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Abstract Attachment tendencies of Escherichia coli
K12, Pseudomonas aeruginosa ATCC 9027, and Staphy-
lococcus aureus CIP 68.5 onto glass surfaces of different
degrees of nanometer-scale roughness have been studied.
Contact-angle and surface-charge measurements, atomic
force microscopy (AFM), scanning electron microscopy
(SEM), and confocal laser scanning microscopy (CLSM)
were employed to characterize substrata and bacterial
surfaces. Modification of the glass surface resulted in
nanometer-scale changes in the surface topography,
whereas the physicochemical characteristics of the surfaces
remained almost constant. AFM analysis indicated that the
overall surface roughness parameters were reduced by 60—
70%. SEM, CLSM, and AFM analysis clearly demonstrates
that although E. coli, P. aeruginosa and S. aureus present
significantly different patterns of attachment, all of the
species exhibited a greater propensity for adhesion to the
“nano-smooth” surface. The bacteria responded to the
surface modification with a remarkable change in cellular
metabolic activity, as shown by the characteristic cell
morphologies, production of extracellular polymeric sub-
stances, and an increase in the number of bacterial cells
undergoing attachment.
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Introduction

Bacterial attachment and the factors that influence the
process, together with the subsequent biofilm formation,
have been the focus of intensive study over the past few
decades [1, 3, 21, 22], mainly due to the ongoing effort to
design antibacterial surfaces or microtextured surfaces with
an “antifouling effect. The mechanisms that control bac-
terial adhesion have been addressed on various levels:
theoretical approaches such as the Derjaguin, Landau,
Verwey, Overbeek and thermodynamic theories have
revealed some of the basic physicochemical aspects of
bacterial adhesion [3, 4, 9] and cell studies have provided
useful information regarding the role that the cell surface
characteristics play in the attachment mechanism [16, 18].
Apart from the cell surface characteristics, it is now com-
monly accepted that a wide range of substratum surface
properties such as morphology, surface chemistry, rough-
ness, and porosity can all exert a strong influence over the
tendency of bacteria to attach to different surfaces [22, 24].

One of the recently developed concepts is that of an
“attachment point” [14, 23]. According to this theory,
organisms smaller than the scale of the surface micro-
texture will attach in sufficient number and will have
greater adhesion strength because of the multiple attach-
ment points on the surface when compared to
microorganisms that are of scale larger than the surface
roughness [8, 24]. They will also be well protected from
hydrodynamic shear forces in microscopic refuge shelters
on the textured surface [23]. A number of research pro-
jects studying the relationship between surface roughness
and attachment of organisms (such as barnacle cyprids
and algal spores) has supported the applicability of the
“attachment points” theory [20, 23]. On the other hand,
only a few studies have observed the effects of surface
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topography on the adhesive behavior of smaller micro-
organisms such as bacteria, despite the fact that they are
believed to be the initial colonizers of many surfaces and
to be necessary for further biofilm development and
macrofouling colonization [23]. Some other studies have
focused on physicochemical bacterial and substratum
characteristics, such as surface wettability, tension and
charge, or micrometer-scale roughness that is comparable
to or greater than the cell size [11, 29]. In light of these
current thoughts, the article aimed to further test our
hypothesis as to whether surface roughness on the nano-
meter scale plays a role on the initial stage of bacterial
attachment. We previously showed an impact of nano-
meter-scale surface roughness on the attachment strategy
of a marine bacterium, Pseudoalteromonas issachenkonii
KMM 3549", while interacting with glass surfaces [26].
In this study we investigate an impact of nanometer-scale
surface roughness on the attachment strategy of three
taxonomically unrelated medically important bacteria,
Escherichia coli K12, Staphylococcus aureus CIP 68.5,
and Pseudomonas aeruginosa ATCC 9027. The attach-
ment pattern of these bacteria was tested on two types of
glass surface, namely “as-received” and “modified” sur-
faces, where the latter were derived from the as-received
material by means of chemical treatment.

Methods and Methods
Substratum Surface Analysis

Glass surfaces (7105-PPA premium glass slides Living-
stone International) have been modified as described
elsewhere [17, 28]. The surface wettability of both as-
received and modified glass regions was measured with
the FTA200 (First Ten ;\ngstroms Inc.) using the
embedded-needle method [19, 21]. Droplets of nanopure
water (18.2 m/cm) were deposited on the surfaces and
movies (up to 35 s each), each delivering up to 100
images for analysis, were recorded. At least five mea-
surements were conducted on each surface to obtain the
average values.

A Solver P7LS instrument (NT-MDT Co.) was used to
image the surface topography and to quantitatively mea-
sure and analyze the surface roughness on the nanometer
scale. The analysis was performed in the semicontact
mode, which reduces the interaction between tip and
sample and thus allows the destructive action of lateral
forces that exist in contact mode 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 topo-
graphic 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 sur-
face 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 wusing the standard instrument software
(LS7-SPM v.8.58).

Cell Surface Analysis

Bacterial sample preparation followed the procedure
described in [17]. The physicochemical cell surface
characteristics were determined by measuring the cell
surface wettability and charge. The surface wettability of
E. coli, P. aerugionsa, and S. aureus was evaluated from
contact-angle measurements on lawns of bacterial cells
using the sessile drop method in the FTA200 instrument.
A bacterial cell suspension was prepared and applied to
the glass substrates and measurements were performed, as
described elsewhere [2, 9, 15]. Bacterial surface charge
was inferred via measurement of the electrophoretic
mobility (EPM) of the bacterial cells, followed by con-
version into a zeta potential using Smoluchowski’s
approximation. The EPM was measured as a function of
ionic strength in a buffered solution [10] using a zeta
potential analyzer (ZetaPALS; Brookhaven Instruments
Corp). The cell suspension was prepared and measure-
ments were taken as explained elsewhere [10]. All
measurements were carried out in triplicate, and for each
sample, the final EPM represents the average of five
successive ZetaPALS readings, each of which consisted
of 14 cycles per run.

Scanning electron microscopy (SEM) images were
obtained using a FeSEM instrument (SUPRA 40VP; Carl
Zeiss SMT). Prior to imaging, the slides were gold-coated
in a Dynavac CS300 coating unit. The extracellular poly-
meric substances (EPSs) produced by cells attaching to
both regions of the glass substrates were labeled with
Concanavalin A 488 (Molecular Probes Inc.) and observed
using confocal laser scanning microscopy (CLSM) as
described elsewhere [17, 28]. The number of attached cells
observed in the SEM images (1000x magnification) was
transformed into a number of bacteria per unit area as
described elsewhere [26].

Statistical data processing was performed using SPSS
15.0 (SPSS Inc., Chicago, IL, USA). Three independent
t-tests were performed.
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Results
Glass Surface Physicochemical Characteristics

It appeared that the glass surfaces were moderately
hydrophilic, exhibiting a water contact angle (0)
of ~45° + 4° for as-received and 42° &£ 3°. Analysis of
the chemical composition of both the as-received and
modified glass surfaces revealed no significant differences,
according to results obtained from X-ray fluorescence and
X-ray photoelectron spectroscopy [17].

A detailed analysis of the surface roughness indicated
that the modified glass surface appeared uniformly
smoother and lacked the relatively prominent protrusions
observed on the as-received glass surface (Table 1, Fig. 1).
A statistical analysis of the surface roughness parameters
confirmed this observed change in surface roughness for
modified surfaces. All of the conventional roughness
parameters [i.e., the average surface roughness (R,, 2.1 nm
vs. 1.3 nm), the root mean square (R,, 2.8 nm vs. 1.6 nm),
and the maximum roughness (R,,,,, 27.8 nm vs. 16.2 nm)]
were found to be ~ 50% higher on the native glass surface.
Taking into account that these parameters do not neces-
sarily provide a satisfactory indication of the topographical
differences, an alternative roughness measure has
been employed [29] to provide additional information.
The 10-point average roughness (R,), is defined as the

difference in height between the average of the five highest
peaks and the five lowest valleys along a profile [29].
Extending this concept to the five highest and lowest points
in a scanned area, the modified surface (R, = 4.8 nm) is
approximately in the range of twofold smoother than the
as-received surface (R, = 12.2 nm). In summary, all four
parameters (R, R, R,... R;) gave a strong indication that
the as-received glass surfaces contain considerably greater
surface roughness than the modified glass surfaces, albeit
on the nanometer scale. Overall, the glass surface analysis
clearly demonstrated that the chemical treatment modified
the surface topography on the nanometer scale, whereas the
other surface characteristics were not significantly affected
by the etching process.

Bacterial Surface Characteristics

The bacterial surface characteristics, such as cell surface
charge and wettability, are presented in Table 1. E. coli and
P. aeruginosa cells were found to be moderately hydro-
philic (0 = 34° and 0 = 43°, respectively) and S. aureus
cells exhibited more hydrophobic characteristics (60 = 72°).
These contact-angle values are consistent with previously
published data for various strains of E. coli [5] and
P. aeruginosa [12]. The hydrohobic nature of S. aureus
cells could be attributed to the presence of highly nega-
tively charged and hydrophobic teichoic and lipoteichoic

Table 1 Surface characteristics and cell dimensions of E. coli, P. aeruginosa, and S. aureus

Strain Water contact angle, 6 (deg) EPM [(w/s)(V/cm)] Zeta potential, { (mV) Cell dimensions (pm)

As-received glass Modified glass
E. coli 33.0+ 4 -3.1+£06 —384 +£0.3 1.7 x 1.0 x 0.20 2.1 x 1.3 x 0.25
P. aeruginosa 433+ 8 —1.1 £ 0.1 —144 +£ 0.7 2.1 x 1.1 x 0.18 24 x 1.8 x 0.25
S. aureus 722 £ 8 —2.8+0.38 —-352+1.0 0.9 x 0.9 x 0.40 0.9 x 0.9 x 0.40
Fig. 1 Typical AFM images of As-received glass surface Modified glass surface
as-received (a) and etched (b)
glass surfaces. The chemical
treatment has resulted in fTm ™

reduction of surface roughness
on the nanometer scale. The
imaged areas are approximately
5x5 pmz

12nm |
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acid sites, which are some of the main constituents of S.
aureus cell walls [7, 13].

The bacterial surface charge results are also listed in
Table 1 and are in accordance with the notion that the
majority of microbial cell surfaces are negatively charged
[6, 27]. The least electronegative species was P. aerugin-
osa, with an EPM of —1.12(um/s)/(V/cm), followed by
S. aureus, with a mobility of ~ —2(u/s)(V/cm). The most
electronegatively charged cells were those of E. coli, with
an EPM above —3(u/s)(V/cm). These values are within the
range of previously reported values for E. coli [25],
P. aeruginosa [12], and S. aureus [12].

Patterns of Bacterial Attachment

The attachment patterns of E. coli, P. aeruginosa, and S.
aureus were examined by means of high-resolution SEM
and atomic force microscopy (AFM) imaging (Fig. 2). In
addition to characteristic differences between the attach-
ment patterns of each species, inspection of the images
reveals striking differences in the cell morphology, pro-
duction of EPSs, and numbers of bacterial cells attached on
the two surface regions (Figs. 2 and 3). Overall, the num-
ber of cells attached to the modified surface was
approximately two times higher, depending on the strain,
when compared to the number of cells attached to the as-
received glass surface (Fig. 3). The density values have
estimated errors of ~10-15% due to local variability in
the surface coverage. No clear correlation between cell
surface hydrophobicity and attachment density could be
noted.

Changes in cell morphology were first observed in high-
magnification SEM images and latter confirmed by AFM
(Fig. 2). The cell dimensions presented in Table 1 indicate
that cells of E. coli and P. aeruginosa increased in size
while attaching to the modified glass surface. The average
increase in the cell volume varied between 15% and 20%,
depending on the strain. The increase in cell volume
reported was found to be statistically significant (p < 0.05).

Notably, the difficulty experienced in accurately deter-
mining the cell size is probably due to large quantities of
EPSs being produced by the cells on the modified glass
surfaces. In contrast, S. aureus cells did not exhibit any
significant difference in the cell morphology while
attaching to the two surface types.

The attachment pattern of bacterial cells and the pro-
duction of EPSs on the two regions of the glass surfaces
after 12 h were confirmed using CLSM. It should be noted
that cells of E. coli and P. aeruginosa deposited substantial
quantities of EPSs on the modified surface (data not
shown).

Discussion

Current theoretical predictions relating to the propensity of
bacteria to adhere to different surfaces are based on
physicochemical bacterial surface characteristics such as
cell wettability and surface charge. According to this
concept, both E. coli and P. aeruginosa cells should exhibit
a greater propensity to adhere to hydrophilic glass surfaces
than S. aureus [4, 14], in accordance with the thermody-
namically predicted preference of hydrophilic cells for
hydrophilic substrata and of hydrophobic cells for hydro-
phobic substrata [3, 4]. In general, the results of our study
conform to this theory, because S. aureus was seen to
attach less than the other bacteria to the hydrophilic glass
surface. In terms of cell surface charge, it would be
expected that the E. coli cells, being more electronega-
tively charged than P. aeruginosa and S. aureus with an
EPM above —3(u/s)(V/cm) (Table 1), would display the
weakest (and P. aeruginosa display the strongest) attach-
ment propensity toward the negatively charged glass
surfaces. The results presented in Table 1 and Fig. 3 are
consistent with this theory. They suggest that P. aeruginosa
was the most proficient colonizer, particularly on the
modified glass surfaces, where cells tended to form a
multilayer biofilm, while producing greater quantities of
EPS. Notably, all three of the species studied displayed an
increased production of EPSs when attaching to the mod-
ified glass surfaces. This observation implies that bacteria
might employ a somewhat similar strategy for attachment
to nanosmooth surfaces by producing elevated amounts of
EPSs in order to effect the attachment.

These results once again highlight the difficulty in
understanding bacterial attachment behavior based solely
on physicochemical cell surface characteristics. Although it
might be expected that more electronegative cells would
display greater hydrophilicity, it has been reported that the
presence of an increased amount of EPS causes the cells to
exhibit hydrophobic characteristics, mainly due to the
dynamic motion of the outer surface proteins that can
modify the apparent polarity or charge of the cell [26].

The results presented here indicate that nanometer-scale
surface roughness influences bacterial adhesion. We have
observed an ~50% increase in the number of Gram-neg-
ative bacteria attached to the smoother modified glass
surface in contrast to the as-received surface. The variation
in the number of S. aureus cells attached to the as-received
and the modified glass was not as pronounced. This
observation is in agreement with the “attachment point”
theory that small sphere-shaped microorganisms (such as
S. aureus) exhibit a different attachment pattern compared
to large or elongated cells because of the different number
of available access points [1].
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Fig. 2 Representative E. coli
(top row), P. aeruginosa
(middle row), and S. aureus
(bottom row) attachment
patterns on the as-received (left
column) and modified (right
column) glass surfaces after

12 h of incubation. SEM images
present an overview of the
attachment pattern; insers: SEM
images on the top corners and
AFM images on the bottom
corners show typical cell
morphologies. Considerable
amount of EPSs are observed on
the modified glass surface
(circled). Scale bars are 10 pm
on low-magnification images
and 2 um on SEM inserted
images. The AFM imaged areas
range from ~2.5 x 5 pm?® to
T x7 um2

P. aeruginosa

Notwithstanding individual species-specific patterns of
adhesion, we were able to observe a consistent tendency for
increased levels of bacterial adsorption onto the modified
nanosmooth glass surfaces. These results are consistent
with our recently reported study on the impact of surface
nanotopography on attachment of the marine bacterium
Pseudoalteromonas issachenkonii to nanosmooth glass
surfaces [17], thus suggesting that nanoscale surface
roughness might exert a greater influence on bacterial
adhesion than previously believed and should therefore be
considered as a parameter of primary interest alongside

@ Springer

other well-recognized factors that control initial bacterial
attachment.

The suggestion that bacteria might be far more sus-
ceptible to nanoscale surface roughness casts serious
doubt on the conventional wisdom that smoother surfaces
represent a more repellent environment to bacteria. The

effect of nanoscale surface roughness on bacterial
adhesion has important implications for designing sur-
faces for use in surgical implants, the food industry, and
sterile environments such as hospitals and pharmaceutical
laboratories.
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Fig. 3 E. coli, P. aeruginosa, and S. aureus attachment density on
glass surfaces. The left column corresponds to the attachment density
on the as-received glass surfaces; the right column corresponds to the
attachment density on the modified glass surfaces. The line indicates
the level of the cell surface’s hydrophobicity according to water
contact-angle measurements
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