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Model Organic Surfaces to Probe Marine Bacterial 
Adhesion Kinetics by Surface Plasmon Resonance
 Understanding how bacteria adhere to a surface is a critical step in the devel-
opment of novel materials and coatings to prevent bacteria forming biofi lms. 
Here, surface plasmon resonance (SPR) spectroscopy, in combination with 
self-assembled monolayers (SAMs) that have different backbone structures 
and/or functional groups, is used for the fi rst time to study the initial stages 
of bacterial adhesion to surfaces (i.e., initial interaction of cells with a surface, 
a process governed by van der Waals, electrostatic, and hydrophobic inter-
actions). The work highlights SPR spectroscopy as a powerful and unique 
approach to probe bacterial adhesion in real time. SPR spectral data reveal 
different kinetics of adhesion for the interaction of two marine bacterial spe-
cies ( Marinobacter hydrocarbonoclasticus  and  Cobetia marina)  to a range of 
organosulfur SAMs. Furthermore, the extent of adhesion is dependent on the 
backbone structures and functional groups of the SAMs. The role of extracel-
lular polymeric substances (EPS) in bacterial adhesion is also investigated. 
Pre-conditioning experiments with cell-free culture supernatants, containing 
planktonic EPS, allow quantifi cation of the amount adsorbed onto surfaces 
and directly account for the impact of EPS adsorption on bacterial adhesion 
in the assay. While the physicochemical characteristics of the surfaces play 
a signifi cant role in determining bacterial cell adhesion for low levels of con-
ditioning by planktonic EPS, greater levels of conditioning by EPS reduce the 
difference between surfaces. 
  1. Introduction 

 Research on bacterial adhesion is a fi eld covering areas such 
as marine science, soil and plant ecology, food safety, and the 
biomedical fi eld. [  1  ]  As an integral part of their survival mecha-
nism, bacteria have a natural tendency to adhere to surfaces. 
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Surface-attached bacterial cells may 
develop into biofi lms, which can have 
benefi cial or adverse effects on such a sur-
face, depending on whether their forma-
tion within a specifi c system is intentional 
or not. [  1  ]  For instance, bacterial biofi lms 
are of great practical importance for tech-
nologies such as wastewater treatment 
and bioremediation of groundwater and 
soil. In other settings, long-term adhesion 
and the development of bacterial colonies 
or biofi lms are responsible for biofouling 
in marine and industrial systems, a wide 
variety of microbial infections in the 
human body, and many other expensive 
and life-threatening situations. [  2  ]  As a 
result, knowledge of bacterial adhesion to 
surfaces is essential for promoting or pre-
venting biofi lm formation, as well as for 
understanding bacterial ecology. 

 Since the nature of the surface and the 
type of bacteria may dictate whether or 
not cells will adhere at an interface, efforts 
have been made to modify the interfa-
cial properties to understand bacterial 
adhesion. [  3  ,  4  ]  Such efforts have triggered 
the need for experimental approaches to 
quantify the adhesion of bacteria on artifi -
cial surfaces. To date, bacterial adhesion assays have been devel-
oped using enzyme-linked immunosorbent assay (ELISA), [  5  ]  
radiolabeling, [  6  ]  plate counting, [  7  ]  and various types of staining, 
such as the use of nucleic acid–binding fl uorochromes (e.g., 
SYTO 13), [  8  ]  or more general stains such as the Gram stain, [  9  ]  
followed either by direct microscope counting (with or without 
image analysis) or by dye extraction, [  10  ]  or in the case of SYTO 
13, by the direct use of a fl uorescence plate reader. 

 Although useful and informative, these procedures present 
several limitations. Plate counting and evaluation after staining 
of the bacteria are time-consuming and tedious, and are there-
fore not suitable for high-throughput analyses (i.e., for testing 
numerous bacteria or assay conditions). Methods developed for 
high throughput screening require a high density of attached 
cells. [  8  ,  10  ]  The radiolabeling assay is more accurate and simple, 
but the use of radioactive labels needs safety evaluation. [  11  ]  
Large-scale experiments can be carried out using ELISA-based 
methods, but specifi c antibodies are not always readily avail-
able, and can be laborious or impossible to produce. [  12  ]  Further-
more, none of these techniques can provide information about 
the kinetics of adhesion, in real time. Noting these issues, there 
im Adv. Funct. Mater. 2012, 22, 3672–3681
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     Figure  1 .     Chemical structures of the organosulfur compounds used for SAM preparation.  
remains a need for antibody-free and label-
free assays that enable real time monitoring 
of bacterial adhesion to surfaces without sec-
ondary agents. 

 Surface plasmon resonance (SPR) is 
a powerful optical technique that detects 
molecular interactions on a metal surface in 
real time in a label-free environment. It has 
been widely used for the quantifi cation and 
kinetic analysis of receptor–ligand interac-
tions, [  13  ]  but so far SPR has been of only 
limited [  14  ]  use in the analysis of bacterial 
interactions. Previous studies have mainly 

concentrated on the sensing performance (i.e., sensitivity and 
selectivity) of SPR to detect bacterial cells, [  14  ]  and detection 
limits as low as 10 2 –10 6  cells/mL have been reported. [  15  ]  A few 
other studies have applied the SPR technique to discriminate 
between wild-type and mutant bacterial strains, [  16  ]  to analyze 
the affi nity of bacteria for surface-immobilized host compo-
nents, including proteins [  17  ]  and glycolipids, [  18  ]  and to evaluate 
the inhibitory potency of multivalent galabiose derivatives on 
bacterial adhesion. [  19  ]  

 With its ability to monitor, in real time, interactions occur-
ring in the vicinity of a metal surface (usually within 200 nm), [  20  ]  
the SPR technique is advantageous for the investigation of the 
initial stages of bacterial adhesion at interfaces. The adhesion 
of bacteria to surfaces can occur through several mechanisms, 
including non-specifi c contributions from electrostatic, van der 
Waals, and hydrophobic forces, [  21  ]  and a variety of biospecifi c 
selective interactions (e.g., carbohydrate–protein, protein–pro-
tein). [  4  ,  22  ]  Bacterial adhesion to surfaces varies from one bacte-
rial species/strain to another, and also depends on the growth 
phase, thus adding to the complexity of the mechanisms 
through which bacteria attach to a surface. [  3  ,  4  ]  

 The physicochemical properties of a surface, including sur-
face chemistry, charge, surface roughness, and wettability, are 
generally believed to be closely involved in regulating bacte-
rial adhesion to a surface. [  23  ]  Nevertheless, many aspects of the 
competing mechanisms that regulate such adhesion remain 
unclear, in particular, those related to the role of extracellular 
polymeric substances (EPS) in the initial adhesion stage. The 
metabolic products of active bacterial secretions, consisting of 
a mixture of proteins, glycoproteins, polysaccharides, nucleic 
acids, and lipids are the constituents of EPS. [  24  ]  EPS are subdi-
vided into “planktonic” or “bound”, depending on whether the 
polymeric material is released into the surrounding medium or 
remains in close association with the bacterial cell surface. [  24  ]  
Although it has been suggested that the presence of a layer of 
EPS on a surface facilitates, or is required for, the initial adhe-
sion of bacteria, [  25  ]  this has been insuffi ciently examined to 
date. This partial examination is in part due to the lack of suit-
able tools that can quantify EPS adsorbed onto surfaces, from 
a solution and dynamically, and subsequently account for the 
impact of EPS adsorption on bacterial adhesion. [  26  ]  

 Here, SPR provides label-free detection and real time obser-
vation of both EPS and bacterial adhesion to model organic 
surfaces to gain novel insights into how the physicochemical 
characteristics of the surface direct the adhesive nature of the 
bacteria. In particular, a SPR-based assay was developed to 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3672–3681
elucidate the role that EPS play in driving the fi rst step of adhe-
sion of bacteria to a surface. SPR-based assays were developed 
in a complex medium, namely artifi cial seawater (ASW), with 
two species of marine bacteria:  Marinobacter hydrocarbonoclas-
ticus  and  Cobetia marina . These bacteria were chosen because 
of their different hydrophobicities and EPS production charac-
teristics.  C. marina  is a hydrophilic bacterium with a contact 
angle of 15.5 ° , whereas  M. hydrocarbonoclasticus  is a hydro-
phobic marine bacterium with a contact angle of 81.5 ° . [  27  ]  Fur-
thermore,  C. marina  produces large quantities of exopolysac-
charides, which are rich in uronic acids, [  28  ]  whereas the EPS of 
 M. hydrocarbonoclasticus  is more enriched in lipids than carbo-
hydrates, as well as containing substantial proportions of waxy 
esters and sulfates. [  29  ]  Both species have been used as model 
bacteria to study the performance of putative antifouling coat-
ings suitable for the marine environment. [  27  ]  

   2. Results and Discussion 

 We chose to use self-assembled monolayers (SAMs) of organo-
sulfur compounds on gold substrates as model organic surfaces 
because they allow molecular-level control of the properties of 
the surface. In this study, six different organosulfur SAMs on 
gold were investigated ( Figure    1  ): 16-mercaptohexadecanoic 
acid (MHA), 1-hexadecanethiol (HDT), 11-aminoundecanethiol 
hydrochloride (AUT), 11-mercapto-1-undecanol (MUT), 
(11-mercaptoundecyl)hexa(ethylene glycol) (EG6-OH), and  O -(2-
carboxyethyl)- O  ′ -(2-mercaptoethyl)heptaethylene glycol (EG7-
COOH). The organosulfur compounds studied possessed not 
only different backbones (i.e., hydrophilic and hydrophobic), but 
also different terminal functional groups (hydrophilic, hydro-
phobic, positively charged, negatively charged, and neutral). For 
instance, the surface p K  a  of MHA and AUT have been reported 
to be 7.9 [  30  ]  and 7.5 [  31  ]  ( Figure    2  ), respectively, indicating that at 
pH 8.1–8.2 (i.e., pH of the ASW used in this study) the MHA 
SAM is partially deprotonated [  30  ]  (negatively charged) and AUT 
partially protonated [  31  ]  (positively charged). EG7-COOH SAM is 
expected to have a similar p K  a  to MHA, [  30  ]  and thus it also car-
ries a partial negative charge at the pH of the study. Concerning 
HDT, EG6-OH, and MUT, their p K  a  values are too high (p K  a  
HDT  >  35, p K  a  EG6-OH and MUT  ≥  19–20 [  32  ] ) to carry a charge 
at the pH of the ASW, and therefore, in this study, they will be 
considered as neutral SAMs.   

 SAMs of these compounds were prepared on gold surfaces 
and were characterized by contact angle measurement and 
3673wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Advancing and receding water contact angles, ellipsometric thickness, and p K  a  values 
for the different organosulfur SAMs. SAM abbreviations are defi ned in Figure  1 . In the fi gure, 
(a) indicates the SAM thickness obtained from ellipsometry, (b) indicates the molecular length 
obtained from Chem 3D software, and (c) indicates the pKa obtained from literature data.  
ellipsometry. The contact angle values obtained (Figure  2 ) were 
in good agreement with literature data. [  33  ]  EG6-OH and MUT 
had the lowest advancing contact angles (25 °   ±  3 °  and 28 °   ±  2 ° , 
respectively). The lowest contact angle of the carboxylic acid–ter-
minated SAMs was found for the one containing a hydrophilic 
backbone (EG7-COOH, 41 °   ±  2 ° ), with a slightly higher contact 
angle than the carboxylic acid–terminated SAM containing a 
hydrophobic backbone (MHA, 49 °   ±  2 ° ). The advancing con-
tact angle for the amino-terminated SAM (AUT, 60 °   ±  2 ° ) was 
higher, in accordance with the lower surface energy reported 
674

     Figure  3 .     Schematic showing the bacterial adhesion assays performed using SPR. SPR assay 
1: Organosulfur SAMs on gold were either a) exposed to soluble EPS solutions collected after 
different ageing times, T0–T120, or b) exposed to the two marine bacterial species collected 
after different ageing times, T0–T120. SPR assay 2: Organosulfur SAMs on gold were exposed 
to soluble EPS solutions collected after different ageing times, T0–T120 (1st SPR injection) 
prior to exposure to a freshly prepared bacterial suspension (T0) (2nd SPR injection). Soluble 
EPS was collected by fi ltration from bacterial suspensions after 0 (T0), 20 (T20), 60 (T60), and 
120 (T120) min of bacterial ageing in ASW.  
for this surface. [  34  ]  The highest advancing 
contact angle was observed for HDT SAM 
(105 °   ±  4 ° ) as a result of the higher hydro-
phobicity of both the backbone and the end 
group. Thickness of the SAMs was measured 
by ellipsometry, and the values reported in 
Figure  2  were in agreement with the theo-
retical calculations (Chem 3D Software) and 
literature data for similar monolayers. [  35  ]  

 Following characterization of the SAMs, 
SPR was used to investigate the initial stages 
of bacterial adhesion as a function of SAM 
type (i.e., with differences in charge, wet-
tability, and packing of the SAMs) by per-
forming three different bacterial adhesion 
assays, SPR assays 1a, 1b, and 2 in  Figure    3  . 
In SPR assay 1 (Figure  3 ), the organosulfur 
SAMs on gold were exposed either to the EPS 
solution (SPR assay 1a) obtained by fi ltration 
of the two bacterial suspensions or to the 
bacterial suspensions (SPR assay 1b). Initial 
SPR studies were performed by exposing the 
SAMs to freshly prepared bacterial suspen-
sion (SPR assay 1b; ageing time  =  0 min, T0). 
The organosulfur SAMs on gold were exposed 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
to a fl ow of ASW, to establish the baseline, 
followed by an injection of bacteria in ASW 
at an OD 600   =  1 (i.e., unity optical density at a 
wavelength of 600 nm) into the SPR fl ow cell 
at the rate of 25  μ L min  − 1 , for 25 min. The 
SPR fl ow cell was then fl ushed with ASW to 
leave only the irreversibly adhered bacteria on 
the SAM. The amount of bacterial adhesion is 
defi ned as the difference in the SPR response 
units between the beginning of injection of 
bacteria and the end of washing with ASW. It 
can be inferred from the curves ( Figure    4  a,b, 
SPR assay 1b) that the amount of bacterial 
adhesion for both species is dependent upon 
the physicochemical nature of the surfaces.   

 The results suggest that electrostatic inter-
actions play an important role in the initial 
bacterial adhesion process. Bacteria attached 
preferentially to charged surfaces (negative: 
EG7-COOH and MHA; positive: AUT) rather 
than neutral surfaces (HDT, EG6-OH, MUT). 
However, internal hydrophilicity and a lower 
packing density [  36  ]  signifi cantly favored 
resistance to bacterial adhesion. For instance, 
negatively charged SAMs with an oligo(ethylene glycol) interior 
(EG7-COOH) showed higher resistance to adhesion of both  M. 
hydrocarbonoclasticus  and  C. marina  than negatively charged 
SAMs with a reported high packing density [  37  ]  and hydrophobic 
backbone (MHA). On the other hand, SPR data showed that the 
overall hydrophobicity of the SAMs appears not to infl uence 
appreciably the adhesion process of both bacterial species since 
the HDT (most hydrophobic SAM) and the EG6-OH (one of 
the most hydrophilic surfaces) SAMs are the most antifouling 
surfaces. 
heim Adv. Funct. Mater. 2012, 22, 3672–3681
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     Figure  4 .     a,b) Sensorgram traces obtained from the SPR  M. hydrocarbonoclasticus  ( Mh ; a) and 
 C. marina  ( Cm ; b) adhesion assays (SPR assay 1b; ageing time  =  0 min, T0) performed on SAMs 
of the indicated organosulfur compounds (abbreviations are defi ned in Figure  1 ). c,d) Number 
of  M. hydrocarbonoclasticus  ( Mh ; c) and  C. marina  ( Cm ; d) bacteria that adhered per square 
millimeter of the surface of the SAMs formed with the indicated organosulfur compound using 
a 60 min standard bacterial adhesion assay. The error bars are  ±  the standard deviation.  
 For each surface, SPR-assay experiments were performed 
in triplicate and similar SPR curves and fi nal responses were 
obtained (Figure S1 in the Supporting Information) dem-
onstrating the reproducibility of our SPR-based assays. Zeta 
potential studies were carried out in ASW in order to establish 
the charge on the bacteria. Both species of bacteria were found 
to be negatively charged ( C. marina : –33.1  ±  0.3 mV;  M. hydro-
carbonoclasticus : –15.9  ±  0.5 mV; Figure S2 in the Supporting 
Information), which may explain the highest adhesion of both 
species of bacteria to the partially positively charged SAM, AUT. 
However, the presence of positive domains [  38  ]  on the external 
membrane of the bacteria could also explain the high adhesion 
to negatively charged SAMs (i.e., MHA). Furthermore, bacteria 
with hydrophobic characteristics ( M. hydrocarbonoclasticus)  
showed the lowest adhesion on the most hydrophobic surface 
(HDT) and those with hydrophilic characteristics ( C. marina)  
adhered to the lowest extent on the most hydrophilic surface 
(EG6-OH). In a previous report,  C. marina  showed a similar 
trend to the one obtained in this study whereas  M. hydrocarbon-
oclasticus  exhibited an opposite effect by preferring hydrophobic 
surfaces. [  39  ]  In this earlier report, the surfaces were based on 
poly(dimethylsiloxane) (PDMS) coatings (hydrophobic surfaces) 
and PDMS treated with plasma (hydrophilic surfaces). [  39  ]  In 
another study employing galactoside-terminated alkanethiol 
SAMs, both  C. marina  and  M. hydrocarbonoclasticus  preferen-
tially adhered to the most hydrophilic SAMs. [  40  ]  The observed 
inconsistent patterns between bacterial adhesion and wetta-
bility suggest that the effect of the hydrophobicity of bacteria on 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3672–3681
bacterial adhesion to a surface is determined 
not only by surface wettability, but also by the 
backbone and terminal functional groups and 
its surface density. This suggestion is also 
in line with the observation that SAMs with 
similar wettabilities (EG6-OH and MUT) but 
different backbone structures and packing 
density led to considerably different bacterial 
adhesion (Figure  4 ). These fi ndings are also 
in agreement with previous publications, in 
which protein [  41  ]  and algal cell [  42  ]  adhesion 
was found to be dependent on the internal 
and terminal hydrophilicity and packing 
density of the SAM. However, in these 
studies protein- and algal-adhesion resist-
ance was favored by both internal and ter-
minal hydrophilicity of the SAMs. Although 
such studies showed a correlation between 
the adsorption of proteins and cell adhesion 
on SAMs, other studies found little or no 
evidence to support the generalization that 
SAMs exhibiting optimal protein-resistance 
properties are also ideal candidates to prevent 
bacterial and mammalian cell adhesion. [  40  ,  43  ]  

 Subsequent to the SPR analysis, the colo-
nized gold surfaces were chemically fi xed 
with glutaraldehyde, stained with SYTO13, 
and examined by epifl uorescence microscopy. 
The images (Figure S3 in the Supporting 
Information) qualitatively demonstrate the 
similarities in the colonization by the two 
species of bacteria on the various modifi ed gold surfaces, which 
are in agreement with the SPR spectral data (i.e., neutral SAMs 
have relatively little bacterial adhesion while the charged SAMs 
have more bacterial adhesion). In addition, standard 60 min 
adhesion assays, using SYTO13 staining followed by direct cell 
counting by image analysis, were performed to quantify and 
validate the reliability of the SPR in the evaluation of bacterial 
adhesion. Standard end-point assays showed similar patterns 
for the adhesion of both species of bacteria (Figure  4 c,d) on the 
six different surfaces, with neutral surfaces (HDT, EG6-OH and 
MUT) showing the lowest bacterial adhesion, while the charged 
surfaces had the highest density of attached bacteria. Note that 
the difference in trend between the SPR assay and end-point 
assay observed for HDT and EG6-OH SAMs using  C. marina  
may be related to the fl ow-induced shear stress applied during 
the SPR assay 1b, which is not present in the standard assay. 
In contrast with other SAMs,  C. marina  was found to adhere 
weakly to the EG6-OH SAMs, since cells were easily washed 
away in the rinsing process, indicating that fl ow-induced shear 
stress may play a role in preventing attachment or washing 
off already bound bacteria on EG6-OH SAMs. Despite the 
use of different conditions in the two assays (i.e., SPR assay: 
OD 600   =  1, time of adhesion  =  25 min, and continuous fl ow-
induced shear stress; standard assay: OD 600   =  0.1, time of adhe-
sion  =  1 h, and shaking-induced shear stress), the overall high 
degree of correlation was reassuring and indicated that the two 
assays generate similar results. These results demonstrate that 
SPR can be used as a reliable and rapid assay to evaluate initial 
3675wileyonlinelibrary.comheim
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stages of bacterial adhesion. Furthermore, compared with the 
standard adhesion assays, the SPR assay has the advantage of 
monitoring the adhesion of bacteria on surfaces in real time, 
thus allowing the interpretation of kinetic information on bac-
terial adhesion and interaction mechanisms. 

 Measurement of the attachment of  M. hydrocarbonoclasticus  
by SPR gave a characteristic series of similar curves (Figure  4 a), 
differing only in the rate at which bacterial adhesion occurs on 
the different surfaces. A higher rate of bacterial adhesion was 
observed for surfaces that can interact electrostatically with bac-
teria (EG7-COOH, MHA, and AUT), in contrast to the neutrally 
charged surfaces (HDT, EG6-OH, MUT). Indeed, during the 25 
min time frame of the fl ow of bacteria over the charged SAMs 
(AUT, MHA, EG7-COOH), the response units did not reach 
the plateau. Upon washing of all the surfaces with ASW there 
was a small drop in the SPR response, indicating that most of 
the bacteria were well adhered. We believe that the increase in 
the SPR response is due solely to bacterial deposition on the 
surface and not to cell division, as the cell suspension concen-
tration remained constant over 120 min in the ASW minimal 
medium and microscopy observation revealed no division of 
cells on the surfaces. 

 Although no substantial differences in the relative density of 
adhered cells (Figure  4 c,d) between the two species of bacteria 
on the various SAMs could be detected in standard end-point 
adhesion assays (with the exception of HDT and EG6-OH for  C. 
marina ), clear differences in the kinetics of bacterial adhesion 
were observed by SPR. For  M. hydrocarbonoclasticus  the surfaces 
that exhibited the fastest rate of adhesion had the highest bacte-
rial adhesion upon washing (Figure  4 a). However, for  C. marina  
this direct relationship between rate of adhesion and fi nal 
bacterial adhesion was not observed (Figure  4 b). For instance, 
although MUT and MHA SAMs exhibited faster rates of adhe-
sion than AUT SAMs, the AUT SAMs showed the highest 
fi nal number of adhered  C. marina  cells. Actually, the shape of 
the SPR curve for  C. marina  (Figure  4 b) was dependent upon 
the surface analyzed, with some SPR sensorgrams saturating 
after 8–12 min (EG6-OH, MUT, and MHA) of exposure to 
bacteria. Bacterial equilibrium adhesion values were dependent 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

     Figure  5 .     Sensorgram traces obtained from the adhesion of a) EPS on HDT 
min of  C. marina  bacterial suspension ageing time (SPR assay 1a) and b)  C. 
min of bacterial suspension ageing time (SPR assay 1b).  
on the chemical properties of the SAM. The lowest number 
of cells of  C. marina  adhering at equilibrium was found with 
EG6-OH SAMs. When ASW replaced the cell suspension, the 
SPR signal dropped back close to baseline levels, which sug-
gests that on EG6-OH surfaces most bacteria adhered weakly, 
and were easily washed away. It is interesting to note the sig-
nifi cance of the oligo(ethylene glycol) backbone of the EG6-OH 
SAM in reducing the degree of adhesion, since a SAM with a 
similar end group but with a hydrophobic backbone (MUT) 
gave intermediate fi nal numbers of adhering bacteria (Figure 
 4 b). The maximum fi nal number of adhered cells of  C. marina  
was obtained with charged SAMs with hydrophobic backbones 
(MHA and AUT; Figure  4 b). These data show not only that the 
end group of the SAM is critical in infl uencing initial attach-
ment, but also that the backbone functionality infl uences the 
strength of adhesion. 

 The SPR signals obtained in these experiments will be com-
posed of contributions not only from the binding of the cells, 
but also from the physisorption of EPS, either present in the 
experimental cultures at time zero and/or secreted by the bac-
teria during the period of measurements (up to 40 min). To 
analyze the infl uence of EPS on the SPR signal, SPR assays 
1a and 1b (Figure  3 ) were performed. SPR assays 1a were car-
ried out using cell-free supernatant (EPS) derived from fi ltered 
bacterial cultures aged in ASW for 0–120 min. The suspen-
sions of  C. marina  and  M. hydrocarbonoclasticus  were fi ltered 
through a 0.22  μ m membrane fi lter after 0 (T0), 20 (T20), 
60 (T60), and 120 (T120) min ageing in ASW. The resulting 
EPS-containing supernatants were introduced into the SPR 
fl ow cell at a fl ow rate of 25  μ L min  − 1  for 25 min, after which 
the surfaces were rinsed with ASW. Overall SPR sensorgrams 
demonstrated ( Figure    5  a) that EPS adsorbed in higher amounts 
with longer times of cell ageing (T60–T120). For instance, HDT 
SAMs exposed to a solution of cell-free, EPS-containing super-
natant of  C. marina  prepared at T0 showed only a small SPR 
response ( ∼ 100 response units), but this response was progres-
sively greater for supernatants collected at T20, T60, and T120. 
Evidence of the dependence of the SPR responses on the EPS 
concentration was demonstrated by challenging HDT SAMs 
bH & Co. KGaA, Weinheim

SAMs collected by fi ltration at 0 (T0), 20 (T20), 60 (T60), and 120 (T120) 
marina  (Cm) on HDT SAMs at 0 (T0), 20 (T20), 60 (T60) and 120 (T120) 
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     Figure  6 .     SPR responses to bacteria a)  M. hydrocarbonoclasticus  ( Mh ) and b)  C. marina  ( Cm ) 
following pre-conditioning of a range of organosulfur SAMs with cell-free, EPS-containing cul-
ture fi ltrates. The gold-coated SPR chips derivatized with SAMs were pre-conditioned for 25 min 
with cell-free culture fi ltrates (EPS) collected from bacteria aged in ASW for 0 (T0), 20 (T20), 
60 (T60), and 120 (T120) min (SPR Assay 2,1st SPR Injection). The SPR signal after 25 min is 
shown on the histogram as EPS T0, T20, T60, and T120. The pre-conditioned chips were then 
incubated, under fl ow, with fresh bacterial suspensions for 25 min and washed (SPR Assay 2, 
2nd SPR Injection). The drop in the SPR response units related to the washing step is indicated 
by the black segments in the histogram. The amount of bacterial adhesion shown on the histo-
gram as  Mh  (or  Cm ) T0 was determined by the difference between the signal at the injection of 
the bacteria and the signal after washing (see Figure S5 in the Supporting Information).  
with a range of EPS dilutions. An undiluted 
EPS solution collected from a  C. marina  cul-
ture aged in ASW for 180 min and EPS solu-
tions diluted with ASW to 25, 50, 60, 65, 75, 
80, and 100% (v/v) were introduced into the 
SPR fl ow cell at a fl ow rate of 25  μ L min  − 1  for 
25 min, after which the surfaces were rinsed 
with ASW. The SPR response decreases line-
arly with increasing dilution of EPS (Figure S4 
in the Supporting Information), confi rming 
that the higher SPR responses in Figure  5 a 
are due to the higher concentrations of EPS 
in the injected solution.  

 SPR assays 1b (Figure  3 ) were conducted 
with both species of marine bacteria using a 
freshly prepared bacterial suspension (T0), 
and cells aged for 20 (T20), 60 (T60), and 120 
(T120) min in ASW. The SPR baseline for the 
SAM-modifi ed gold chips was established 
using ASW, following which the bacterial 
suspensions in ASW at an OD 600   =  1 were 
introduced into the SPR fl ow cell at the rate 
of 25  μ L min  − 1  (Figure  5 b). Data were col-
lected for 25 min, followed by washing with 
ASW. In general, the results showed that cells 
aged for longer times displayed higher SPR 
responses. For instance, for the HDT SAM 
exposed to a suspension of  C. marina  aged 
for 120 min in ASW, the SPR signal increased 
by  ∼ 700 response units (Figure  5 b). Since the 
cells did not divide in ASW up to T120, these 
results suggest that the higher SPR response 
with cells aged in the minimal medium 
(ASW) was due to an increased physisorp-
tion of EPS progressively secreted by the bac-
teria with time. Comparison of Figure  5 a,b
 enables an estimate of the relative contri-
butions of EPS and cells to the SPR signal. 
On the HDT SAM for example, after the 
SPR sensor chip was rinsed with ASW, the 
residual signal for the T0 cell-free superna-
tant was  ∼ 100 response units (Figure  5 a) and 
for the freshly prepared bacterial suspension 
(T0)  ∼ 1000 response units, indicating that 
EPS contributes to ca. 10% of the signal for 
the complete culture. This rose to ca. 50% for 
cells that had been aged for 120 min. 
 In an effort to further delineate the effects of surface condi-
tioning by EPS on adhesion of bacteria, SPR assay 2 was car-
ried out by pre-conditioning the SAMs with EPS-containing 
bacteria-free fi ltrates collected from cells aged in ASW for 
0 (T0), 20 (T20), 60 (T60), and 120 (T120) min (SPR assay 2, 
fi rst SPR injection, Figure  3 ). The resulting surfaces were then 
immediately challenged (SPR assay 2, second SPR injection, 
Figure  3 ) with freshly prepared bacterial suspensions (OD 600   =  
1). As before, the baseline for the SAM-modifi ed gold chip was 
established using ASW, following which the bacteria-free fi ltrate 
(EPS T0, T20, T60, and T120) was introduced at a fl ow rate of 
25  μ L min  − 1 . Data were collected for 25 min, under continuous 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3672–3681
fl ow, after which a freshly prepared bacterial suspension,  M. 
hydrocarbonoclasticus  or  C. marina  (EPS T0) in ASW (OD 600   =  
1), was introduced into the SPR fl ow cell at the rate of 25  μ L 
min  − 1 . The sensor chip was not rinsed with ASW between the 
two injections. The fl ow of bacteria was carried out for a further 
25 min, after which the SPR fl ow cell was fl ushed with ASW to 
remove any loosely bound or unbound bacteria. 

 The SPR responses obtained following subsequent EPS pre-
conditioning (SPR assay 2, fi rst injection) and exposure to bac-
terial suspensions (SPR assay 2, second injection) are illustrated 
in  Figure    6  a ( M. hydrocarbonoclasticus ) and 6b ( C. marina) . For 
each SAM, two sets of response signals are obtained for T0, 
3677wileyonlinelibrary.combH & Co. KGaA, Weinheim
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T20, T60, and T120. The fi rst set of responses, labeled “EPS” in 
the graphs, corresponds to the difference in the SPR response 
units between the beginning and end of injection of EPS col-
lected from cells aged in ASW for 0 (T0), 20 (T20), 60 (T60), 
and 120 (T120) min (SPR assay 2, fi rst injection). Following 
pre-conditioning of the SAM with these EPS-containing culture 
fi ltrates (EPS T0–T120), the second set of responses, named 
either “ Mh  (T0)” or “ Cm  (T0)”, corresponds to the difference 
in the SPR response units between the beginning of injection 
of freshly prepared bacterial suspension,  M. hydrocarbonoclas-
ticus  and  C. marina  (T0), and the end of washing with ASW 
(SPR assay 2, second injection). The drop in the SPR response 
units related to the washing step is indicated by the black seg-
ment in the histograms of the second set of responses named 
either “ Mh  (T0)” or “ Cm  (T0)” (Figure  6 ). An example of a SPR 
sensorgram, together with an illustration of how the response 
signals were obtained, is provided in Figure S5 (Supporting 
Information).  

 Considering fi rst the response signals to the pre-conditioning 
EPS treatments (“EPS” in Figure  6 a,b), we see that longer 
periods of ageing of the bacterial suspension from which the 
EPS was derived progressively increased the signal, presum-
ably owing to higher concentrations of EPS. For instance, while 
EPS binding was almost negligible for all the SAMs studied at 
EPS T0, SPR responses as high as 2000 response units were 
obtained if EPS was collected from bacteria aged for 120 min 
(EPS 120) in ASW (e.g., AUT SAM). It is noteworthy that for 
EPS collected at T0 and T20, the comparative resistance of the 
different surfaces to EPS adsorption did not correlate with their 
comparative resistance to adhesion of bacterial cells. However, 
for longer ageing times (EPS T60–EPS T120) the trend of EPS 
adsorption was similar to that observed for bacterial cell adhe-
sion. In other words, for EPS collected at T60 and EPS T120, 
charge seems to play a dominant role, rather than surface 
hydrophilicity. 

 Considering now the response of bacteria to the pre-condi-
tioned surfaces (“ Mh  (T0)” or “ Cm  (T0)” in Figure  6 a,b), we see 
that the extent of pre-conditioning infl uenced the subsequent 
extent of bacterial adhesion. It is important to note that rinsing 
did not cause any signifi cant drop in the SPR response, indi-
cating that the bacteria are retained on the SAM-modifi ed sur-
faces with EPS and not washed off by rinsing. In general, the 
results showed a promoting effect on bacterial adhesion for 
surfaces preconditioned with EPS collected from cells aged in 
ASW for between 0 and 60 min. For instance, the charged sur-
faces, in particular MHA and AUT, showed an increase of  C. 
marina  adhesion when pre-conditioned with EPS obtained from 
bacteria aged in ASW for 0–60 min.  M. hydrocarbonoclasticus  
showed a similar trend with the exception of EG7-COOH. The 
difference in trend observed for EG7-COOH might be due to 
the presence of an oligo(ethylene glycol) backbone, which could 
affect the packing of the SAM, and thus its adhesion proper-
ties. The responses obtained by exposure of the fresh bacterial 
suspension to pre-conditioned MHA and AUT SAMs showed 
a clear increase in the amount of bacteria adhering to the sur-
faces, with over 1000 response units for  M. hydrocarbonoclasticus  
on the AUT SAM. For both species of bacteria, the increase in 
adhesion is less pronounced at T60 than at T20 on the charged 
surfaces. Overall the responses obtained for  C. marina  adhesion 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
on the six SAMs were lower than for  M. hydrocarbonoclasticus , 
indicating that the EPS effect is dependent on the species of 
bacteria. 

 Compared with charged SAMs, bacterial adhesion was not 
substantially affected on all neutral SAMs (HDT, EG6-OH, 
and MUT) pre-conditioned with bacterial supernatants (EPS) 
obtained from bacterial suspension aged in ASW for 0–60 min. 
Despite a substantial increase in the amount of EPS attached to 
these neutral surfaces for longer ageing times (EPS T20–T60), 
the quantity of bacteria detected by SPR did not change drasti-
cally for either species of bacteria. For these neutral surfaces, 
a small promoting effect on bacterial adhesion was observed 
between pre-conditioning the surfaces with EPS collected from 
cells aged in ASW for T20 and T60 min. In particular, com-
paring the amount of  M. hydrocarbonoclasticus  and  C. marina  
(Figure  6 a,b) attached to the neutral surfaces, a maximum 
difference of 500 response units was observed for HDT and 
EG6-OH SAMs. Also, the adhesion preferences of  M. hydrocar-
bonoclasticus  and  C. marina  noted in the previous experiments 
(Figure  4 a,b) were maintained. These results suggest that for 
the levels of conditioning achieved with EPS collected from 
cells aged in ASW for 0, 20, and 60 min, the physicochemical 
characteristics of the surfaces played a signifi cant role in deter-
mining bacterial cell adhesion. 

 Pre-conditioning with EPS from bacteria aged for 120 min, 
and therefore containing higher levels of EPS, substantially 
reduced the subsequent adhesion of bacteria and the trends 
in surface preference were less distinct. Since the difference 
in SPR signal before and after the ASW rinse was minimal for 
all the surfaces, the reduced bacterial adhesion may be due to 
phenotypic changes that occur in the cells when left in a min-
imal medium (ASW) for 120 min, including changes in EPS 
composition and properties. In order to establish whether the 
SPR responses accurately refl ected cell adhesion, the pre-con-
ditioned AUT SAMs challenged with  M. hydrocarbonoclasticus  
and  C. marina  were visualized by epifl uorescence microscopy 
and cell counting was performed. The density of bacteria for 
both  M. hydrocarbonoclasticus  ( Figure    7  ) and  C. marina  (data not 
shown) was in agreement with the trends obtained from the 
SPR sensorgrams (Figure  6 a).   

  3. Conclusions 

 Here, SPR has been employed as a reliable and rapid tool to 
evaluate initial stages of bacterial adhesion. The specifi c con-
tributions of charge and wettability to bacterial adhesion were 
elucidated by employing SAMs with different characteristics. 
These studies have shown that electrostatic interactions play 
an important role in the initial bacterial adhesion process of 
both species of bacteria studied. In comparison with a standard 
adhesion assay, the SPR assay has the advantage of monitoring 
the adhesion of bacteria and other analytes on surfaces in real 
time, giving insights into the kinetics of adhesion. Since marine 
bacteria were used in our assays, we also showed that SPR 
is a suitable technique for work with complex media such as 
ASW, which contains a number of different electrolytes at pH 
8.1–8.2. Furthermore, we were able to demonstrate that SPR 
is able to discriminate between signals derived from different 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3672–3681
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     Figure  7 .     Fluorescence images of gold-coated SPR chips derivatized with AUT SAMs after the 
SPR-based AUT SAM-EPS-bacteria assays on  M. hydrocarbonoclasticus  ( Mh ) were performed as 
described in Figure  6 . Below are shown the corresponding number of cells of  M. hydrocarbonoclas-
ticus  ( Mh ) that adhered per square millimeter of the surface of the SAM-EPS conditioning fi lm.  

     Figure  8 .     Schematic showing that higher amounts of EPS are adsorbed on the SAMs exposed 
to EPS derived from longer periods of ageing of the bacterial suspension, presumably owing to 
higher amounts of EPS secreted with time. This behavior is independent of SAM type (i.e., with 
differences in charge, wettability, and packing). Following EPS pre-conditioning, the enhance-
ment in bacterial adhesion is more pronounced in charged than in neutral SAMs. However, for 
both bacterial species a threshold effect was observed in that bacterial adhesion was inhibited 
substantially by pre-conditioning the SAM surfaces with EPS from bacteria aged for 120 min, 
possibly owing to changes in the EPS properties for longer periods of cell ageing.  

Adv. Funct. Mater. 2012, 22, 3672–3681
analytes, such as EPS and whole cells such 
as bacteria, allowing us to describe in some 
detail the effect of EPS on bacterial adhesion 
in a single assay. These single assays demon-
strated that in circumstances where the level 
of conditioning of surfaces by EPS is likely 
to be small, this facilitates the initial adhe-
sion of bacteria. However, the enhancement 
in bacterial adhesion is more pronounced on 
charged than in neutral SAMs, suggesting 
that, for such levels of EPS conditioning, 
the physicochemical characteristics of the 
surfaces strongly infl uence bacterial adhe-
sion ( Figure 8   ). On the other hand, greater 
levels of conditioning by EPS diminished 
the infl uence of the original surface proper-
ties. For both bacterial species studied, with 
the present experimental approach, the time 
at which the bacterial adhesion starts to 
become independent of the underlying sur-
face properties is approximately 120 min of 
EPS secretion.   

  4. Experimental Section 
  SAM Preparation : Gold-coated (50 nm) Reichert 

sensor chips were rinsed with high-performance 
liquid chromatography ethanol (HPLC EtOH) and 
ultra high purity (UHP) H 2 O (resistivity  =  18 MΩ 
cm), exposed to UV light for 1 h, and rinsed with 
HPLC EtOH prior to use. 1-Hexadecanethiol (HDT, 
99%), 16-mercaptohexadecanoic acid (MHA, 99%), 
11-aminoundecanethiol hydrochloride (AUT, 99%), 
11-mercapto-1-undecanol (MUT, 99%), O-(2-
Carboxyethyl)-O ′ -(2-mercaptoethyl)heptaethylene 
glycol (EG7-COOH, 95%), (11-mercaptoundecyl)
hexa(ethylene glycol)(EG6-OH, 90%), HPLC EtOH, 
triethylamine (N(CH 2 CH 3 ) 3 , 99.5%), trifl uoroacetic 
acid (CF 3 COOH, 99%) were purchased from Sigma-
Aldrich (UK). SAMs were formed by immersing pre-
cleaned gold-coated substrates into a 1 m M  solution 
of HDT, MHA, AUT, MUT, EG7-COOH, or EG6-OH 
in ETOH for 24 h at room temperature. Upon 
removal from the solution, the substrates were 
rinsed with HPLC EtOH and dried with a stream 
of N 2 . Note that, on one hand, the NH 2 -terminated 
SAMs were deposited in the presence of HPLC 
EtOH containing 3% (v/v) N(CH 2 CH 3 ) 3  to prevent 
the formation of hydrogen bonds between the NH 2  
functional groups of the bound thiol on the Au 
surface and that of free thiol in the bulk solution. [  44  ]  
Upon SAM formation, the NH 2 -terminated SAMs 
were rinsed in the presence of an ethanolic solution 
containing 10% (v/v) CF 3 COOH. On the other 
hand, COOH-terminated SAMs were formed in 
the presence of HPLC EtOH containing 3% (v/v) 
CF 3 COOH and then rinsed with an ethanolic 
solution of N(CH 2 CH 3 ) 3  in order to prevent 
hydrogen bonds between COOH-terminated bound 
thiols and COOH-terminated thiols in solution. 

  Contact Angle Measurements : Contact angles 
were determined using a home-built contact angle 
apparatus, equipped with a charged coupled device 
3679wileyonlinelibrary.comheim
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(CCD) KP-M1E/K camera (Hitachi) that was attached to a personal 
computer for video capture. The dynamic contact angles were recorded 
as a microsyringe was used to quasi-statically add liquid to or remove 
liquid from the drop. The drop was shown as a live video image on 
the PC screen and the acquisition rate was 4 frames per second. FTA 
video analysis software v1.96 (First Ten Angstroms) was used for the 
analysis of the contact angle of a droplet of UHP H 2 O at the three-phase 
intersection. The averages and standard errors of contact angles were 
determined from fi ve different measurements made for each type of 
SAM. 

  Ellipsometry : The thickness of the deposited monolayers was 
determined by spectroscopic ellipsometry. A Jobin-Yvon UVISEL 
ellipsometer with a xenon light source was used for the measurements. 
The angle of incidence was fi xed at 70 ° . A wavelength range of 280–
820 nm was used. DeltaPsi software was employed to determine the 
thickness values and the calculations were based on a three-phase 
ambient/SAM/Au model, in which the SAM was assumed to be isotropic 
and assigned a refractive index of 1.50. The thickness reported is the 
average of six measurements taken on each SAM. The errors reported 
for the ellipsometry measurements are standard errors. 

  Zeta Potential Measurement : Measurements of the overall surface 
charge of the bacterial cells in ASW were performed with a Malvern 
Instruments Zetasizer 4, using the ZET 5104 cell. The tests were 
performed at 25  ° C and the measurement of each bacterial species was 
performed a total of three times. 

  Marine Bacterial Strains and Growth Conditions :  Cobetia marina  
ATCC 25374 T  [  45  ]  and  Marinobacter hydrocarbonoclasticus  ATCC 49840 T  [  45  ]  
(DSMZ, Germany) were revived from the original lyophilate and stored 
as frozen stock aliquots in liquid ZoBell medium [5 g of bacteriological 
peptone (Oxoid) and 1 g of yeast extract (Merck) in 800 mL ASW fi ltered 
through 0.22  μ m membrane fi lters (500 mL bottle top fi lter, Corning 
Incorporated) and 200 mL deionized water]  +  20% glycerol at –8  ° C. ASW 
was prepared from Tropical Marin marine salt (33.33 g marine salt, 1 L 
deionized water, pH 8.2). Experimental stock cultures were maintained 
on ZoBell agar Petri dishes and were stored at 4  ° C for up to 4 weeks. 
Bacterial pre-cultures were prepared from several colony-forming units 
(CFUs) in ZoBell agar Petri dishes suspended in 25 mL of liquid ZoBell 
medium for 24 h and 36 h at 18  ° C with shaking (150 rpm) for  C. marina  
and  M. hydrocarbonoclasticus , respectively. Subcultures containing 50 mL 
of liquid ZoBell medium were prepared from the pre-cultures to obtain 
an OD 600  of 0.1 and were grown for 6 h and 10 h, respectively, for  C. 
marina  and  M. hydrocarbonoclasticus  at 18  ° C with shaking (150 rpm). 

  Bacterial Adhesion by the Standard Method : See Figure S6, Supporting 
Information. Bacterial subcultures in the logarithmic phase were 
centrifuged (1 min, 8000 rpm), and the pellets were washed with fi ltered 
ASW and centrifuged. The pellets were re-suspended in fi ltered ASW 
and if necessary diluted with fi ltered ASW in order to obtain an OD 600  
of 0.1, corresponding to a concentration of 4  ×  10  − 7  cells/mL. The 
concentration of the bacteria was determined by fl ow cytometry. The 
bacterial suspension was then used immediately for bacterial adhesion 
assays. The SAMs on gold (three replicates for each SAMs) were placed 
into individual compartments of polystyrene four-compartment plates 
(“QuadriPerm” dishes, Greiner Bio-One Ltd.), and 10 mL of bacterial 
suspension was added to fully immerse the SAMs. An additional slide 
was immersed in ASW only to check for possible contamination of the 
ASW. The dishes were placed on a rotary shaker at room temperature 
for 1 h at 50 rpm. The bacterial suspensions were then removed and 
10 mL of fi ltered ASW was added for 1 min at 50 rpm to remove any 
suspended cells. After the removal of fi ltered ASW, 10 mL of a 2.5% 
solution of glutaraldehyde in ASW was added for 20 min at room 
temperature to fi x adhered bacterial cells. SAMs were then rinsed once 
with 10 mL of Milli-Q H 2 O/ASW (v/v) before being dried overnight at 
room temperature. Adhered bacterial cells were observed by staining 
with 5  μ  M  SYTO13 (Invitrogen, Molecular Probes) (excitation and 
emission wavelengths: 488 and 509 nm, respectively), and covered with 
a glass coverslip (22 mm  ×  22 mm, VWR International). Slides were then 
immediately removed from the light for 10 min, before observation. The 
density of bacterial cells was determined using an AxioVision 4 image 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
analysis system attached to a Zeiss epifl uorescence microscope and a 
video camera. A total of 30 fi elds of view were counted for each of the 
three SAM replicates. 

  Bacterial Adhesion Measurements by SPR : All SPR measurements were 
performed on a Reichert SR7000DC dual channel spectrometer (Buffalo, 
NY, USA) at 25  ° C. A two-channel fl ow cell with two independent parallel 
fl ow channels was used to carry out the bioadhesion experiments. A 
gold-coated SPR chip, derivatized with SAMs, was deposited on the 
base of the prism using index-matching oil. After a baseline signal was 
established by allowing degassed ASW to fl ow at a rate of 100  μ L min  − 1  
through the sensor, a diluted prepared suspension of bacteria in fi ltered 
ASW (OD 600   =  1) was allowed to fl ow over the surface for 25 min at 
a fl ow rate of 25  μ L min  − 1 , followed by washing with fi ltered ASW for 
10 min to remove unbound or loosely attached bacteria. 

  EPS-Bacterial Adhesion Measurements by SPR : For EPS adhesion 
assays, a freshly prepared bacterial suspension in ASW (OD 600   =  1) was 
fi ltered through a 0.22  μ m membrane fi lter in order to remove all the 
bacterial cells. The procedure was repeated 10, 20, 60, and 120 min after 
preparation of the bacterial suspension. For each time point, OD 600  was 
checked in order to confi rm that it was constant and that cells were not 
dividing in suspension during the whole experiment time. The fi ltrate was 
allowed to fl ow over the surface for 25 min at a fl ow rate of 25  μ L min  − 1 , 
after which, the surface was washed with fi ltered (0.22  μ m) ASW for 
10 min to remove unbound or loosely attached EPS components. For the 
EPS adhesion assays, EPS deposition for 25 min at a fl ow rate of 25  μ L 
min  − 1  was immediately followed by the injection of a freshly prepared 
bacterial suspension, after which the surface was washed with fi ltered 
ASW for 10 min to remove unbound or weakly attached bacteria. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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