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Abstract. In biomedical and food industry, surface colonization by bacteria is harmful: it leads to biofilm formation, a microbial
consortia more resistant to antibiotics than planktonic bacteria. In order to design materials able to limit the biofilm formation,
the effect of bacteria on materials has to be well characterized. In this work, a well-defined surface composed of a self-assembled
monolayer (SAM) of octadecanethiol (ODT) onto a gold surface is probed in situ. The SAM conformation is obtained using
the femtosecond vibrational sum frequency generation (SFG) spectroscopy. This technique provides selectively the molecular
vibrational signature of the interface. The behaviour of the ODT SAM is studied in different environments: in air, in water, and
upon exposure to hydrophilic or hydrophobic Lactococcus lactis bacteria. Modelling the experimental SFG spectra reveals a
measurable change of the SAM conformation which depends on the environment, especially on the hydrophilic-hydrophobic
character.
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1. Introduction
All surfaces are exposed to living entities such as bacteria in natural environments. The initial colonization of the surface by pathogenic bacteria is of concern in many fields such as biomedical or
food industry [1, 2]. Indeed, it evolves into the formation of a biofilm, a three-dimensional bacterial
organization where bacteria are more resistant to antibiotics and biocides than planktonic counterparts,
leading to nosocomial or food-born infections. Therefore, the scientific community is mobilized to
understand the mechanisms involved in the bioadhesive process in order to inhibit and/or control it and
find new preventive routes for biofilms control.
Bacteria adhere to an inert surface through noncovalent molecular interactions such as van der
Waals, electrostatic, Lewis acid/base interactions, depending on the characteristics of the bacteria
(peptidoglycan nature, cell wall proteins and polysaccharides, extracellular appendices as pili, etc.) and
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the physicochemical properties of the surface [3, 4]. Experiments have been carried out to understand
bacterial adhesion on functionalized polymers or grafted chains, by changing the topography, the
hydrophobic/hydrophilic character of the surface, and so forth [5, 6]. However, divergences appear
between predictive models and experimental results [7, 8], likely due to the lack of non-invasive surface
characterization at the molecular level when bacteria are on the surface.
The aim of the present study is to characterize the initial event of the bacterial colonization with
a method able to provide information on the surface at the molecular level and in situ. The vibrational
sum frequency generation (SFG) spectroscopy is employed here for the first time to probe a specific
surface: a self-assembled monolayer (SAM) of octadecanethiol (ODT) onto a gold surface colonized by
bacteria. This technique, based on second-order nonlinear optics, consists in overlapping in time and in
space an infrared (tuned in this case to C–H band wavelengths) and a visible beam. The main interest of
this spectroscopy is that the SFG response originates only from noncentrosymmetric regions (in general,
the bulk of solids does not contribute to the SFG signal) allowing to acquire specifically the molecular
spectral signature of the surface which can be related to its molecular conformation. SFG spectroscopy
appears as a nondestructive method, well adapted to study selectively interfaces of biomolecular systems
[9–11] due to its high sensitivity. Previous SFG studies have described the conformation of ODT SAM
exposed to air [12]. In this work, the conformation of ODT SAM is determined when this surface is
exposed to pure water and to an aqueous solution of hydrophilic or hydrophobic Lactococcus lactis cells
(nonpathogenic models for Streptococcus agalactie responsible of harsh neonatal infections).
It is shown that the spectral signature of the SAM in contact with bacteria can be detected using
femtosecond IR-visible sum frequency generation spectroscopy. Moreover, modelling the experimental
SFG spectra reveals a measurable change of the SAM conformation depending on the hydrophobichydrophilic character of the environment. These results show that bacteria are able to modify their
support at the molecular level [13]. Therefore, this result should be taken into account for the design of
new biomaterials.
2. Materials and Methods
2.1. Material
Substrates consisted of borosilicate glass coated with a polycrystalline gold film of 250 nm thickness and
annealed in an oven at 600◦ C during 30 seconds. A self-assembled monolayer of octadecanethiol was
created on the gold-coated substrate employing the following procedure: the coated surface was dipped
in a 1 mM ODT solution in absolute ethanol during 3 hours, rinsed in absolute ethanol and dried under
nitrogen flow. As described previously [12], we obtained in these conditions an ODT SAM thickness of
∼2 nm. Surface topography of these substrates was characterized by atomic force microscopy (AFM) in
contact mode [13]. The gold surface topography presents plantens of 1-2 μm2 delimitated by grooves of
20–30 nm depth. Moreover, water contact angle measurements were performed: the ODT SAM presents
a contact angle of 109 ± 2◦ on all its surface so a strong hydrophobic character.
2.2. Lactococcus lactis Bacteria
Bacteria used for the adhesion on ODT SAMs were L. lactis ssp. cremoris strains MG1363 and its
derivative mutant PRTP+ expressing the PrtP protease [14, 15]. Bacteria were stored at −20◦ C in
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M17 broth (Difco) containing 0.5% (w,vol) of glucose and 50% (vol/vol) of glycerol. They were
subcultured twice in M17-glucose broth at 30◦ C, until stationary phase was reached. Finally, they were
cultivated overnight (working cultures) at 30◦ C. Also, 90 mL of bacteria from final working cultures
were harvested by centrifugation (10 minutes, 7000 g, 4◦ C), washed twice, and resuspended in 25 mL
of distilled water at a final cell density of approximately 4.109 cells/mL.
The microbial adhesion to solvents (MATSs) method was employed for the evaluation of the
hydrophobic/hydrophilic character of the cell surface of the two strains. The wild-type L. lactis strain
MG1363 presented a weak affinity (7 ± 5%) to both hydrophobic decane and hexadecane indicating
a hydrophilic cell wall, whereas cells from the strains MG1363 PRTP+ presented a strong affinity of
(90 ± 5)% indicating their strong hydrophobic character.

2.3. Bacterial Adhesion
To investigate the ODT SAM response to bacterial adhesion, a volume of ∼200 μL of the bacterial
suspension at 109 cells/mL in distilled water was deposited over the ODT SAM. The solution was
allowed to incubate for 90 min and then washed with the suspending fluid to remove the non-adherent
bacteria. For SFG measurements, a CaF2 plate was added to ensure a uniform thin water layer above the
surface sample. Its thickness was ∼5 μm, which is sufficiently thin to allow infrared radiation to reach
the sample.
To control in situ the bacterial surface coverage on the ODT SAM, scanning electron microscopy
(SEM, described previously [13]) and epifluorescence microscopy measurements were performed. For
epifluorescence images, adherent bacteria were stained with the nucleic acid dye acridin orange (0.01%
in water) for 15 minutes in the dark. The dye solution was washed and replaced by pure water before
mounting the sample under a Leica DM2 microscope equipped with an Olympus Camedia C5060WZ
digital camera. Both microscopies show that our procedure ensures a homogeneous bacterial deposit.
The bacterial surface coverage was estimated to 50 ± 20% of the ODT SAM surface, corresponding to
2200 ODT molecules across the diameter of each bacterium.
Morphology of adherent bacteria on ODT SAM was also analyzed by SEM. Lactococcus lactis
cells maintain their characteristic ovococcoid morphology after adhesion on the functionalized gold
surface. There is no evidence in our collection of SEM images that bacteria are preferentially localized
on the grooves of the film. Moreover, no extracellular matrix is present on the surface demonstrating
that experimental conditions allow us to stay in the first bacterial colonization step.

2.4. SFG Technique
Details about our broad-band SFG setup can be found in our previously published work [12]. Tunable
IR pulses (4 μJ, 145 fs and 150 cm−1 bandwidth) and “visible” pulses (800 nm, 2 μJ, adjustable duration
and bandwidth 1–6 ps ≡ 15—2.5 cm−1 ) are superimposed on the sample in a collinear copropagating
configuration at the incident angle of ∼66◦ in p polarization. In this experimental geometry, the laser
spot size on the sample surface is ∼100 μm. The generated SFG signals are collected during 100 to 300
seconds to obtain an acceptable signal to noise ratio and analyzed by a high-resolution detection system
(a spectrometer of resolution 0.4 cm−1 at 650 nm, equipped with a cooled CCD camera). The vibrational
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bands are superimposed to a so-called nonresonant background which has the spectral profile of the
IR laser and arises from the broad resonant response of the gold surface electronic states. In order to
deconvolute the vibrational bands from this nonresonant background, experimental spectra are fitted to
the standard formula:
2
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where g(ωIR ) is the IR laser spectral profile recorded on a GaAs reference sample which provides only
a nonresonant SFG signal. The term χNR · eiϕ is the Au constant nonresonant response with phase ϕ
and Aν , ων , and Γ are the Lorentzian amplitude, frequency, and half width of mode ν , respectively. Γ
is related to the decay of vibrational energy to the surface and it is supposed to be the same for all CH
modes. The reference GaAs spectrum is measured in air. Therefore, the IR laser profile g(ωIR ) must be
corrected from absorption by the water layer that surrounds the bacteria. In our fitting procedure, the
well-known CH stretch frequencies are fixed and the width of each stretching mode is the same for all
bands. The value of the phase in the different media is also fixed and corresponds to an average obtained
over ∼fifty experiments. This limitation of the number of fitted parameters ensures that we cannot obtain
multiple solutions [16]. We only admit a phase change from air to water, because the first water layers
may affect electrostatically the Au substrate.

3. Results
3.1. ODT SAM in Air
The SFG spectrum in the wavenumber range 2800–3050 cm−1 of the ODT SAM has been reported
several times in the literature (spectrum not shown). We have analysed it in details [13] and extracted
the two ODT molecular conformations involved in the SAM. The spectrum consists mainly of the three
strong bands of the methyl group: the methyl symmetric stretch band at 2875 cm−1 , the Fermi resonance
of the CH3 symmetric mode with two quantas of the CH3 bending mode at 2936 cm−1 , and the methyl
asymmetric stretch band at 2964 cm−1 . The regular CH2 band intensities are 2850 cm−1 (symmetric
stretching mode) and 2918 cm−1 (asymmetric one). The –CH2 -S-band frequencies are shifted to higher
frequencies (2905 and 2973 cm−1 ) and very weak.

3.2. ODT SAM in Distilled Water
The SFG spectrum of ODT SAM in distilled water is displayed in Figure 1(a). Figure 1(b) shows
the deconvoluted vibrational bands of the CH3 and CH2 groups according to (2.1). The methyl band
intensities are different in water and in air: the relative intensity of the CH3 asymmetric mode is smaller
in water than in air.
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Figure 1: (a) Experimental (blue dots) and fitted (red lines) SFG spectrum of an ODT SAM in distilled
water. The SFG reference spectrum (purple dashed line) is also presented. (b) Deconvoluted vibrational
bands of an ODT SAM in distilled water (lines), in the presence of hydrophobic L. lactis bacteria PRTP+
(pink dashed lines), and in the presence of hydrophilic L. lactis bacteria (green lines) in distilled water
after 90 minutes of adhesion.

576

Spectroscopy: An International Journal

In order to quantify the intensity changes of the ODT SAM methyl bands, we have defined the
phenomenological parameter R equal to the intensity ratio between the CH3 symmetric and the CH3
asymmetric vibrations:
R = (Isym + IFermi )/Iasym

(3.1)

where the intensity of vibration i is equal to Ii = (Ai /Γ)2 . The parameter R measured for ODT in air
is R = 3.7 ± 0.5 as compared to R = 5.8 ± 0.5 when the ODT SAM is exposed to water.
3.3. ODT SAM in Contact with Hydrophilic and Hydrophobic Bacteria
We have investigated the effect of bacterial adhesion onto the ODT SAM. For hydrophobic and
hydrophilic bacteria, the pattern of the ODT SAM SFG spectra changes compared to that in water
(spectra not shown). For both strains, the experimental spectra are fitted to our model as a function of
bacterial coverage ranging from 0 to 100%. The best fits are obtained for a bacterial coverage of ∼60%
which is in good agreement with coverage estimates derived from fluorescence and SEM images. The
relative intensities of vibrational modes and thus the R values differ significantly from those found in
water (Figure 1(b)). Moreover, the R value depends on the hydrophilic (R = 8.8 ± 0.5)/hydrophobic
(R = 3.8 ± 0.5) character of the bacteria.
4. Discussion
The conformational changes of ODT molecules in the SAM can be extracted from the experimental
relative intensities. Owing the fact that interactions between the SAM, water, and bacteria are weak,
we assume that molecules are only adjusted by rotation around the axis of their carbon chain. Such a
rotation changes the orientation of the methyl groups, which is easily detected by SFG. The intensity of a
vibrational mode depends on the orientation of its dipole moment with respect to the surface normal. On
metals, only the projection of the transition moment along the surface normal contributes significantly
to SFG. Therefore, the CH3 symmetric stretch is strong when the methyl group symmetry axis is
perpendicular to the surface. By contrast, the transition moments of the doubly degenerate asymmetric
stretching modes are perpendicular to the CH3 symmetry axis and are, therefore, minimal when this axis
is perpendicular to the surface. It results that the value of R increases when the methyl terminal part of
the ODT SAM raises.
To evaluate quantitatively the methyl orientation of ODT, SFG spectrum modelling of the ODT
chains has been performed according to the model described by Bourguignon et al. [12]. The model
can calculate the SFG spectrum of adsorbed alkanethiol molecules for any conformation of the alkyl
chain. It is based on ab initio calculations of the molecular hyperpolarizability tensors of the modes of
individual methyl and methylene groups, and it takes into account the molecular conformation as well as
the geometrical and optical parameters such as incidence angles, polarization of the beams, and optical
indexes. Moreover, it was established that the ODT SAM structure involves two types of molecules,
subscripted A and B, which differ by the rotation of their C plane about their average molecular axis.
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Figure 2: Schematic ODT SAM conformations (the effect of ODT environment is strongly exaggerated
for clarity). A: in air. B: in distilled water. C and D show the two extreme possibilities of methyl
orientation adjustment allowed by the rotation of the C backbone planes about the average molecular
axis. C and D correspond ideally to hydrophilic and hydrophobic interactions, respectively. The
directions of the dipole moments of CH3 (symmetric μs3 , asymmetric in plane μas3ip and out of plane
μas3op ) are also indicated. Values of methyl axis tilt angle of the ODT SAM in different environments
are added below.

Taking into account the data in the SFG spectrum modelling, the methyl axis tilt angle of the ODT SAM
is obtained (Figure 2).
When exposed to air, the methyl axis tilt angle is 55.1/15.8◦ for molecules A and B, respectively
(Figure 2(A)).
Methyl SFG intensities happen to be extremely sensitive to the methyl axis tilt angle: a change
◦
of 5 results in the doubling of the R parameter. We expect, therefore, that SFG will allow probing
conformational changes of the SAM even in the case where they are due to weak interactions. When
exposed to distilled water, the tilt of the CH3 axis decreases slightly to the value of 1.7 and 2.5◦ for
molecules A and B with respect to air, respectively: the aqueous environment has a “brush effect” on
ODT (Figure 2(B)).
In the case of bacterial adhesion, the spectral changes and so the R value changes could result
from a change of the ODT SAM conformation, and/or from an additional signal from the bacteria
themselves. We have recorded the SFG spectrum after bacterial adhesion on a bare gold surface
(spectrum not shown): only a nonresonant signal is obtained, indicating that bacteria do not contribute to
the SFG spectrum and that the observed relative intensity changes result only from a change of the ODT
SAM conformation. In the case of hydrophilic bacterial adhesion onto the substrate, the “brush effect”
is enhanced with respect to water (Figure 2(C)). The methyl tilt angles decrease accordingly by 3.6◦ and
4.4◦ for A and B molecules in comparison to the ODT SAM conformation in water. On the contrary, the
effect of hydrophobic bacteria is to decrease the R value and so to flatten the ODT SAM: the methyl tilt
angle increases of 3.3◦ and 4.9◦ for A and B molecules with respect to water (Figure 2(D)).
These different behaviours can be rationalized by considerations of the hydrophobic/hydrophilic
and hydrophobic/hydrophobic interactions [17]. The ODT SAM, composed of CH2 and CH3 groups,
is a hydrophobic surface. When the ODT SAM is in contact with water molecules which are polar and
hydrophilic, the system tends to remain separated in two phases, which is best achieved when the methyl
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terminal groups of the surface point up. This minimizes the interaction between the two phases, which
maximizes the hydrogen bonding network inside the solvent and leads to a formation of an ordered
water layer on the top of the ODT SAM.
In the case of hydrophobic Lactococcus lactis adhesion, only van der Waals interactions are
present and there is no phase separation. Interactions are maximized when the ODT SAM is flattened
because methylene group near the methyl terminal part can also be in interaction with bacteria and
contributes to the attractive interactions. For hydrophilic bacteria adhesion, we expect a behaviour
similar to water: it is indeed the case. Interestingly, the brush effect is larger for bacteria than for water.
However, the complexity of the bacterial membrane is such that it is not possible to propose a simple
explanation to this observation.
5. Conclusion
The present results demonstrate that the effect of bacterial adhesion can be observed by SFG
spectroscopy and that bacteria alter the conformation of the surface, here an ODT SAM on a gold
surface. We note the high sensitivity of SFG to molecular conformation: a small variation of the methyl
tilt angle produces a measurable change of the SFG spectrum. The effect of water or bacteria consists
of only a small adjustment of angles inside the SAM, which is found to depend on the hydrophobic
or hydrophilic character of the medium interacting with the SAM. This demonstrates that the effect of
bacterial adhesion depends primarily on the case of ODT SAM and Lactococcus bacteria, on bacterial
physicochemical properties. It also implies that engineering a functionalized polymer or other surface
layer to prevent the surface from being colonized [7, 8] must take into account the fact that bacteria
might change the conformation of the protective layer. This phenomenon could explain the differences
observed between predictive models and experimental adhesion measurements. In conclusion, this study
shows that a general understanding of the interaction between bacteria and the surface at the molecular
level is required to design new materials effective against bacterial contamination. The presence of
other organic molecules such as proteins in the surrounding medium or in biofilms might also affect the
conformation of the surface and it must be taken into account [18]. This is now under investigation.
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