically analyzed using the standard instrument
software (LS7-SPM v. 8.58).

Bacterial strains

E. coli K12 was cultured on Luria-Bertani (LB) broth
(Tryptone 10.0 g L7, yeast extract 5.0 g L', NaCl 10.0 g L',
adjusted to pH 7.0) (Sambrook and Russell 2001) and LB
Agar (as LB Broth with the addition of 1.5% Agar). Type
strain V. fischeri DSM 507 was obtained from the DSMZ
(Microbial Culture Collection, Germany). V. fischeri was
routinely cultured on Marine Agar 2216 (Difco). Both
strains were incubated at room temperature (ca 22 °C) and
stored at —80°C in Marine Broth 2216 (Difco) or LB Broth
supplemented with 20% (v/v) of glycerol.

Cellular surface charge measurements

Zeta potential measurements of both V. fischeri and E. coli
were obtained by measuring the electrophoretic mobility
(EPM) as described elsewhere (de Kerchove and Elimelech
2005). The EPM was measured as a function of ionic strength
by microelectrophoresis using the Zeta Potential Analyser
(ZetaPALS, Brookhaven Instruments Corp, Holtsville, NY).
The bacterial cell suspension was freshly prepared before
the measurement. After 24 h of growth in marine broth, the
cells were harvested by centrifugation for 5 min at 5000 rpm.
Harvested cell pellet was re-suspended in 10 mM potassium
chloride (KCl) followed by further washing and centrifuga-
tion. This step was repeated four times to eliminate residual
extracellular polysaccharides as these may influence the
surface electric potential. After the final wash, cell pellets
were re-suspended in 10 mM KCI solution to OD g = 1
(de Kerchove and Elimelech 2005). This cell solution was
then diluted 1000 times in 5 mL of 10mM KCI for the EPM
measurements. Measurements were conducted in electric
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field 2.5 V em™ and 2 Hz (Eboigbodin et al 2006). All
measurements were done in triplicate and for each sample
the final EPM quoted represented the average of 5 successive
ZetaPALS readings, each of which consisted of 14 cycles per
run. All data was processed using the accompanied software
employing the Smoluchowski equation (de Kerchove and
Elimelech 2005; Eboigbodin et al 2005).

Bacterial growth and sample preparation
Both bacterial species were applied individually to both the
native and modified P(/BMA) surfaces. Bacterial species
were incubated with the appropriate media and tempera-
ture to reach a cell density of OD,, 0.40 + 0.05. Polymer
coated glass cover slides were placed in a sterile Petri-dish
in duplicate. The Petri-dish was inoculated with 5 mL of
log-phase culture, to submerge the slides. Petri dishes were
incubated overnight (12 h) at room temperature (ca. 22 °C).
On the following morning all slides were rinsed three times
with sterilized nanopure H,O (18.2 MQcm™), left to air-dry
under sterile conditions on ambient temperature without
additional fixation to prevent deformation of the cells and
were further processed. Sterile marine broth 2216 (5 mL) was
used as a negative control. Three independent experiments
were performed for each polymeric surface. Both LB broth
and marine broth 2216 were used throughout all experiments
as negative controls in order to verify that the medium used
did not have the ability to leave any deposits that visually
appear like cells or EPS.

Visualization of viable cells and EPS

In order to visualize viable bacterial cells attached to the
polymer surface as well as the production of extracellular
substances in the process of adhesion two dyes were
used simultaneously. Concanavalin A Alexa Fluor 488
Conjugate (Molecular Probes, Carlsbad, CA, USA) was
applied in order to visualize EPS. This dye selectively binds
to o-mannopyranosyl and o-glucopyranosyl residues in
EPS (Goldstein et al 1964). Concanavalin A stock solution
was prepared by dissolving 5 mg in 5 mL of 0.1 M sodium
bicarbonate at pH 8.3 and stored at 20 °C. The working
solution was prepared by diluting stock solution to 1:20 using
the same buffer to avoid changes in pH. According to the man-
ufacturer protocol, the excitation and emission wavelengths
for Concanavalin A are 495 and 519 nm, respectively.

The Vybrant CFDA SE Cell Tracer Kit (Invitrogen,
Carlsbad, CA, USA) was used to trace viable cells adsorbed
on each of the surfaces. The kit contains CFDA SE
(carboxyfluorescein diacetate, succinimidyl ester) that is

initially colorless and nonfluorescent. It passively diffuses
into cells where the acetate groups are cleaved by intracellular
esterases to yield highly fluorescent, amine-reactive carboxy-
fluorescein succinimidyl ester. The dye—protein adducts that
form in labeled cells are retained by the cells and inherited
by daughter cells after division. The excitation and emis-
sion wavelengths for CFDA SE are 4952 and 517 nm,
respectively. Working solutions of the dye as well as cell
labeling conditions were prepared as described elsewhere
(Invitrogen 2006). In general the P(rfBMA) substrates were
incubated in the bacterial suspension for 1 1h before an aliquot
of Concanavalin A 488 was added in ratio 1:5 (cell suspen-
sion/dye). The dye was allowed 1h to diffuse when CFDA
SE dye, in the same ratio, was added to the suspension and
incubated for additional 15 min at 37 °C.

After incubation, the samples were washed with sterilized
nanopure H,O (18.2 MQcm™), left to dry for several hours
at room temperature (ca. 22 °C, humidity 48%) without
additional fixation to prevent the deformation of the cells and
processed on the following day using confocal microscopy.
The CSLM used was the Olympus FluoView™ FV1000
Spectroscopic Confocal System which included an inverted
Microscope System OLYMPUS IX81 (20X, 40X (oil), 100X
(oil) UIS objectives) which operates using multi Ar and HeNe
lasers (458, 488, 515, 543, 633 nm). The system is equipped
with a transmitted light differential interference contract
attachment and a CCD camera (Cool View FDI).

Scanning electron microscopy
High resolution images of the bacterial cell attachment to the
polymeric surfaces were obtained using a FeSEM instrument
(Model ZEISS SUPRA 40VP). The samples were air-dried
on ambient temperature for 1 hour and sputter-coated with
gold prior to imaging. Primary beam energies of 3 to 15 kV
were used, allowing observation of features on the sample
surface or within a few microns of the surface, respectively.
SEM images enabled quantitative as well as qualitative
cell analyses. For quantification of the number of adsorbed
bacteria, cells number from at least ten representative images/
areas was transformed into number of bacteria per unit area
using the Image-Pro software (Waar et al 2002). The final
densities have estimated errors of approximately 10%—15%
due to local variability in the coverage.

Results

Polymer surface characterization
Contact angle measurements and AFM analysis were
applied to the native and modified P(fBMA) surfaces in
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order to identify the effects of the modification process on
the polymer surface characteristics. Surface hydrophobicity
was determined using advancing contact angle measurements
with two diagnostic liquids, water and glycerol (Table 1).
The modified P(FlBMA) surface was found to be moderately
less hydrophobic (a contact angle of approximately 64°) than
the native P(fBMA) (a contact angle of approximately 87°).
A small reduction of glycerol contact angle was also observed
(from 79° to approximately 72°). The surfaces modification
resulted in change of surface chemistry where the presence of
carboxylic groups was confirmed by the XPS analysis. These
results are in concordance with already reported wettability
for P(PBMA) (Ivanova et al 2006).

AFM analysis of both native and modified P(fBMA)
indicated a topographical alteration in surface roughness
on the nanometer scale. An increase in the uniformity of
P(BMA) surface topographical features was observed after
UV exposure, as shown on Figure 1. Figure 1a represents the
topography of the native P(/BMA) on a nanometer scale, where
a colour variation is noted across the field of view, indicating
nonuniform high peaks (approx 40-50 nm) and low valleys
(0-5 nm) across the polymer surface. The transverse profile
in conjunction with the calculated roughness data confirmed
nanoscale variation in surface height (Table 1). In contrast
to the native polymer, the topographical image of modified
P(-BMA) shown in Figure 1b displayed more uniform surface
characteristics. Peak heights of max 11-20 nm were observed
that were two to four times less than the peak height observed
on the native polymer. These results suggest that the native
P(fBMA) is approximately twice as rough (on the nanometer
scale) as the modified P(\BMA).

Bacterial cell surface characterization

Electrophoretic mobility (EPM) is a commonly used tech-
nique for surface characterization of nonbiological colloids
and, more recently, bacterial cells (Tsuneda et al 2003; de
Kerchove and Elimelech 2005; Eboigbodin et al 2005, 2006).
Cell surface electrokinetic properties are implied from the

Table | Wettability and surface roughness analysis of the P(tBMA)
surfaces

P(tBMA) Contact Surface

Angle, © roughness (nm)

Water (°)  Glycerol (°) Ra Rq  Rmax
As received 865+ 1.5 79.8+30 525 8.55 53.65
Modified  63.5+3.0 725%3.5 1.56 236 21.46

50 nm

22 nm

7000 2000 300

(b)

Figure | Typical 3D AFM images of the P(tBMA) surfaces as received (a) and after
UV exposure (b) showing the surface roughness transformation after UV exposure.

measurement of the movement of the charged particles
eg, cell, in an external electric field to obtain the EPM. The
magnitude of the EPM gives an indication of the overall net
charge on the surface of a particle where; a negative EPM
value indicates that a particle has a negative charge, while a
positive EPM value indicates that the particle has a net posi-
tive charge (de Kerchove and Elimelech 2005; Eboigbodin
et al 2005). Through the application of Smoluchowski’s
equation EPM is related to the zeta potential, where zeta
potential is assumed to be equal to the cellular surface charge
(Masliyah 1994; Hunter 1995). Zeta potential measure-
ments were performed in order to characterize the electro-
kinetic surface properties of each bacterium. The observed
cellular surface charge of V. fischeri and E. coli are shown in
Table 2. V. fischeri and E. coli exhibited zeta potentials from
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Table 2 Electrophoretic mobility, zeta potential and surface
wettability of V. fischeri and E. coli

Species  Electrophoretic  Zeta potential,  Surface
mobility, (mV) wettability (0),
(us™'Vem™) water (°)

V.fischeri  —2.4+0.7 -30.1 £9 832+5

E. coli -3.0£0.2 -384+3 33.0+4

approximately -30 £ 9 mV to -38 + 3 mV, highlighting that
both species possess negative charge at pH 7.2 with E. coli
displaying a slightly more negative charge than V. fischeri.
It was also found that the E. coli cells surface was less hydro-
phobic in the range of 8 = 33.0° £ 4°, while V. fischeri cells
surface was highly hydrophobic, 6 = 83.2° + 5°,

Attachment pattern of V. fischeri

and E. coli
CSLM images of V. fischeri attached to both native and modi-
fied P(rIBMA) are presented in Figure 2. Figure 2a shows the

production of EPS by V. fischeri cells attached to the native
P(fBMA) surface. It is evident that attached cells typically
gathered in areas of moderate cell density. The image also
suggests that the EPS produced by cells adsorbed on this
surface is capsular EPS as each cell appears to be individually
enveloped. The use of CFDA SE cell viability assay indicated
that cells not only successfully attached but also were capable
of maintaining their viability (Figure 2b).

The attachment of viable V. fischeri cells on modified
P()BMA is observed in Figure 2d. It is also evident that
apart from the sessile cells evenly distributed over the entire
surface, organized multi-cellular clusters were also present.
Granular-like deposits (circled areas) on the polymer surface
were also observed (Figure 2c¢).

CSLM images of E. coli cell attachment to both of the
polymeric surfaces presented in Figure 3. As it can be seen
from Figure 3a, only several E. coli cells attached to the
surface of native P(fBMA) suggesting that this species was
not able to successfully colonize this polymeric surface.

(c)

(d)

Figure 2 CLSM images displaying V. fischeri cell viability (b, d) and the production of EPS (a, c) on the as received P(tBMA) (a, b) and modified polymer surface (c, d). Circled
areas indicate the presence of EPS deposited on the surfaces. The scale bar represents 10 um on all images.
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(c)

(d)

Figure 3 CLSM images displaying E. coli cell viability (b, d) and the production of EPS (a, c) on the as received P(tBMA) (a, b) and modified polymer surface (c, d). Circled areas
indicate the presence of EPS deposited on the surfaces. The scale bar represents 5um on all images.

It is very difficult to distinguish any viable cells or EPS by
fluorescence in the accompanying image (Figure 3b). CSLM
images presented in Figures 3c, 3d show that in contrast to
native P(/BMA), a considerable number of £. coli cells were
able to attach to the surface of the modified polymer. E. coli
cells appeared in clusters where the majority of the cells
were viable (red colored) as inferred from the cell viability
assay. It can be seen that appreciable quantities of EPS are
encapsulating the bacterial cells.

Due to the limitations of optical microscopy, SEM
was employed in order to study the bacterial attachment
pattern and cellular morphology while adhering to the
polymer surfaces. SEM images showing the attachment

of V fischeri to both native and modified P(rBMA) are
presented in Figures 4a—4d. It can be seen from the SEM
images that V. fischeri cells were able to colonize the mod-
erately hydrophobic surface of native P(fBMA) (Figure 4a).
However, a greater number of cells appear to have been
able to successfully attach to the modified polymer surface.
Cells are well defined and appeared healthy with notice-
able flagella (Figure 4b). Surface colonization appears to
be relatively even across the polymeric surface. Figure 4b
shows the distribution of suspected EPS materials (white
substance) produced by ¥V fischeri. It can be seen that the
greatest quantities of EPS are present in areas where cells are
within close proximity of one another. The number of cells
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(c)

(d)

Figure 4 Typical attachment pattern of V. fischeri and E. coli cells on the P(tBMA) polymer surfaces, as received (a, c),and modified by photolithography (b, d) at 5000 X magnifi-
cation. SEM images (b) and (d) indicate significant amount of EPS produced by the cells of V. fischeri in particular while attaching to modified P(tBMA).The scale bar is 2 um.

adsorbed to each of the surfaces was roughly estimated at
10.97 x 10 cells/cm? £ 12% and 15.68 x 10° cells/cm? £ 12%
to the native and to the modified P(rfBMA), respectively.
Typical SEM images presented in Figures 4c, 4d illus-
trate the attachment behavior of E. coli cells to both, native
(Figure 4c) and modified (Figure 4d) P(/BMA). In can be
seen that the overall colonization of the modified P(fBMA)
surface was greater when compared to the native. This visu-
ally attained observation was confirmed when the number
of cells per mm? was calculated. It was roughly estimated
that the overall number of E. coli cells attached to the native
P(/BMA) was 3.1 x 10° cells per cm? £ 10%, with the overall
length of the cells attached to the native polymer surface in

the range of 1.5-2 um. The number of cells attached to the
modified polymer surface was significantly greater in the
range of 7.6 x 10 cells per cm? = 10%.

Discussion

Since there are a number of factors that can influence
the initial bacterial attachment, the characteristics of
polymer surfaces before and after UV-irradiation were
investigated in detail. The photolithographic treatment
of P(/BMA) resulted in the modification of a number of
polymer surface characteristics such as hydrophobicity,
surface chemistry and nanotopography. Modified P(/BMA)
surfaces were found to be moderately less hydrophobic
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(water contact angle 63° = 3°) than the native polymer
surfaces which is likely to be due to the loss of methyl groups
and the ferfbutyl ester on the polymer backbone and the
formation of carboxylic acid groups (Ivanova et al 2006).
Observed water contact angles are consistent with previ-
ously reported values. Native P(/BMA) has been cited to
have water contact angle values ranging from 77° (Ivanova
et al 2006) to 91° (Pham et al 2003). Previous XPS analysis
revealed conclusive evidence to support the premise that
surface carboxylic acid groups are present on modified
PBMA polymer surface.

The surface roughness of P(fBMA) was also altered by
U V-irradiation. The evaluated root-mean-square roughness
(Rq) value of native P(fBMA) was seen to reduce from 8.5 nm
to 2.4 nm after irradiation (the standard error for the surface
roughness measurements was estimated in a range of 10%).
The root-mean-square value is a statistical measure of the
magnitude of a varying quantity, and has been employed in
previous research to give an accurate indication of the varying
topography of a surface (Pham et al 2003). The average and the
maximum surface roughness, Ra and Rmax respectively, were
also reduced from 5.5 nm and 53.65 nm on the native P(/BMA)
to 1.6 nm and 21.46 nm on the modified P(\lBMA) surface.
These results indicated that the surface roughness of modified
P(rBMA) was also altered as the surface appeared uniformly
smoother without the relatively prominent high protrusions and
is approximately half as rough as the native polymer.

Analysis of both CSLM and SEM images revealed
striking differences in the bacterial responses to the native
and modified P(/BMA) polymeric surfaces. Differentiation
was observed in the number of attached bacterial cells and the
extent of EPS production. The overall distribution of E. coli
cells over both, the native and the modified surface, was sig-
nificantly lower when compared to V. fischeri. Yet consistent
trend of increased cellular presence on the modified polymer
surface was observed for both strains. This observation is
concordant with previous research, which observed bacte-
rial adhesion to be negatively correlated with bacterial zeta
potential (Li and Logan 2004), indicating that if one considers
cellular surface charge alone, V. fischeri is more likely to take
part in surface adhesion than E. coli.

Concanavalin A Alexa Fluor 488 Conjugate was able
to highlight o-mannopyranosyl and a-glucopyranosyl resi-
dues apparently present in EPS in CSLM images for both
species, suggesting that the EPS produced by both species
contained these residues in their exopolysaccharides. It is
noted, however, some visual difference in appearance of
EPS produced by two strains studied. Several studies have

addressed the characterization of EPS produced by different
species (Wright et al 1990; Watnick and Kolter 1999; Yildiz
and Schoolnik 1999; Sutherland 2001; Wozniak et al 2003).
These studies have demonstrated that EPS can vary widely
in composition, structure and physical properties. Thus, it is
suspected that the visual differences of EPS through SEM
images could be due to the differing composition of the
extracellular materials produced by V fischeri and E. coli.
Nevertheless, due to the small quantities of EPS produced
by both bacterial species throughout this study, as well as
limitations of the methods used for in situ EPS characteriza-
tion, only tentative characterization of EPS is presented as
inferred from the application of Concanavalin A. Further
work concerning the clarification of the nature and chemical
structure of EPS produced by both V. fischeri and E. coli is
necessary in order to reasonably confirm the predictions
discussed above.

Given that not only the substratum surface properties
influence the initial bacterial attachment, bacterial surface
characteristics have also been investigated. Bacteria are
commonly found to exhibit a net negative charge (Hogt et al
1985; van Loosdrecht et al 1989; Sonohara et al 1995), the
values of surface wettability and the negative zeta potential
values obtained for V. fischeri and E. coli were similar to
those published for other y-proteobacteria (Li and Logan
2004). Both V. fischeri and E. coli possess negative surface
charge ranging from —30 mV £ 9 mV to -38 mV £ 3 mV.
It should be noted that the zeta potential measurements do
not take into account the additional charge created by extra-
cellular polymeric substances on the overall cell ensemble.
Here, the zeta potential measurements were carried out to
verify that the cellular surface characteristic were within an
expected range rather than to predict adhesion tendencies.
It is thought that Gram-negative bacteria have a negative
charge due to the presence of certain major components of
the outer membrane of the cell, for example; lipopolysac-
charides (the carboxyl group carries a net negative charge),
sialic acids and/or membrane proteins (Torimura et al
1999). Previous studies have recognized a negative cor-
relation between bacterial cell electrokinetic properties and
surface attachment (Li and Logan 2004). According to this
consideration, both strains may have stronger affinity to the
hydrophobic surfaces, eg, native P(lBMA). It also follows
that the observed cellular charges of V. fischeri and E. coli
predict that the slightly more negatively charged E. coli
would be less likely to adhere to a surface in comparison to
the slightly less negatively charged V. fischeri. In addition,
V. fischeri cell surfaces appeared more hydrophobic. It is
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likely that due to these strain characteristic differences, two
studied bacteria exhibited expected strain-specific attachment
pattern. However, both strains did not showed a strong affin-
ity toward more hydrophobic native P(/BMA).

Since a few polymer surface characteristics have been
modified, it was important to consider whether a particular
parameter or a combination of all three parameters might
positively influence attachment of V. fischeri and E. coli.
Given that factors that have been identified to positively
influence bacterial adhesion for some species include,
eg, high surface hydrophobicity (Marshall et al 1971; Hogt
et al 1983; Tegoulia and Cooper 2002), surface functionality
(in particular, methyl groups) (Tegoulia and Cooper 2002)
and significant topographical variation on the um-scale
(Characklis 1973; An et al 1995); native P(rBMA) would
present a more attractive interface for bacterial adhe-
sion in contrast to modified P(fBMA). In other words,
the UV-irradiation of the native P(fBMA), as resulted in
decreased surface hydrophobicity, replacement of methyl
groups into carboxyl acid group, would lead in decreasing
bacterial attachment. However, on the modified P(fBMA)
surface, the average number of the bacterial cells was found
to be greater. Therefore, it is suggested that the modification
of surface roughness in the nanometer scale might trigger
the elevated production of EPS and subsequent increase of
attached bacterial cells. The results demonstrating enhanced
bacterial attachment for nanosmooth polymer surfaces
obtained in this study are in agreement with recently reported
data on the impact of surface nanotopography on attachment
of a marine bacterium Pseudoalteromonas issachenkonii on
nanosmooth glass surfaces (Mitik-Dineva et al 2008). It was
shown that the glass surface modification designed to achieve
Rq ofabout 1.6 nm without any significant alteration of glass
surfaces chemical composition and wettability, resulted in
increase of bacterial attachment and alteration in cellular
metabolic activity.

Conclusions

SEM analysis in combination with CSLM analysis revealed
that both bacterial species, V. fischeri and E. coli, consistently
showed a preference to adsorption onto the photolitho-
graphically modified P(rfBMA) surface although the species-
specific pattern of attachment was maintained. A decrease
in P(tBMA) surface roughness upon UV-irradiation
provided a nanosmooth surface, as well as an increase in the
uniformity of surface characteristics. Despite alteration other
surface characteristics such as hydrophobicity and surface
chemistry, it is suggested that alternate factors such as surface

nanometric topographical features may play an important
role enhancing the bacterial adhesion process. In addition
to obvious numerical differences, the bacterial metabolic
response is changed as well. CSLM findings highlighted a
large quantity of V. fischeri- and E. coli-associated EPS on the
modified polymer surface. This is indicative of the surfaces
modification strategy utilized by both strains to better sustain
their existence on this surface. This observation implies
that bacteria employ a ‘simple’ strategy for attachment to
nanosmooth surfaces, by producing elevated amount EPS,
although it is also possible that the presence of nanosmooth
surfaces induces EPS production. A positive correlation
between the presence of EPS and surface adhesion have been
shown previously (Flemming and Wingender 2001; Kreft
and Wimpenny 2001; Sutherland 2001), however, not in the
context of surface nanotopography. The results of this study
are of interest since they cast a doubt over the conventional
notion that bacterial attachment is increased as the surface
roughness increases on the um —mm scale (Characklis 1973),
and that ultra smooth surfaces would not encourage bacterial
attachment (McAllister et al 1993). Although recent advances
have transformed our understanding of bacterial interactions,
we are still only beginning to appreciate the chemical and
physical basis of cell-surface interactions. The application of
nanotechnological tools to control the chemical and physical
microenvironment surrounding cells will subsequently aid
further research into enhancing our understanding of bacterial
attachment behavior.
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