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The  interaction  between  bacteria  and  surfaces  is  central  to  many  environmental,  industrial  and  medi-
cal applications.  Surfactants  are  commonly  used  in  these  applications  and can  potentially  influence  the
bacterium/surface  interaction.  The  effect  of surfactants  upon  bacterial  cell  surface  thermodynamic  prop-
erties  was  examined  using  a  combination  of  contact  angle  measurements  and  LW-AB  surface  free  energy
calculation.  Two  bacterial  strains,  hydrophilic  Pseudomonas  putida  852  and  hydrophobic  Rhodococcus
erythropolis  3586,  and  two  surfactant  types,  the  anionic  biosurfactant  rhamnolipid  and  the  non-ionic
chemical  surfactant  tergitol,  were  examined.  The  study  demonstrated  that  surfactant  treatment  could

LW −

ifshitz-van der Waals
cid–base
urface free energy
acterial hydrophobicity
hamnolipid
ontact angle

modify  cell  surface  tension  parameters  including  Lifshitz-van  der  Waals  (� ), electron-donor  (� )  and
electron-acceptor  (�+) and  thereby  the  bacterial  cell  hydrophobicity,  depending  on the  surfactant  type
and concentration  and  the  bacterial  surface  characteristics.  Rhamnolipid  and  tergitol  were  found  to
increase  P.  putida  852  hydrophobicity,  but  decrease  the  hydrophobicity  of  R.  erythropolis  3586.  The extent
of change  was  dependent  on surfactant  concentration.  Among  the  three  surface  tension  parameters,  �−

 impo
was  found  to be the  most

. Introduction

The interaction between bacteria and surfaces is central to many
nvironmental, industrial and medical applications. The promo-
ion of bacterium/surface interactions is important for processes
hat require biofilms, such as sewage treatment [1],  while the pre-
ention of bacterium/surface interactions is required in situations
here the control of biofilm formation is necessary, such as the

ontrol of biofouling in marine environments [2] or for the preven-
ion of infections resulting from bacterial contamination of medical
evices [3].  The bacterium/surface interactions may  be viewed in
erms of bacterial transport within environments containing large
reas of surfaces for interaction. For example, strong interactions
re favored when the prevention of spread of pathogens in soil to
he aquifer is desired [4].  In other cases such as the bioremedi-
tion of contaminated soils, weaker interactions facilitating both
he penetration of and retention within a sub-stratum by bacteria

s desirable [5].

The bacterium/surface interactions depend upon the physico-
hemical properties of the interacting surfaces, and studies have
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rtant  in predicting  bacterial  cell  hydrophobicity.
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shown that hydrophobicity of the bacterial cell surface plays a crit-
ical role in the interactions [6–9]. At present the use of water contact
angle measurements is favored for determining the hydrophobic-
ity of cell surfaces [7,10],  which involves comparison to a threshold
contact angle to make the assessment. However, there appears to
be no consensus in the literature on the threshold contact angle for
a bacterial surface that defines hydrophilicity and hydrophobicity.
A review of this literature suggests that water contact angles of
45◦ [10,11] or 65◦ [12] define the threshold between hydrophilic-
ity and hydrophobicity. Another study considered the bacterial cell
surface to be hydrophilic for contact angles less than 20◦, hydropho-
bic for angles greater than 50◦, and intermediately hydrophobic
between 20◦ and 50◦ [13]. The use of contact angle measurement
alone is therefore unable to provide a consistent interpretation of
the hydrophilicity/hydrophobicity of a bacterial cell surface.

Furthermore, many of the above mentioned industrial, environ-
mental and medical applications involve the use of chemicals that
can potentially influence the bacterium/surface interaction by their
sorption to surfaces. One commonly used type of these chemicals
are surfactants, which are amphiphilic molecules that display sur-
face active properties. Surfactants are used for both prevention (e.g.
in anti-fouling surfaces [14,15]) and enhancement (e.g. in bioreme-

diation [16–18]) of bacterial interaction with surfaces.

The surface free energy concept provides a consistent basis
for interpreting the interactions of hydrophobic and hydrophilic
substances (such as bacteria) with surfaces by predicting the

dx.doi.org/10.1016/j.colsurfb.2012.12.034
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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nfluence of ionic and neutral surfactants on cell hydrophobic-
ty [19]. The surface free energy is considered to be the sum of
ifshitz-van der Waals (�LW) and acid–base (�AB) components
20], where the Lifshitz-van der Waals (LW) component is apo-
ar and generally attractive, and the acid–base (AB) component
s polar and comprises electron-donor (�−) and electron-acceptor
�+) contributions. The latter component can thus account for
ydrogen bonding interactions and is manifested as either an
ttractive hydrophobic interaction or repulsive hydration pressure
20]. Depending upon the properties of the bacterium the individ-
al contribution of AB and LW can vary, and either AB [21] or LW
22] interactions can dominate. Past studies have suggested that
lectron-donor and electron-acceptor components considerably
nfluence cell hydrophobicity and bacterial adhesion properties
7,14]. The use of contact angle measurements in association with
he surface free energy calculation [23] can thus provide a physical
nd mathematical basis for consistent assessment of bacterial cell
ydrophobicity [7,19,22].

The effect of surfactants on bacterial cell surface thermodynamic
roperties has been investigated to a limited extent. Surface free
nergy calculation has been used to demonstrate that linear poly-
xyethylene alcohol surfactants alter cell surface hydrophobicity
ystematically with the surfactant chain length [19]. However, sev-
ral other potential factors have not yet been investigated. These
nclude, for example, the effect of different surfactant types (ionic
s. non-ionic) and their concentration and bacterial cell hydropho-
icity (hydrophobic vs. hydrophilic) on the change in cell surface
hermodynamics and hydrophobicity. The aim of this study was  to
ystematically estimate and quantify the impact of surfactants on
acterial cell surface free energy properties and cell hydrophobicity
sing a combination of contact angle measurements and the LW-AB
pproach. The effects of one ionic and one neutral surfactant were
ested on bacteria with naturally hydrophilic (Pseudomonas putida
52) and hydrophobic (Rhodococcus erythropolis 3586) surfaces to
est the hypothesis that desired effects upon the surface thermody-
amics would only be achieved if bacterial cell surface properties
nd surfactant were matched.

. Material and methods

.1. Surfactant solution preparation

The ionic biosurfactant rhamnolipid JBR 425 (Jeneil Biosurfac-
ant Co.) and the non-ionic synthetic surfactant Tergitol 15-S-12
Sigma–Aldrich) were chosen for this study as they exhibit low tox-
city to bacteria and are able to enhance bioremediation [24,25].
urfactants were used as received without any further processing.
urfactant solutions were prepared in de-ionized water to con-
entrations of 500 mg/L, 1000 mg/L and 4000 mg/L, all of which
ere above the surfactant’s critical micelle concentrations (CMC) to

nsure surfactant availability for sorption onto bacterial cells [19].

.2. Bacterial strains and cell preparation

P. putida 852 and R. erythropolis 3586 (New Zealand Reference
ulture Collection, ESR, Porirua, New Zealand) were selected for
heir capability to degrade petroleum hydrocarbons and their dif-
erent cell surface characteristics. P. putida 852 is a hydrophilic
ram-negative rod while R. erythropolis 3586 is a hydrophobic
ram-positive coccus. Stock bacterial cultures were kept in 20%
lycerol at −80 ◦C. Nutrient agar plates (Fort Richard, Auckland,

ew Zealand) were used for routine culture of bacteria, for recovery

rom frozen storage, and for enumeration of bacterial colony form-
ng units (cfu). Bushnell Hass (BH, Sigma–Aldrich) broth and BH
gar containing 2% (w/v) glucose were used to culture P. putida 852
: Biointerfaces 105 (2013) 43– 50

and R. erythropolis 3586 respectively for studies with surfactants.
P. putida 852 was  grown overnight in BH broth at 30 ◦C with shak-
ing at 200 rpm and cells from 100 mL  broth culture were harvested
by centrifugation at 10,000 × g. R. erythropolis 3586 was  grown on
BH agar plates for 48 h at 30 ◦C, and cells from 5 agar plates were
harvested with a moistened cotton swab and resuspended in saline
(0.85%, v/w).

Both P. putida 852 and R. erythropolis 3586 cells were washed
twice in saline (0.85%, v/w) to remove soluble extracellular poly-
meric substance (EPS) [26]. After centrifugation, the pellet was
resuspended in surfactant solution or saline (0.85%, v/w) as needed.
The bacterial suspension was then adjusted to an absorbance of
0.3 at 600 nm (1 cm path length, Novaspec II visible spectropho-
tometer, Biochrom Ltd., Cambridge, U.K.), giving final bacterial
concentrations of approximately 6 × 107 and 5.4 × 107 cfu/mL for P.
putida 852 and R. erythropolis 3586, respectively. The suspensions
were mixed in a shaker (Innova 4330, New Brunswick Scientific)
at 30 ◦C, 100 rpm for 1.5 h to achieve surfactant adsorption equi-
librium [27]. The decision to grow R. erythropolis 3586 on agar,
rather than in broth, was taken based upon the requirement for
a homogeneous lawn of bacterial cells for contact angle measure-
ments. In broth R. erythropolis 3586 grows slowly in aggregates of
hydrophobic cells that were unsuitable for the preparation of lawns
for contact angle analysis. The growth of bacteria on a solid agar or
in liquid medium can give a difference in surface characteristics to
the bacteria [28], and in the case of R. erythropolis 3586 the cells
cultured on agar plates grew faster, dispersed easily and formed
suitable layers homogeneous cells for contact angle analysis. The
bacterial suspension in saline (0.85%, v/w) served as a control under
which no surfactant treatment was  given.

2.3. Magnesium measurement by flame-AAS

Flame-atomic adsorption spectrometry (Flame-AAS; Varian
SpectrAA) was  used to determine the soluble magnesium con-
centration present in cell-free supernatants. Twenty milliliters of
the supernatant samples were nitric-acid preserved at an acid to
water volume ratio of 1.5 mL/L. The default method from the Var-
ian Flame-AAS Analytical Methods (Publication No. 85-100009-00)
was loaded for the analysis.

2.4. Polyacrylamide gel electrophoresis (PAGE) analysis of
lipopolysaccharide (LPS)

Semi-quantitative PAGE analysis was performed on LPS that was
released into the supernatant after surfactant treatment of P. putida
852. P. putida 852 cells were pelleted by centrifugation (10 min,
10,000 × g) and 1 mL  of the supernatant was  lyophilized (SPD111 V
SpeedVac, ThermoSavant) and resuspended in 75 �L MilliQ water.
Twenty-five microliters of 4× NuPAGE Lithium Dodecyl Sulphate
(LDS) sample buffer (Invitrogen) was added to each sample and
preparations were heated in a water bath at 100 ◦C for 5 min  before
cooling on ice. Twenty microliters of each sample was  loaded to a
NuPAGE Novex 4–12% Bis–Tris minigel (Invitrogen). On each gel,
one well was loaded with 5 �g of purified Salmonella LPS (Sigma,
L6011; with <3% protein impurities) in 20 �L 1× NuPAGE LDS sam-
ple buffer as a marker. Salmonella LPS was  used as a control as
purified P. putida LPS is not commercially available to our knowl-
edge. Gels were run in 1× NuPAGE MES  buffer (Invitrogen) at 200 V
for 35 min. LPS in the gel was stained using the PlusOne Silver
staining kit (GE Healthcare) using the protocol for mini slab gels.
2.5. Contact angle measurement

Bacterial lawns were prepared following the procedures by
Busscher et al. [29]. To prepare the bacterial lawns, 40 mL  of the
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acteria suspension was filtered through 0.45 �m (pore size)
illipore membrane filter paper (MF-MilliporeTM) to deposit a

niform lawn of approximately 2 × 106 cells/mm2. Following the
ame method used by Brown and Jaffé [19], the bacteria were not
ashed with water as it could potentially alter the treated cell sur-

ace properties. The lawns were then mounted on a glass slide with
ouble-sided tape and allowed to air-dry for 45 min  produce a sta-
le surface for contact angle measurements [22]. Scanning electron
icroscopy (images not shown in this article) of the bacterial lawn

onfirmed a uniform deposition of bacterial cells. Contact angles
ere measured by placing droplets of selected diagnostic liquids on

acterial lawns using a gas tight syringe (Hamilton GAS TIGHT®) on
 goniometer (KSV Instrument). Ultra-pure water (MilliQ), formam-
de (Merck) and 1-bromonaphthalene (Sigma–Aldrich) were used
s the diagnostic liquids [30]. The angle between the droplet and the
awn was recorded by a digital camera attached to the goniometer
KSV Instrument CAM 101 with an accuracy of ±0.1◦). The contact
ngle was read immediately after droplet placement and obtained
y curve fitting analysis using the CAM software (KSV Instrument).

Contact angles were measured by placing droplets of selected
iagnostic liquids on bacterial lawns using a gas tight syringe
Hamilton GAS TIGHT®) on a goniometer (KSV Instrument). Ultra-
ure water (MilliQ), formamide (Merck) and 1-bromonaphthalene
Sigma–Aldrich) were used as the diagnostic liquids [30]. The angle
etween the droplet and the lawn was recorded by a digital cam-
ra attached to the goniometer (KSV Instrument CAM 101 with an
ccuracy of ±0.1◦) and the reading of the angle immediately after
lacing the droplet was obtained by curve fitting analysis using the
AM software (KSV Instrument). The experimental details are pro-
ided as Supplementary Material. Contact angle measurement was
lso performed on a pure mycolic acid (Sigma–Aldrich) film formed
n a glass slide following the method described by Villeneuve et al.
31]. Each reported contact angle is a mean of six independent mea-
urements from bacterial lawns made from at least two different
atches of cultures for each strain.

.6. Surface free energy calculation

The non-polar Lifshitz-van der Waals (LW, �LW) component and
olar electron-donor (�−) and electron-acceptor (�+) parameters of

 bacterial surface were estimated by putting the contact angles
long with known surface tension (�) and parameters �LW, �−

nd �+ of the three diagnostic liquids into the extended Young’s
quation [20]. The �LW, �− and �+ parameters of the bacterial
ell surface can then be used to calculate surface free energy
f aggregation between two cells in water, which is a quanti-
ative measure of cell surface hydrophobicity [20,22,32].  Details
f the diagnostic liquids and equations used for the surface free
nergy calculation are provided in the Supplementary Information
heet.

.7. P. putida 852 survival test

A bacterial survival test was carried out for P. putida 852 to
xamine if the release of LPS from the cell surface would affect
ell viability. At the end of the rhamnolipid treatment, 10 �L of the
. putida 852 and rhamnolipid mixture was plated on nutrient agar
lates and inoculated overnight at 30 ◦C. This step was repeated to
btain six independent samples for each rhamnolipid treatment.
imilarly, 10 �L of the P. putida 852 in saline was plated to form the

ontrol samples where no surfactant treatment was  given. The cell
ount (cfu/mL) obtained after the rhamnolipid treatment was com-
ared with the control samples to calculate the percentage survival
ate.
: Biointerfaces 105 (2013) 43– 50 45

2.8. Fluorescent microscopy

Fluorescence microscopy was  used to observe the aggregation
of R. erythropolis 3586 cells labeled with fluorescent stain acridine
orange (AO). Pure AO (Sigma–Aldrich) was  dissolved in ultra-pure
MilliQ water to a concentration of 0.5 mg/mL, which was then
mixed with the R. erythropolis 3586 suspension at a ratio of 1:5
(i.e., 1 mL  of AO solution to 5 mL  of cell suspension). The mixture
was then incubated for 2 min  at 21 ◦C, before a sample was taken
for observation with the fluorescence microscope (Nikon ECLIPSE
E600, Japan) under the FITC (fluorescein isothiocyanate) spectrum.

2.9. Statistical analysis

The data were compared for equality of means by one-way
analysis of variance (ANOVA) with a confidence level of 95%
using statistical program SPSS (version 18.0, USA). The means and
standard deviations were calculated for all cases from six indepen-
dent replicates.

3. Results

3.1. Contact angle measurements

The mean contact angles of water, 1-bromonaphthalene and
formamide measured on P. putida 852 and R. erythropolis 3586 are
presented in Table 1. In the absence of surfactant, P. putida 852
with a water contact angle of 34.7◦ is less hydrophobic than R.
erythropolis 3586 with an angle measured at 95.7◦. As the rham-
nolipid concentration is raised the water contact angle of P. putida
852 increases, indicating a higher cell surface hydrophobicity. At
4000 mg/L rhamnolipid the water contact angle of P. putida 852
is increased to 43.7◦, but it is still lower than that for R. ery-
thropolis 3586. Tergitol treatment of P. putida 852 demonstrates
a similar trend, resulted in an increase of water contact angle to
44.0◦ at 4000 mg/L rhamnolipid (Table 1). Surfactant treatments of
hydrophobic R. erythropolis 3586 show an opposite trend, where
both the rhamnolipid and tergitol decrease the water contact angle
(and cell hydrophobicity) in a dose-dependent manner. In the
absence of surfactant, with formamide R. erythropolis 3586 gave
a contact angle of 68.2◦ than exceeds the 46.6◦ observed for P.
putida 852. Surfactant treatment yields a small variation in form-
amide contact angles and the trend differs from that observed with
water. The contact angles measured by 1-bromonaphthalene vary
between 29.3◦ and 61.4◦ for P. putida 852 and between 37.7◦ and
41.6◦ for R. erythropolis 3586.

3.2. Lifshitz-van der Waals surface tension component

The data in Table 1 was used to calculate the LW surface ten-
sion component (�LW), following Eq. (1) in the Supplementary
Information sheet. In the absence of surfactant, the �LW values are
30.9 ± 0.5 mJ/m2 for P. putida 852 and 33.9 ± 0.6 mJ/m2 for R. ery-
thropolis 3586. These values are typical for bacteria with a reported
mean �LW of 36.5 ± 3.5 mJ/m2 [22]. The surfactant treatment
produces distinct changes in �LW depending on the bacterial strain
and surfactant type (Fig. 1A). For P. putida 852, �LW decreases signif-
icantly (P = 0.003) when the rhamnolipid concentration is increased
from 0 to 1000 mg/L, where further addition to 4000 mg/L yields no
significant effect (P = 0.097). The addition of tergitol has an opposite
effect on �LW for P. putida 852. Increasing the tergitol concentration
from 0 to 4000 mg/L significantly promotes �LW (P < 0.01). How-

ever, unlike P. putida 852, �LW values of R. erythropolis 3856 do not
vary significantly (P > 0.05) with surfactant treatment.

The addition of rhamnolipid can release LPS from the Pseu-
domonas cell surface. In our study, PAGE analysis of concentrated
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Table 1
Contact angles (�,◦) for lawns of Pseudomonas putida 852 and Rhodococcus erythropolis 3586 treated with surfactant.

Surfactant treatment (mg/L) �Water �Formamide �1-Bromonaphthalene

P. putida R. erythropolis P. putida R. erythropolis P. putida R. erythropolis

No surfactant
Saline alone 34.7 ± 1.0a 95.7 ± 1.0 46.6 ± 0.9 68.2 ± 3.5 47.9 ± 1.1 41.6 ± 1.4

Rhamnolipid
500 36.8 ±  2.6 92.0 ± 2.8 46.5 ± 0.6 66.6 ± 0.8 53.1 ± 4.7 37.7 ± 1.0
1000 35.0 ± 0.5 87.7 ± 1.4 46.1 ± 1.0 66.5 ± 4.0 54.1 ± 4.4 40.4 ± 1.2
4000  43.7 ± 1.8 79.5 ± 1.1 49.1 ± 0.7 62.7 ± 3.2 61.4 ± 4.7 38.9 ± 3.7

Tergitol
500  36.7 ± 0.5 94.3 ± 4.6 38.2 ± 5.6 68.9 ± 0.9 34.2 ± 1.4 39.9 ± 4.2
1000  37.9 ± 1.3 92.9 ± 4.2 35.4 ± 3.2 68.9 ± 0.7 32.4 ± 0.6 41.1 ± 1.6
4000 44.0 ±  1.3 84.7 ± 1.8 37.6 ± 1.7 65.9 ± 1.7 29.3 ± 1.1 41.6 ± 1.7

a � is the mean contact angle in degrees (◦), ±1 standard deviation.

Fig. 1. Surface tension parameters of the bacterial cell surface as a function of surfactant concentration: (A) Lifshitz-van der Waals (�LW), (B) electron-donor (�+), (C)
electron-acceptor (�−) and (D) total (�) surface tension. The bacteria and surfactant combinations are P. putida 852 with rhamnolipid (–�–); P. putida 852 with tergitol
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Survival tests were performed to check the viability of P. putida
852 cells after the rhamnolipid treatment. The survival rates (mean
and 1 standard deviation of six samples) are summarized in Table 2.
Despite the release of LPS from P. putida 852 cell surface, survival

Table 2
Pseudomonas putida 852 survival rate after rhamnolipid treatment. The survival rate
(mean and 1 standard deviation of six samples) was calculated as percentage in
comparison to control condition with saline treatment only.
–�–);  R. erythropolis 3586 with rhamnolipid (–�–); and R. erythropolis 3586 with te
eries  at given surfactant concentrations, points with different symbols are significa
epresent 1 standard deviation (SD) with n = 6.

upernatants taken from P. putida 852 cultures incubated in the
resence or absence of rhamnolipid and tergitol show substantial
mounts of LPS being released only by the rhamnolipid treatment
ut not by tergitol (Fig. 2A). The PAGE banding patterns shown for
upernatants of P. putida 852 cells treated with rhamnolipid are
imilar to those demonstrated for Pseudomonas aeruginosa [33] and
omprise a strong core LPS band (arrowed in Fig. 2A) and numer-
us other bands reflecting minor LPS species and surface proteins
eleased by rhamnolipid treatment. For other supernatants with

ergitol treatment, no characteristic LPS bands were apparent. The
urther reduction of �LW at higher rhamnolipid concentration is
ossibly caused by the additional removal of LPS at higher surfac-
ant concentrations.
 (–�–). Symbols a–j: when comparing points in the same series and across different
ifferent and points with the same symbols are not significantly different. Error bars
Rhamnolipid concentration (mg/L) Survival rate (mean ± 1 SD) (%)

500 100% ± 13%
1000 75% ± 20%
4000 70% ± 21%
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Fig. 2. LPS and Mg2+ are released following rhamnolipid treatment of P. putida 852. (2A) P. putida 852 cells were treated with surfactant for 1.5 h, cells removed by centrifu-
gation,  supernatants concentrated and analyzed by PAGE and silver staining for the presence of LPS. Lane 1, purified LPS (>97% purity) from Salmonella; lane 2, rhamnolipid at
1000  mg/L; lanes 3–10, concentrated supernatant from: P. putida 852 broth only (lane 3); P. putida 852 treated with saline only (lane 4); P. putida 852 treated with rhamnolipid
at  500 mg/L (lane 5), 1000 mg/L (lane 6) and 4000 mg/L (lane 7); P. putida 852 treated with tergitol at 500 mg/L (lane 8), 1000 mg/L (lane 9) and 4000 mg/L (lane 10). The
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and  corresponding to the core LPS is marked with an arrow and corresponds to th
oncentration in cell-free supernatants after mixing of P. putida 852 with surfactant
ars  represent 1 standard deviation (SD) with n = 3.

est shows that on average when compared to the control condition
ith saline only, 100% ± 13% of the P. putida 852 cells at 500 mg/L

hamnolipid were alive after the treatment. Increasing the rhamno-
ipid concentration to 4000 mg/L appears to decrease the survival
ate to 70% ± 21%, although the ANOVA test suggests that increas-
ng the rhamnolipid concentration does not have a significant effect
n the survival rate (P > 0.05).

Complexation of Mg2+ does not occur with the nonionic surfac-
ant tergitol, and therefore neither LPS nor Mg2+ are released from
. putida 852 cells (Fig. 2A and B). Tergitol contains ethylene oxide
nits that have a �LW in the range of 43.0–45.0 mJ/m2 [34], which is
igher than LPS. We  therefore suggest that the sorption of tergitol
nto P. putida 852 cell surface increases the �LW value.

Adsorption of rhamnolipid and tergitol onto R. erythropolis 3586
ell surface does not have a significant effect on the �LW value. The
LW measured for pure mycolic acid isolated from Mycobacterium

s 36.6 ± 0.3 mJ/m2 (as shown in Section 2 of the Supplementary
nformation sheet). This is similar to that of rhamnolipid and so no
ignificant changes would be predicted. Tergitol may  have higher
LW than mycolic acid, but it does not appear to affect the R. ery-

hropolis cell surface �LW value.

.2.1. Electron-donor (�−) and electron-acceptor (�+)
arameters

The data in Table 1 was used to calculate electron-donor (�–)
nd acceptor (�+) values, following Eq. (1) in the Supplementary
nformation sheet. In the absence of surfactant, �–and �+ for P.
utida 852 are 57.0 ± 2.3 and 0.2 ± 0.1 mJ/m2, respectively and
hose for R. erythropolis 3586 are 0.5 ± 0.2 and 0.2 ± 0.1 mJ/m2

Fig. 1B and C). The values obtained are similar to those reported
y others [8,35,36]: �–ranging from 55.8 to 66.8 mJ/m2 for Pseu-
omonas spp. and 4.5 to 28.0 mJ/m2 for Rhodococcus spp.; and �+

anging from 0.2 to 1.37 mJ/m2 for Pseudomonas spp. and 0 to
0.2 mJ/m2 for Rhodococcus spp.

Fig. 1B and C shows that as the surfactant concentration
ncreases, for P. putida 852 the �–decreases and �+ increases. A
ignificant reduction in �–only occurs when the rhamnolipid con-
entration is increased from 1000 mg/L to 4000 mg/L. The �+ values
re small in comparison to �–and while a significant increase in

+ occurs for rhamnolipid concentrations of 0–500 mg/L (P < 0.05)

urther increases in rhamnolipid concentration do not have signif-
cant influence. In comparison to rhamnolipid, tergitol lowers the
–of P. putida 852 to a larger extent and more significantly at lower
d seen by Al-Tahhan et al. [33] in rhamnolipid extracts of P. aeruginosa. (2B) Mg2+

0, 1000 and 4000 mg/L. The surfactants are rhamnolipid ( ) and tergitol ( ). Error

surfactant concentrations (Fig. 1B); the increase in �+ is similar for
tergitol and rhamnolipid above the 0–1000 mg/L range, but is less
pronounced at higher levels of tergitol (Fig. 1C). Conversely, for
R. erythropolis, �–increases and �+ decreases for larger surfactant
concentrations.

3.2.2. Surface tension
The bacterial surface tension, calculated as the sum of �LW and

�AB (Eq. (3) in the Supplementary Information sheet), shows that
tergitol increases the cell surface tension of P. putida 852 (Fig. 1D),
while other combinations of surfactant and bacterial cell do not
induce significant changes in surface tension. The trend exhibited
by R. erythropolis 3586 with surfactant treatment is dominated by
the sizeable �LW values in comparison to �AB values. However, for
P. putida 852 with rhamnolipid treatment, the decrease in �LW is
balanced by the relatively large �AB value.

3.2.3. Surface free energy of aggregation
The free energy of aggregation between bacterial cells in water

(�Gbwb) is a quantitative expression of the cell surface hydrophilic-
ity or hydrophobicity [34]. The calculation follows Eq. (4) in the
Supplementary Information sheet. If the interaction between two
cells is stronger than the interaction of each cell with water, i.e.
�Gbwb < 0, the cells will aggregate and are considered hydrophobic.
Conversely, if �Gbwb > 0, the cells are hydrophilic. Without surfac-
tant treatment, �Gbwb of R. erythropolis 3586 is less than −80 mJ/m2

which is markedly lower than P. putida 852 (∼45 mJ/m2) (Fig. 3). The
calculated �Gbwb values correspond well to the observed water
contact angle measurements on the two  bacterial lawns.

The surfactant treatment brings two  distinct changes to the
bacteria. The �Gbwb of P. putida 852 decreases with increasing
surfactant concentration, indicating an increase in hydrophobicity
and the change is more significant with tergitol than rhamno-
lipid. Conversely, for R. erythropolis 3586, �Gbwb increases with
surfactant concentration, indicating an increase in hydrophilicity
and the effect is more pronounced with rhamnolipid than ter-
gitol. The increase in hydrophilicity of the R. erythropolis 3586
cells with rhamnolipid treatment is also captured by fluorescent
microscopy as shown in Fig. 4. The R. erythropolis 3586 cells with-

out rhamnolipid form large aggregates in saline solution (Fig. 4A);
but at 4000 mg/L rhamnolipid treatment the cells have become
less hydrophobic, showing more freely suspended cells and smaller
aggregates (Fig. 4B) than that without rhamnolipid.
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Fig. 3. Free energy of aggregation of bacterial cells (�Gbwb) in aqueous solution as a
function of surfactant concentrations. The bacteria and surfactant are P. putida 852
with rhamnolipid (–�–); P. putida 852 with tergitol (–�–); R. erythropolis 3586 with
rhamnolipid (–�–); and R. erythropolis 3586 with tergitol (–�–). Symbols a–k: when
comparing points in the same series and across different series at given surfactant
concentrations, points with different symbols are significantly different and points
w
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852 are gram-negative bacteria with a complex outer membrane

F
b

ith the same symbols are not significantly different. Error bars represent 1 standard
eviation (SD) with n = 6.

. Discussion

Cell surface hydrophobicity is recognized as one of the key deter-
ining factors in bacterial adhesion to surfaces [6,8,9].  The water

ontact angle measurements (Table 1) and hydrophobicity esti-
ates (Fig. 3) show that surfactant treatment can modify bacterial

ell hydrophobicity, depending on surfactant type, concentration
nd the bacteria cell surface properties. With water, rhamnolipid
r tergitol treatment of R. erythropolis 3586 decreased the contact
ngle and for P. putida 852 showed a minor increase. Consistent
ith literature, with formamide, even though this is a polar liquid

ike water, surfactant treatment showed a trend for contact angles
hat differed from water [7].  Similarly, for 1-bromonaphthalene the
anges of contact angles are consistent with literature [22]; how-
ver, the pattern exhibited differs from that for water contact angles

s 1-bromonaphthalene being an apolar liquid only measures �LW

nteractions [34]. Hence, the contact angles are unlikely to conform
ith the change in cell surface hydrophobicity, which is governed

ig. 4. Fluorescent images of R. erythropolis 3586 cells suspended in (A) saline solution w
ar  equals 5 �m. Fluorescent dye is acridine orange. (For interpretation of the references t
: Biointerfaces 105 (2013) 43– 50

primarily by �− and �+ values [7,20,22,32]. As indicated in the liter-
ature, surfactant treatment of hydrophilic bacteria increases their
cell hydrophobicity [15,19,27,37].  Our results further show that
hydrophobic cells become more hydrophilic following surfactant
treatment (Figs. 3 and 4), which is also consistent with the findings
for assorted hydrophobic abiotic surfaces treated with different
surfactants [4,33,38].

The extent of change observed in cell hydrophobic-
ity/hydrophilicity is dependent on surfactant concentration.
An increase in rhamnolipid or tergitol concentration leads to an
increase in cell hydrophobicity for P. putida 852 and an increase
in cell hydrophilicity for R. erythropolis 3586 (Fig. 3). These results
are consistent with the findings of Simões et al. [15], who  show
that increasing the CTAB surfactant concentration decreased the
surface free energy of cell aggregation (�Gbwb) of hydrophilic
Pseudomonas fluorescens bacteria, corresponding to an increase
in cell hydrophobicity. Also, our results are supported by the
work of Brown and Al Nuaimi [39] and Brown and Jaffé [19], who
demonstrated that multilayer adsorption of surfactant CxEy at
concentrations greater than its CMC  makes cells more hydropho-
bic. However, our results appear to contradict the findings of
Zhong et al. [37], who  reported that hydrophilic P. aeruginosa cell
hydrophobicity increased with di-rhamnolipid concentration up
to 131 mg/L, whereupon higher rhamnolipid concentrations either
stabilized or decreased cell hydrophobicity. The discrepancy pos-
sibly arises from the use of different rhamnolipid concentrations.
Whereas the rhamnolipid concentration in our study was well
above the surfactant’s CMC, Zhong et al. [37] used concentrations
that were below the CMC. A difference in surfactant concentrations
is known to affect the adsorption mechanism [39]. The different
types of rhamnolipids used in the two studies may  also be a factor
as the difference in rhamnolipid structure may  have affected their
interaction with bacterial cell surface.

The alteration in the chemical and molecular composition of the
cell surface brought about by surfactant treatment is manifested
as a change in the cell surface tension parameters �LW, �–and �+,
as shown in Fig. 1. The different trends in �LW behavior (Fig. 1A)
for surfactant treatments of P. putida 852 and R. erythropolis 3856
are attributable to bacterial cell surface characteristics. P. putida
structure primarily consisting of lipopolysaccharide (LPS) whereas
R. erythropolis 3586 are gram-positive with a relatively thick but
simple cell wall structure [40]. The R. erythropolis 3586 cell wall

ithout rhamnolipid treatment and (B) 4000 mg/L of rhamnolipid treatment. Scale
o color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Correlation between the degree of hydrophobicity and surface free energy
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omponents. The surface free energy components are Lifshitz-van der Waals (�LW,
), electron-donor (�+, �), and electron-acceptor (�− , �) of the P. pudita 852 and R.

rythropolis 3586 bacterial cell surface measured in this study.

ontains mycolic acids which are related to their cell hydropho-
icity [38,41,42].  The high �–and low �+ values of P. putida 852 are
ypical of the electron-donating characteristic of hydrophilic bacte-
ia, whereas the low �–and low �+ values seen for R. erythropolis
586 are typical of hydrophobic bacteria [20,22,43].

Surfactant treatment may  affect cell surface properties by sorp-
ion to the cell surface and/or by the removal of constituents (e.g.
PS) of the cell surface [19,33,37].  Rhamnolipid treatment with P.
utida 852 (Fig. 2A) and P. aeruginosa [33] releases LPS from the cell
urface, and consequently increases in hydrophobicity. The addi-
ion of rhamnolipid was shown to release LPS from the P. aeruginosa
ell surface, potentially by complexing with Mg2+, which is critical
or stabilizing LPS on the membrane surface [33]. The presence of
PS in the supernatant following incubation of P. putida 852 with
hamnolipid correlates with the rhamnolipid-dependent release of
g2+ (Fig. 2B). Since �LW of LPS is around 39.3–42.3 mJ/m2 [34],
hich is higher than the �LW for rhamnolipid of 37.2 mJ/m2 [44],
e suggest that the removal of the LPS coupled with sorption of

hamnolipid onto the P. putida 852 cell surface lowers the �LW

alue of P. putida 852 cell surface. With tergitol it is likely that
he hydrophilic end of the surfactant molecules interacts with the
ydrophilic surface of P. putida 852, exposing the hydrophobic end
f the surfactant molecules at the surface [45]. For hydrophobic R.
rythropolis 3586 cells, it is proposed that the orientation is reversed
ith the hydrophobic end of the surfactant molecules interacting
ith the hydrophobic cell surface, thereby exposing the hydrophilic

nd to the bulk solution.
Fig. 5 shows the correlation between the surface tension

arameters and surface free energy of aggregation (�Gbwb). A
roportional correlation can be seen in electron-donor (�–) and
ydrophobicity, where decreasing electron-donor corresponds to

ncreasing hydrophobicity. But no correlation is seen between
Gbwb and �LW or �+. The correlation analysis confirms that

–plays a key role in predicting cell hydrophobicity. Our finding
s consistent with what was reported by van der Mei et al. [22] and
amadi and Latradche [7] that bacteria with a high �Gbwb gen-
rally have high electron-donor values and those with low �Gbwb
re generally weak electron donors. Our analysis also confirms the
eports by van Oss [20] that electron-donor and electron-acceptor
nteractions are the origin of microbial cell surface hydrophobicity.
or biological surfaces �–is indicative of the surface hydrophobic-

ty as �+ is, in most cases, close to zero [6,22,44]. Consistent with
his finding, the calculated �+ in this study is either close to zero or
egligibly small when compared to �–, and the changes in �–match
ell to the hydrophobicity of the cell surface. Surfactant treatment

[

[

: Biointerfaces 105 (2013) 43– 50 49

decreases the �–of hydrophilic P. putida 852 cells, corresponding to
an increase in hydrophobicity; for hydrophobic R. erythropolis 3586
cells, the trend is reversed.
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