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Abstract
AIMS—Contact angle analysis of cell surface hydrophobicity (CSH) describes the tendency of a
water droplet to spread across a lawn of filtered bacterial cells. Colistin-induced disruption of the
Gram-negative outer membrane necessitates hydrophobic contacts with lipopolysaccharide (LPS).
We aimed to characterize the CSH of Acinetobacter baumannii using contact angles, to provide
insight into the mechanism of colistin resistance.

METHODS AND RESULTS—Contact angles were analysed for five paired colistin-susceptible
and -resistant A. baumannii strains. Drainage of the water droplet through bacterial layers was
demonstrated to influence results. Consequently, measurements were performed 0.66-sec after
droplet deposition. Colistin-resistant cells exhibited lower contact angles (38.8±2.8° to 46.8±1.3°)
compared to their paired-susceptible strains (40.7±3.0° to 48.0±1.4°; ANOVA; p<0.05). Contact
angles increased at stationary phase (50.3±2.9° to 61.5±2.5° and 47.4±2.0° to 50.8±3.2°,
susceptible and resistant, respectively, ANOVA; p<0.05), and in response to colistin 32-mgL−1

exposure (44.5±1.5° to 50.6±2.8° and 43.5±2.2° to 48.0±2.2°, susceptible and resistant,
respectively; ANOVA; p<0.05). Analysis of complemented strains constructed with an intact lpxA
gene, or empty vector, highlighted the contribution of LPS to CSH.

CONCLUSIONS—Compositional outer-membrane variations likely account for CSH differences
between A. baumannii phenotypes, which influence the hydrophobic colistin-bacterium
interaction.

SIGNIFICANCE AND IMPACT OF STUDY—Important insight into the mechanism of colistin
resistance has been provided. Greater consideration of contact angle mehodology is nescessary to
ensure accurate analyses are performed.
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Introduction
Multidrug-resistant (MDR) Gram-negative pathogens have recently emerged as an
increasing global health threat. The escalating incidence of infections caused by MDR
Acinetobacter baumannii, Pseudomonas aeruginosa and Klebsiella pneumoniae has not
coincided with endeavours to further antimicrobial drug development and research,
potentially placing us on a calamitous path towards the so-called ‘post-antibiotic era’
(Boucher et al. 2009). A critical need to expand our therapeutic options led to the re-
examination of polymyxin antibiotics as a last-line resort (Nation and Li 2009).

A. baumannii has emerged as a very significant pathogen causing life-threatening infections.
The remarkable ability of A. baumannii to resist dessication (Jawad et al. 1998) and
disinfectants (Rajamohan et al. 2009) enhances its potential for rapid spread, contributing to
its reputation as a highly troublesome cause of nosocomial outbreaks, particularly in
critically-ill and immunocompromised patients (Karageorgopoulos and Falagas 2008). More
importantly, multiple intrinsic and acquired mechanisms are intertwined in A. baumannii,
delivering resistance to an array of antibiotics. These features have culminated in the
emergence of extensively drug-resistant strains, that are resistant to all antibiotics including
colistin (Peleg et al. 2008). Worryingly, reports of colistin heteroresistance in A. baumannii
(defined as highly colistin-resistant subpopulations in an isolate that appears susceptible on
the basis of minimum inhibitory concentration (MIC)) are also on the rise (Li et al. 2006),
emphasizing the need to gain a greater appreciation of the mechanisms of action and
resistance to this last-line antibiotic.

The amphipathic nature of colistin is understood to be essential for its antimicrobial activity.
Protonation of its five primary amines at physiological pH delivers cationic character, while
the N-terminal fatty-acyl tail, together with a D-Leucine-L-Leucine domain, conveys
hydrophobicity (Storm et al. 1977). Interaction of colistin with the complex Gram-negative
outer membrane is believed to be initiated by electrostatic attraction of colistin to the anionic
lipid A portion of lipopolysaccharide (LPS), located within the external leaflet of the outer
membrane (Hancock and Chapple 1999). Displacement of divalent cations, that normally
stabilize the external LPS leaflet, subsequently facilitates the formation of crucial contacts
between the hydrophobic colistin domains with lipid A fatty-acyl chains. These hydrophobic
forces have been proposed to be the driving force of the interaction (Brandenburg et al.
2002), instigating a disruption of the tightly-packed LPS assembly. In this manner, self-
promoted uptake of colistin is mediated across the outer membrane (Hancock and Chapple
1999). Colistin resistance in several Gram-negative species involves lipid A modifications,
which diminish the potential for the initial colistin-LPS interaction (Raetz et al. 2007).
However, an understanding of the mechanism of colistin resistance in A. baumannii has only
recently begun to emerge. Differential expression of proteins, and genetic mutations in the
two-component PmrAB regulatory system of colistin-resistant A. baumannii have been
reported (Adams et al. 2009; Fernandez-Reyes et al. 2009). Importantly, the total absence of
LPS from the outer membrane of colistin-resistant A. baumannii, due to spontaneous
mutations in the key lipid A biosynthesis genes, lpxA, lpxC or lpxD, has recently been
revealed as a mechanism of colistin resistance (Moffatt et al. 2010).

Since hydrophobic forces play a vital role in the self-promoted uptake of colistin, the degree
of bacterial cell surface hydrophobicity (CSH) may influence the extent to which colistin
interactions are able to be established with the outer membrane. CSH remains poorly
defined, as traditional methods employed to examine CSH provide indirect estimates based
upon bacterial adhesion to model surfaces bearing hydrophobic ligands (Rosenberg et al.
1980; Lachica and Zink 1984), bacterial partitioning between two-phase systems (Miorner et
al. 1982), or bacterial co-aggregation in the presence of salt (Lindahl et al. 1981). The lack
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of correlation in CSH measurements determined by each of these techniques probably
results from the fact that each presents different sensitivities to various outer-membrane
constituents which dictate CSH (Dillon et al. 1986). Furthermore, other adhesive forces can
interfere with the specific assessment of CSH in these assays.

Alternatively, contact angle measurements offer a reflection of CSH by describing the
tendency of a liquid droplet to spread over a solid surface (Busscher et al. 1984). This
property is measured by the angle formed at the three-phase boundary following deposition
of a water droplet on a bacterial lawn. Hydrophilic surfaces of high wettability yield low
contact angles, while the converse is true for hydrophobic surfaces. The contact angle
technique has thus been commonly employed to evaluate CSH owing to its simplicity and
speed (Busscher et al. 1984). Surface properties such as CSH may alter as a function of
bacterial growth phase, due to the dynamic nature of outer-membrane components which
continually develop throughout growth (Huisman et al. 1996). In this study our aim was to
compare the CSH of colistin-susceptible versus -resistant A. baumannii at mid-logarithmic
and stationary phases, and in response to colistin treatment, using the contact angle
technique. Importantly, from these investigations experimental factors influencing contact
angles were identified, and methodological considerations necessary to obtain accurate
measurements were highlighted.

Materials and Methods
Chemicals

Colistin sulphate was purchased from Sigma-Aldrich (Lot No. 109K1574; Castle Hill,
NSW, Australia). A stock solution (1 mgmL−1) was prepared in Milli-Q™ water and filtered
through 0.22-μm syringe filters (Sartorius, Melbourne, VIC, Australia), before being stored
at 4°C. Under these conditions, colistin has proven stable for at least 1 month (Li et al.
2003).

Bacterial strains
All stock cultures of A. baumannii were maintained in tryptone soya broth (TSB; Oxoid,
Adelaide, SA, Australia) with 20% glycerol at -80°C. Reference strain ATCC 19606
(colistin MIC 1 mgL−1) was purchased from the American Type Culture Collection
(Manassas, VA, USA). Three clinical isolates, namely FADDI-AB013, FADDI-AB014 and
FADDI-AB016, each belonging to different clonotypes (Li et al. 2006), were also employed
for this investigation (colistin MICs 1 to 2 mgL−1). Paired colistin-resistant strains (colistin
MIC > 128 mgL−1) were obtained from each of the above wildtype strains by growth in the
presence of 10 mgL−1 colistin; these were termed ‘R’ strains. Additionally, two A.
baumannii strains derived from the LPS-deficient colistin-resistant strain, 19606R (Moffatt
et al. 2010), were investigated to determine the influence of LPS on the CSH of A.
baumannii. These strains were (i) 19606R+lpxA, complemented in trans with an intact lpxA
gene (MIC 1 mgL−1) to restore LPS expression, and (ii) 19606R+V which harbored an
empty vector and served as an LPS-deficient control strain (MIC > 128 mgL−1) (Moffatt et
al. 2010). Thus in total, contact angle measurements were performed on 10 strains.

For the preparation of mid-logarithmic phase cells, overnight cultures were prepared in
cation-adjusted Mueller-Hinton Broth (CaMHB; Oxoid) and used to inoculate fresh medium
(1 in 100 dilution), which was then grown at 37°C with shaking (100 rpm) to an OD600nm of
between 0.4 and 0.6. For the preparation of stationary-phase cells, cultures were grown
overnight. Complemented strains (19606R+lpxA and 19606R+V) were grown in the
presence of 100 mgL−1 ampicillin to maintain selection for the plasmids. Colistin was
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excluded from mid-logarithmic and stationary-phase cultures of colistin-resistant cells to
avoid potential cell surface modifications.

The effect of colistin treatment on mid-logarithmic cells was investigated at 32 mgL−1 in 80
mL of bacterial culture. Treated cultures were incubated in a shaking water bath (37°C, 100
rpm) for 20 min. This volume of culture and treatment duration ensured that a sufficient
number of viable cells remained after treatment, to adequately prepare substrata for contact
angle measurements. Stationary-phase A. baumannii cells were not treated with colistin.

Atomic force microscopic (AFM) imaging
AFM height and amplitude images (10 × 10 μm and 20 × 20 μm) of air-dried bacterial
lawns were obtained in tapping mode, using a Dimension 3000™ AFM with a Nanoscope
IIIa controller (Digital Instruments, Santa Barbara, CA, USA). Standard silicon nitride tips
(Tap300 Budget Sensors®; Bulgaria) were used (125 μm in length, nominal spring constants
of 40 nNnm−1, and typical resonant frequencies of 300 kHz) to scan samples at a speed of 1
Hz. Large scans (20 × 20 μm) were acquired at a resolution of 256 pixels, while all other
images were scanned at 512 pixels. The root-mean-square (RMS) roughness of five
separately prepared bacterial lawns was automatically determined from AFM height images
(10 × 10 μm) using the Nanoscope® 5.13 software (Digital Instruments, Santa Barbara, CA,
USA).

Determination of bacterial contact angles
Contact angles were measured using the sessile-drop method on bacterial lawns (Busscher et
al. 1984). Bacteria were isolated by centrifugation (3,000 × g, 5 min, 25°C) and washed
twice with Milli-Q™ water. This washing protocol has been shown to adequately clean A.
baumannii cells for surface examination (Moffatt et al. 2010). Cells were subsequently
resuspended in Milli-Q™ water to prepare 60 mL of suspension containing ~6 × 108 colony
forming units (cfu)mL−1. Bacterial lawns were created by filtering suspensions via negative
pressure (20 mmHg) through cellulose acetate (Millipore™, North Ryde, NSW, Australia) or
polyvinylidene-difluoride membrane filters (PVDF; Millipore™) of 0.22-μm pore size, for
15 min, until the fluid had completely passed through. Wet filters with retained cells were
air dried under sterile conditions for ~30 min, then mounted onto glass slides.

A droplet of Milli-Q™ water (11.5 μL) was deposited on bacterial lawns, and images were
captured automatically using a KSV Cam 200 (Biolin Scientific, Stockholm, Sweden)
contact angle analyser. For each sample, contact angles were measured over ~12 sec; 10
images were acquired immediately following deposition at 0.33-sec intervals, followed by 9
more images at 1-sec intervals. In addition, images were acquired at a final time point of 1
min for strains ATCC 19606 and 19606R at both growth phases. From these images,
measurements of contact angle (θ) and droplet volume (μL) were obtained at each time
point. Means and standard deviations (SD, n = 12) were calculated from contact angles
obtained at separate locations on between 3 and 5 independent bacterial lawns, which were
prepared over two different days. Control experiments were conducted on bare PVDF and
cellulose acetate filters. The Student’s t-test, and two-way analysis of variance (ANOVA)
with bonferroni post-hoc comparisons, were performed with the GraphPad Prism V5.0
software (GraphPad software, San Diego, USA).

Results
AFM images

AFM images were acquired to verify the nature of the bacterial lawn formed by filtration of
untreated ATCC 19606 (colistin-susceptible) and 19606R (colistin-resistant) cultures at mid-
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logarithmic phase (Figure 1), illustrating a packed lawn of cells for both strains. Similar
results were obtained for stationary-phase cells (data not shown). Rod-shaped colistin-
susceptible cells (Figure 1A) were readily differentiated from spherical colistin-resistant
cells (Figure 1B), and cellular elongation was observed at stationary phase for both strains
(data not shown). The confluent bacterial lawn of colistin-susceptible cells displayed a
consistent structure, and exhibited an even distribution across the filter. The surface (Figure
1C) and cross-sectional (Figure 1E) AFM plots of ATCC 19606 displayed only narrow gaps
between cells. Greater morphological irregularity was observed for the colistin-resistant
strain; AFM images showed that filtration of 19606R cells resulted in a rough and uneven
cell distribution across the filter, characterized by clumped cell masses separated by large
valleys (Figures 1B, D and F). These observations were supported by RMS-roughness
measurements (Table 1) which revealed a significantly rougher topography for the bacterial
lawn of colistin-resistant cells (104.2 ± 3.6 nm) in comparison to the colistin-susceptible cell
lawns (67.1 ± 3.2 nm) at mid-logarithmic phase (p < 0.01). At stationary phase, filtration of
both colistin-susceptible and -resistant cells resulted in smoother bacterial lawns in
comparison to mid-logarithmic phase cells (Table 1; p < 0.05), although this was not
visually apparent (data not shown).

Exposure to 32 mgL−1 colistin resulted in a smoother surface topography for cells of both
phenotypes, without substantially altering morphology (Figure 2). RMS roughness values of
colistin-treated bacterial lawns were significantly different (62.0 ± 3.4 and 88.6 ± 2.3 nm,
colistin-susceptible and -resistant, respectively) from untreated bacterial lawns (Table 1; p <
0.05). However, these differences between colistin treated (Figure 3) and untreated (Figure
1) bacterial lawns were not visually apparent from AFM images.

Contact angles on A. baumannii bacterial lawns as a function of time
Considerable swelling of the filter upon contact with the water droplet was demonstrated
from control experiments performed on bare cellulose-acetate filters (Figures 4A to C); this
was not observed for PVDF filters (Figures 4D to F). Control experiments performed on
bare PVDF filters revealed an initial contact angle of 47.3 ± 0.7°, which decreased to 12.5 ±
0.5° after ~12 sec. Following droplet deposition on bacterial lawns of ATCC 19606 (Figure
5A) and 19606R (Figure 5B) prepared on PVDF filters, the contact angle also changed as a
function of time over ~12 sec; similar results were obtained for the clinical strains (data not
shown). For both phenotypes, the contact angle decreased noticeably immediately after time
zero; therefore the final contact angle measurement at ~12 sec has been summarized for all
strains in Table 2. Contact angles were also determined 1 min after droplet deposition for
ATCC 19606 at mid-logarithmic phase, revealing an angle of 6.10 ± 1.03°. After 1 min, the
contact angle for strain 19606R approached zero. A considerable reduction in contact angles
after 1 min was also observed for stationary-phase lawns of both strains (10.3 ± 2.14° and
6.32 ± 1.82°, ATCC 19606 and 19606R, respectively). These results indicate that contact
angles had failed to stabilize even after 1 min. Contact angles obtained on ATCC 19606
lawns appeared to decline at a similar rate for both growth phases. However, for 19606R
lawns, the reduction in contact angle was more rapid at mid-logarithmic phase in
comparison to stationary phase (Figure 5). Similar results were detected for the paired
colistin-susceptible and -resistant clinical strains (data not shown). After treatment of mid-
logarithmic cells with colistin 32 mgL−1, a high contact angle was observed immediately
after droplet deposition on lawns of colistin-susceptible strains; within 1 sec contact angles
rapidly decreased, before stabilizing to a steady decline which mirrored the trend observed
for untreated mid-logarithmic cells (Figure 5). For lawns of colistin-resistant cells, the
change in contact angle after colistin treatment followed a similar pattern to that observed
for untreated stationary-phase cells (Figure 5).
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Droplet volumes on A. baumannii bacterial lawns as a function of time
The change in measured droplet volume on bacterial lawns with respect to time (Figures 5C
and D, ATCC 19606 and 19606R, respectively) paralleled the change observed for contact
angles (Figures 5A and B, ATCC 19606 and 19606R, respectively). Plots of droplet volume
versus time at both growth phases, and in response to colistin treatment, were almost super-
imposable for the colistin-susceptible strain ATCC 19606 (Figure 5C) as well as the colistin-
susceptible clinical strains (data not shown). In contrast, marked differences were evident
for colistin-resistant strains. Figure 5D illustrates that the droplet volume decreased more
rapidly on lawns of mid-logarithmic in comparison to stationary phase ATCC 19606R cells.
Surprisingly, after colistin treatment of the colistin-resistant strains derived from wildtype
clinical strains, the droplet volume appeared to maintain a relatively stable value over the
entire ~12 sec duration (data not shown). For 19606R, the rate of volume reduction was
similar to that observed for stationary-phase cells (Figure 5D).

Contact angles of A. baumannii recorded 0.66 sec after droplet deposition
In order to reduce the possibility of artefactual comparisons that may arise from droplet
volume loss, we compared contact angles at a set time (0.66 sec) after deposition of the
droplets on bacterial lawns (Table 2). Significantly lower contact angles were displayed
overall by the colistin-resistant strains in comparison to the -susceptible strains at both
growth phases (ANOVA, p < 0.05). However, post-hoc analysis indicated that differences
between colistin-susceptible and -resistant phenotypes were not statistically significant for
ATCC 19606 at mid-logarithmic phase, nor for paired strain FADDI-AB016 at stationary
phase (t-test, p > 0.05). Both colistin-susceptible and -resistant A. baumannii exhibited
higher contact angles at stationary phase versus mid-logarithmic phase (ANOVA, p < 0.05);
the magnitude of these differences varied according to the particular strain. The contact
angles of colistin-susceptible strains, ATCC 19606 and 19606R+lpxA, were not
significantly different from each other at either growth phase (t-test, p > 0.05). The higher
contact angle displayed by colistin-resistant strain, 19606R+V in comparison to 19606R (t-
test, p < 0.05), was only observed at stationary phase. Colistin exposure considerably
increased the contact angles of lawns of both colistin-susceptible and -resistant cells
(ANOVA, p < 0.05); this was not significant for strains ATCC 19606 or FADDI-AB013 (t-
test post-hoc analysis, p > 0.05).

Discussion
The external leaflet of the complex Gram-negative outer membrane comprises a tightly-
packed LPS layer, which presents a physical barrier to the permeation of numerous
antibiotics and contributes to the development of the MDR phenotype (Hancock 1997).
Conversely, for the cationic amphipathic colistin molecule, negatively charged
phosphorester moieties on lipid A provide an initial binding site for electrostatic interactions
to form with the bacterial surface. Subsequently, hydrophobic contacts with lipid A fatty-
acyl chains and membrane phospholipids are considered to be crucial to facilitate self-
promoted uptake of the peptide (Hancock and Chapple 1999). Alterations to the bacterial
outer membrane have been reported to contribute to colistin resistance in A. baumannii
(Adams et al. 2008; Adams et al. 2009; Fernandez-Reyes et al. 2009), including the
complete loss of LPS resulting from mutations in the genes involved in lipid A biosynthesis
(namely lpxA, lpxC or lpxD) (Moffatt et al. 2010). Characterization of the physicochemical
cell surface properties, such as CSH, that influence the interaction between colistin and the
outer membrane can thus enhance our understanding of the mechanism of colistin action,
and the surface changes leading to colistin resistance in this problematic pathogen. The early
experimental methods of Busscher et al. (Busscher et al. 1984) have been utilized by
numerous researchers to measure contact angles for bacterial CSH examination (Boonaert
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and Rouxhet 2000; Ahimou et al. 2001; Anderson et al. 2005; Rivas et al. 2005; Hamadi and
Latrache 2008). However, experimental factors that may potentially confound results, such
as filter composition and the exact time point at which contact angles are measured, are
often not reported in such studies. The lack of experimental detail provided by authors
impedes the ability to reliably compare bacterial contact angle data obtained from different
laboratories.

Reliable acquisition of contact angle measurements firstly necessitates consideration of the
membrane filter composition upon which the bacterial lawn is formed. Numerous
commerical membrane filters, composed of various polymers, with different pore sizes exist.
Hydrophilic cellulose-acetate membranes are the most common filter cited for bacterial
applications (Busscher et al. 1984; Ahimou et al. 2001; Rivas et al. 2005; Hamadi and
Latrache 2008). However when these filters were used in the present investigation,
considerable swelling of cellulose fibres upon contact with aqueous bacterial suspensions
was observed (Figure 4); this hindered an accurate assessment of the baseline from which
meaningful contact angles are calculated. Inorganic aluminium oxide (Coldren et al. 2009)
or hydrophobic PVDF (Abbasnezhad et al. 2008) membranes have also been used.
Hydrophilic Duapore® membranes (a modified form of the hydrophobic PVDF filters) were
utilized here, presenting a readily wettable substrate (θ~12 sec = 12.5 ± 0.5°), which
facilitated the filtration of A. baumannii suspensions, and also avoided the swelling
phenomenon encountered with cellulose membranes.

Additionally, although the influence of substrate roughness on contact angles has been
recognized (Hitchcock et al. 1981; Dang-Vu et al. 2006), the formation of a completely flat
and smooth bacterial lawn is an impossible task. Attempts have been made to grow
confluent bacterial lawns on agar; however, this method is not applicable to all species (van
Loosdrecht et al. 1987). The most common method for the preparation of bacterial lawns
involves filtration of a bacterial suspension through porous membrane filters. Published
studies have neglected to adequately confirm the nature of the filtered bacterial lawn.
Although Busscher et al. (Busscher et al. 1984) acquired scanning electron micrographs to
illustrate the uniformity of bacterial packing on the filter surface, it must be noted that
electron microscopy requires samples to be fixed, dehydrated and coated with metal. These
procedures may obscure an accurate reflection of the native surface, and lead to changes in
the bacterial packing arrangement.

Conversely, in the present study, AFM images of A. baumannii (Figures 1 to 3) captured
without complex dehydration and bacterial manipulation protocols (Dufrene 2004)
illustrated considerable differences between colistin-susceptible and -resistant A. baumannii
lawns (Figure 1). AFM images of 19606R (colistin-resistant) bacterial lawns revealed large
crevices (Figure 1). These observations were supported by a higher degree of surface
roughness in lawns of colistin-resistant (19606R) cells compared to lawns of colistin-
susceptible (ATCC 19606) cells (Table 1; Rrms = 104.2 ± 3.6 versus 67.1 ± 3.2 nm, 19606R
versus ATCC 19606, respectively), and may be explained by the tendency for spherical
colistin-resistant A. baumannii cells to aggregate in clusters and chains (Soon et al. 2009).
Filtration of cellular aggregrates would be more likely to lead to an uneven distribution of
cells, thus resulting in a bacterial lawn of greater porosity. This finding highlights that the
nature of cellular packing is dictated by cellular characteristics (such as shape and physical
properties) of the specific bacterial strain under investigation. Our AFM images further
suggest that artifactual measurements of contact angle potentially may arise from leakage of
the water droplet through the bacterial layer, via channels formed between cells.

The effect that dehydration of bacteria-coated filters may impose on the contact angle has
been recognized (Busscher et al. 1984) leading to suggestions that filters should be dried for
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0 to 90 min before performing measurements; this was proposed to be sufficient to reach a
‘plateau’ state whereby stable contact angles could be determined (Busscher et al. 1984).
Accordingly, in the present study filters were dried for ~30 min. We have demonstrated that
contact angles decreased immediately after the water droplet was deposited and failed to
attain a plateau state (Figure 5; Table 2), even after 1 min. Changes to the contact angles of
both colistin-susceptible and -resistant A. baumannii over time, were found to parallel
changes in droplet volume as a function of growth phase, and colistin treatment (Figure 5).
We therefore propose that the most accurate reflection of CSH was provided by the contact
angle at 0.66 sec in this study (Table 2). This time point allowed a sufficient duration for the
droplet to settle on the surface, while avoiding misleading results that may have arisen from
leakage of the water droplet through the bacterial lawn. Notably, the time point at which
contact angles were recorded in previous CSH investigations has often been left undefined.

Lower contact angles, representing lower CSH, observed for colistin-resistant versus -
susceptible A. baumannii at both growth phases may be related to the reduced fimbrial
expression previously noted for the colistin-resistant strain (Soon et al. 2009), as the
influence of fimbriae on CSH has been described in previous studies for Acinetobacter
species (Rosenberg et al. 1982; Van der Mei et al. 1991). Additionally, the lack of LPS in
the outer membrane of colistin-resistant cells (Moffatt et al. 2010) likely contributes to the
reduced CSH of these strains. Indeed, structural variations of LPS have been shown to
influence the CSH of Gram-negative bacteria (Camprubi et al. 1992; Burks et al. 2003;
Yokota and Fujii 2007). For example, the reduced CSH of deep-rough P. aeruginosa mutants
bearing truncated LPS structures was correlated with the exposure of phospholipids and
lipid A phosphoresters (Yokota and Fujii 2007). The contribution of LPS to CSH was
further highlighted from our investigations of complemented strains derived from 19606R.
Accordingly, the contact angle of 19606R+lpxA (19606R complemented with an intact lpxA
gene, thus restoring LPS and colistin susceptibility) was not significantly different from that
of ATCC 19606 at either growth phase (Table 2; p > 0.05). The colistin-resistant strain
19606R+V (19606R strain harbouring empty vector only) showed small contact angle
differences from 19606R at stationary phase (Table 2; p < 0.05); this result may be
attributed in part to ampicillin exposure which was used to maintain selection for the
presence of the plasmid during growth of 19606R+V. Exact reasons for this difference
remain unknown.

Differences in the contact angles of both colisin-susceptible and -resistant cells were also
detected with respect to growth phase, whereby stationary-phase cells exhibited higher
contact angles in comparison to cells at mid-logarithmic phase (Table 2; p < 0.05). These
results, combined with recent reports of cellular elongation (Soon et al. 2009) and surface
charge differences detected for stationary versus mid-logarithmic phase A. baumannii cells
(Soon et al. 2011), highlight the continually evolving nature of the outer-membrane structure
throughout growth. The resultant structural and compositional differences of the outer
membrane give rise to alterations in cell surface properties, which potentially impede the
interaction with colistin; these changes may account for the reduced activity of colistin
against A. baumannii at stationary phase (Poudyal et al.).

In response to treatment with various antimicrobials, a reduction in CSH has been
documented for several Gram-negative species (Tateda et al. 1993; McKenney and Allison
1997; Gholia et al. 2004), including A. baumannii (Hostacka 1999a; b; 2000). However in
the present study, colistin exposure increased the contact angle of both colistin-susceptible
and -resistant A. baumannii (Table 2; ANOVA, p < 0.05). This finding is consistent with the
less electronegative surface charge of both phenotypes observed in response to colistin
treatment (Soon et al. 2011). For colistin-susceptible cells, these changes in physicochemical
properties likely arise from the specific interaction between colistin and LPS, as well as non-
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specific interactions with other outer-membrane consituents. In contrast, for colistin-
resistant strains deficient in LPS (e.g. 19606R), the increased contact angles and reduced
electronegativity after colistin treatment likely result entirely from non-specific binding of
colistin to outer-membrane proteins and phospholipids. To the best of our knowledge, our
study is the first to reveal that drainage of the water droplet through the porous bacterial
lawn bears influence on measurements of bacterial contact angles. Measurements recorded
after 0.66 sec on lawns of A. baumannii cells revealed a higher CSH for colistin-resistant
strains, in comparison to their paired colistin-susceptible strains. These differences in CSH
reflect compositional changes to the outer membrane of A. baumannii, which affect the
binding interaction with colistin and may contribute to colistin resistance. Importantly,
investigations of complemented 19606R strains suggest that these outer-membrane
alterations involve LPS.
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Figure 1.
AFM images of bacterial lawns prepared with ATCC 19606 (panels A, C and E) and
19606R (panels B, D and F) at mid-logarithmic phase. Large scans (panels A and B; 20 × 20
μm) have been presented as height images which provide a reflection of true topographical
data by describing changes in sample height; in this manner tall features are illustrated by
bright regions, while dark regions portray areas of low sample height. Magnified surface
plots (panels C and D; 10 × 10 μm) were constructed from height images, while cross-
sections of the 10 × 10 μm plots are illustrated in panel E and F.
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Figure 2.
High magnification AFM amplitude images (1 × 1 μm) of ATCC 19606 (panels A and B)
and 19606R (panels C and D) at mid-logarithmic phase, illustrating untreated cells (panels A
and C), and cells treated for 20 min with colistin 32 mgL−1 (panels B and D).
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Figure 3.
AFM images of bacterial lawns prepared with ATCC 19606 (panels A, C and E) and
19606R (panels B, D and F) at mid-logarithmic phase treated with 32 mgL−1 colistin,
presented as: (i) 20 × 20 μm height images (panels A and B); (ii) magnified 10 × 10 μm
surface plots, constructed from height images (panels C and D); and, (iii) cross-sections of
the 10 × 10 μm surface plots (panels E and F).
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Figure 4.
Images of water droplets deposited on bare cellulose acetate filters (panels A, B and C) and
PVDF filters (panels D, E and F) after 0 sec (panels A and D), 6 sec (panels B and E) and 12
sec (panels C and F).
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Figure 5.
Change in contact angle (panels A and B, mean ± SD) and droplet volume (panels C and D,
mean ± SD) illustrated as a function of time over ~12 sec for ATCC 19606 (panels A and C)
and 19606R (panels B and D) at mid-logarithmic and stationary phase, and in response to
colistin 32 mgL−1 (mid-logarithmic cells).
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Table 1

Mean RMS-roughness (nm) ± SD of A. baumannii ATCC 19606 and 19606R at mid-logarithmic and
stationary phase, and in response to treatment with 32 mgL−1 colistin (mid-logarithmic cells). Measurements
were determined for five separately prepared bacterial lawns from AFM height images (10 × 10 μm).

Mid-logarithmic Colistin 32 mg/L (Mid-logarithmic) Stationary

ATCC 19606 67.1 ± 3.2a,b 62.0 ± 3.4c 60.9 ± 2.5a,b

19606R 104 ± 3.6a,b 88.6 ± 2.3c 99.7 ± 2.6a,b

a
Significantly different between colistin-susceptible and -resistant strains for a given growth phase (T-test, p < 0.05)

b
Significantly different across growth phases (T-test, p < 0.05)

c
Significantly different from untreated mid-logarithmic cells (T-test, p < 0.05)
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